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“(...) Think of all the outcrops of sedimentary rocksat you
have ever seen and try to recall a layer that wasptetely
unfractured, with the possible exception of extrigmauctile
rock, such as salt or certain shales, you will b®table to recall
any unfractured rocks simply because they donkteki..)”

(David W. Stearns, in R.A. Nelson, 2001, p. XIII)



Abstract

Nowadays, hydrocarbons are the most important soof@nergy. In 2008 they
represented 60% of the main types of fuel consuwwattiwide (oil — 36%; natural gas
— 24%; coal — 29%; nuclear energy — 5%; hydrodleet6%). In this context carbonate
reservoirs are significant for the global oil aresgupply, as long as more than 60% of
oil and 40% of gas reserves are found in this tfp@ck. But the knowledge about the
key elements controlling the porosity and permégbibn these reservoirs is
incomplete. What is especially true regarding thedasstanding of fracturing

contribution to secondary porosity creation andveability increases.

The goal of this thesis was to contribute for teestigation of the actual role of
fractures on carbonate reservoirs. To accomplishabmmitment were studied a great
exposition of Jandaira Formation carbonates (Patidgtasin, NE Brasil) where are
located a well-developed cavern system named FEma (linear development of
739m, maximum depth of 30m) and other karstic femtu(e.g. sinkholes; minor
caverns), all of them presenting strong evidendestroictural control. Such karstic
environment was used as analog to investigatedlaéian between fracturing and high
permeability corridors on carbonates, based ongdwerally accepted concept that
caverns on carbonates are mostly formed by eraiierto natural acid in groundwater,
which seeps through bedding-planes, faults, jogtts,

The methods used in this study were: compilationpoblic data; lineament
analysis (regional and local scales); outcrops csiral analysis; structural
measurements analysis; numerical modeling. Belole tequence of analysis
performed and theirs main results are described.

1. Information about the Potiguar Basin evolutiond aavailable data about the
nowadays stresses were compiled from the literalire state of stress operating today
on the Basin was understood from earthquakes foeghanisms, borehole breakouts
analysis, and fracturing testes results from welsoThese data demonstrated that: (i)
the nowadays state of stress predominant througlBtsin is strike-slip, with some
reverse or normal mechanisms; (ii) the orientabérihe maximum horizontal stress

component ranges from NW-SE to E-W. Given suctsstregime, it was considered
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that the NE-SW faults through the Potiguar Basie é&ivorably oriented to be
reactivated as inverted faults, while the NW-SEWEand N-S faults are favorably
oriented to be reactivated as strike-slip faults.
2. Lineament analysis were performed at regionales¢using SRTM3 data) and at
local-scale (using GooglePr6 high resolution satellite images). From the reglon
scale analysis, the main azimuth frequency of hmeats obtained that for the Potiguar
Basin is oriented NE-SW (N6B). From the local-scale analysis, the main azimuth
frequency of lineaments is oriented NW-SE (R&#9. These two directions are nearly
orthogonal (112 divergent), putting into evidence that at the gtacka some particular
structural evolution exists and it could be relamdnot to the regional tectonic-
structural history.
3. From the analysis of outcrops and structuralsmesaments, the NW-SE direction was
confirmed as the principal structural trend at #tedy area. By using specific fault
inversion methods included into the Daisy softwdve) stress tensors that possibly
generated the observed deformation were calculd@idedsing the “inversion by rotax
analysis” method it was obtained a stress tensentad NW-SE (N33{E), compatible
with a strike-slip fault regime, which could onlym@ain the observed faults; (ii) using
the “Direct Inversion” method it was obtained aest tensor also oriented NW-SE
(N318E), but compatible with a reverse fault regime, eskhcould explain the whole
deformational elements observed through the area faults; joints; bedding). Both
stress tensors are in conformity with the presegtrégional state of stress given by the
seismology and the borehole data analysis. Buséigend stress solution was assumed
to be the most reliable because the Monte Cartartelsided on the algorithm presented
a well constrained distribution of the possibles$rtensors.
4. A comparative analysis between the azimuthiligion of the Furna Feia principal
galleries axis and the statistical analysis (Azimby Frequency distribution) of the
local-scale lineaments and structural elements {aelts; joints) was done. Such
comparison evidenced a clear coincidence betweprihcipal trends obtained for the
study area and the cavern’s galleries axis.
5. On the basis of all available information thédwing tectonic-structural model for
the study-area was proposed:

a. A major not outcropping NE-SW normal fault exsisomewhere toward NW

from the study area;
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b. Given the estimated nowadays stress regimd)ypethetical NE-SW normal
fault was reactivated as an inverted fault;
c. This inversion movement caused the exhumatioth@fJandaira Formation,
on the returning hanging wall of the main NE-SWIitfau
d. Minor NW-SE strike-slip faults result from thecammodation movements
due to the major NE-SW fault activity;
e. Minor NE-SW strike-slip faults constitute congiigd pairs with the NW-SE
strike-slip faults, or are related to oblique moeents of the main NE-SW fault.
f. The fracturing associated to this deformatiostdry was responsible for the
creation of oriented high fractured corridors. Tenesorridors control the
meteoric water circulation through the Jandairabaaates, conducting the
dissolution process and the formation of the Fiigia caverns system.
6. Afterwards a sequence of numerical models wams inuorder to examine the
reasonability of the theory proposed for the petiiga increase in the Jandaira
carbonates. Such numerical models are based onameahanalysis by finite element
method for 2D simulation, comprised in the TECTQ8gpam.

At the end of this work it was accepted that thdtsaand joints observed through
the whole study area, associated to a dilatan®ceffed to a porosity increase in the
Jandaira carbonate rocks and controlled the creatiohigh permeability corridors.
Such high permeability zones focalized the watecglation into the carbonate rocks
and conditioned the growth of the Furna Feia caggstem.

Keywords:
Carbonate reservoirs; brittle deformation; Jand&amation; Potiguar Basin; karst;

lineaments; structural analysis; numerical models.
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Units Glossary

Petrophysics
md — Millidarcy; unit of measure of permeabilityupeplent to one-thousandth of
Darcy.
A porous medium has a permeability of 1 Darcy when differential pressure of 1
atmosphere across a sample 1 centimeter long and 1 square centimeter in cross
section will force a liquid of 1 centipoise of viscosity through the sample at the rate
of 1 cubic centimeter per second.

Time

M.y. - million years

Volume
MBOE - Thousands of Barrels of Oil Equivalent
MMBO - Million Barrels of Oil
MMBOE - Million Barrels of Oil Equivalent
MCF - Million cubic feet
OOIP - Original Oil In Place
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Problem Presentation






Chapter 1 — Problem Pradation

1. Introduction

Nowadays hydrocarbons are the most important sooir@nergy in the world.
Only in 2008 they represented 60% (36% oil and 2%) of the main types of fuel
consumed (Figure 1.1; BP, 2009). According to tBA teport (2006) fossil fuels will
remain the dominant source of energy to 2030, atdauy for 83% of overall increase
demand. The report also predicts that global aihaed reaches 99MMBO/day in 2015
and 116MMBO/day in 2030. In this context carbonaéservoirs have a great
importance, as long as more than 60% of the Wodd'and 40% of the World's gas

reserves are found in this type of rock (Schluméerg007; Montaron, 2008).

World Consumption by Fuel Type

m il
O Matural Gas
O Coal

@ Muclear Energy
@ Hydro electric

(Source: BP Statistical Review, June 2009)

Figure 1. 1. Participation of main fuels in the glbal energy supply.

According to a C&C Reservolf§"e"®* > renort (1998), despite their relevance
for the global energy supply, during the 80’'s arksarbonate plays have not been
receiving much attention from the industry and oalfew number of discoveries were
made in this type of rock. The report points o domplexity of carbonate systems,
combined to economic and market aspects and exiglorapportunities, as the most

possible reason for the avoidance of these expligréargets.
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The complexity of carbonate systems is mainly duthé depositional conditions
of carbonate sediments and to the greater chemeeativity of carbonate minerals.
Carbonate sediments have been deposited in shaiwm oceans since the Proterozoic
to the Present, and the sedimentation is mostlyedoy biological activity (e.g.
stromatolites; coral reefs; accumulation of shatld skeletal material). Once carbonate
deposits are closely related to the evolution && lon Earth, their depositional
conditions present a great variability in the spgEegure 1.2) and through the
geological time. It results into a wide range ofngmsition, textures, and, consequently,
pore-space distribution (Choquette and Pray, 1Sabkisyan et al, 1973; Lonoy, 2006;
Lucia, 2007).

Carbonate reservoirs

(Modified from: Ehrenberg and Nadeau, 2005)

Figure 1. 2. General distribution of carbonate resevoirs worldwide.

The blue areas correspond to carbonate reservoirs.

Primary sedimentation environment and postsedinienta process, like
dissolution, mineralization, stylolites, and frawtg, are considered the main factors
controlling the carbonate rocks porosity. But thelation between porosity and
permeability for carbonate reservoirs is actualbonty defined. Therefore, in many
carbonate reservoirs predictive models for resemyoality distribution are difficult to
generate, resulting in significant uncertainty yditocarbon reserve calculations or in
reservoirs management planning (Choquette and R@50; Sarkisyan et al, 1973;
Lonoy, 2006; Lucia, 2007).
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2. Fractures contribution for reservoirs productivity

The reservoir characterization job aims to buikblumetric model of a reservoir
that incorporates all its petrophysics charactesst(e.g. grain size; porosity;
permeability). This model is the base to simulae ftow of fluids within the reservoir
under different sets of circumstances and finddpegmal production techniques that
will maximize the production.

Regarding carbonate reservoirs characterization rikegor challenge is to
understand the relation between pore type and pwprasd permeability. For the
industry, this knowledge has a strong impact ondieability of building predictive
models for quality distribution of reservoirs anldids circulation (Ehrenberg and
Nadeau, 2005; Lonoy, 2006; Montaron, 2008). Itasmmon that porosity-permeability
cross plots for carbonate reservoirs present afsignt variability (Figure 1.3), which
demonstrates that factors other than porosity mpoitant on modeling permeability
(Lucia, 2007).

g U . 3
® l_.",.:-, L i o
- i &
o -"-.'-h' I |+"" "
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3 sk | ] . L
2 : = » "
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] ' gt Ly = w J
= kg & aPabjy L
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0.05 .10 1 T Lo dal
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(From: Lucia, 2007)

Figure 1. 3. Example of variability in porosity-pemeability relationship.

For some authors (Ehrenberg and Nadeau, 2005; &eauud Mann, 2005;
Aguilera, 2006; Montaron, 2008), in addition to fiwre-space provided by depositional
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conditions and postsedimentation process, the uiiagt affect significantly the
permeability and the flow of fluids and producti@tes of reservoirs.

Peacock and Mann (2005) affirm that as carbonaterveirs get mature, it is
increasingly evident the significant role of natuflmcture&***®"%* 12lin controlling
hydrocarbon production and water breakthrdtRjH > !

Ehrenberg and Nadeau (2005) noticed that altholgHundamental depositional
and chemical differences between sandstone andraatdreservoir rocks seem widely
accepted and commonly motivate the adoption ofindisttreatment for carbonate
reservoirs, the actual nature and magnitude ofktllgserences suffer from little or no
guantitative documentation. To address this voie #uthors analyzed the average
porosity versus depth and the average permeabdityus average porosity available for
30122 siliciclastic reservoirs and 10481 carbonmeatervoirs, covering all petroleum-
producing countries, except Canada. From this sthey stated that: (i) carbonate
reservoirs have a greater relative proportion ghlpermeabilities at low porosities; (ii)
both lithologies include a subordinate group oeresirs with multidarcy permeabilities
at porosities below 15%, which the authors suspeoctflect fracture instead of matrix
values; (iii) the relative paucity of low-porosi{p—8%) siliciclastic reservoirs at all
depths compared with carbonates may reflect the ommsmon occurrence of fractures
in carbonates and the effectiveness of these fiegfor facilitating economic flow rates
in low-porosity rock.

Aguilera (2006) presents the analysis of the cpdss-average porosity versus
weighted mean oil recovery for 5915 pools in Albdfield (Canada). The data presents
a wide variation in porosities and recoveries (Fegli.4), following the same general
idea of Ehrenberg and Nadeau (2005). Based upsrattalysis and his own experience
on studying many other naturally fractured reses/a@round the World, Aguilera
(2006) made some important considerations: (i) gresence of natural fractures in
lower porosity carbonates, especially when dolaedi is probably responsible for the
larger oil recovery and the lowest values of watguration; (ii) low porosity intervals
in naturally fractured reservoirs should never bglacted - the use of a porosity cutoff

can leave as undiscovered a reservoir that, édestould prove to be commercial.
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Figure 1. 4. Oil recovery versus porosity for 591500ls in Alberta (Canada).

The high oil recovery in low-porosity reservoirgygests natural fracturing. Without natural fractutiee
opposite behavior would be expected.

Montaron (2008) affirms that to take fracturing antonsideration is very
important for reservoir management, because thengadility along major fracture
corridors can be a thousand times greater or nmare the surrounding rock matrix. The
effects of this increasing in permeability can besipve or negative. The author gives as
examples of negative effects the risk of earliezaithrough and the occurrence of
problems during drilling, like mdePPe"®™ 24 |osses. Providing highways for draining
the reservoirs is indicated by Montaron (2008) las most positive effect for the

presence of fractured zones.

3. Problem outline

Concerning the key elements controlling the poyosaind permeability in
carbonate reservoirs the number of publicationStiuctural Geology is really few,
principally if compared to Stratigraphy and Seditoégy.
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Anyhow, some reputable experts in the petroleum ldvaronsider natural
fracturing fundamental to improve permeability amuloductivity in carbonate
reservoirs. They assume this rule to be espedially for low permeability rocks (e.g.
chalks) and mature reservoirs. But the real relesanf fractures is not completely clear
yet, probably due to the so small amount of publislgquantitative studies as well
noticed by Ehrenberg and Nadeau (2005).

4. Thesis objective

The porosity-permeability ration on carbonate resies is a complex subject. The
objective of this study is simply to contributette investigation about the actual role
of fractures on the carbonate reservoirs perméabilio accomplish this commitment
some excellent carbonate rocks expositions of amelaira Formation, occurring close
to the Barauna village (onshore Potiguar Basin tid@st Brasil), were studied. At this
area exist a very well developed cavern systemn(/8Blinear development, achieving
30m of depth) and some minor karstic featurespfalhem presenting strong evidences
of structural control.

The term karst designate a general category offdamd, characterized by
numerous closed depressions, caves, collapse deatand diversion of drainage
underground. These landforms result from the chahmeaction of slightly acidic
groundwater with soluble rocks, such as carbonatksr (limestone and marble),
dolomite (magnesium carbonate), gypsum (calciunfam) and some evaporites
(Easterbrook, 1999; Burcham, 2009). Easterbrool®@qL@ffirms that the optimum
conditions for karst development include more tjuesh the carbonate rocks mineralogy.
According to the author secondary porosity produggdntersecting joint sets play an
important role in karst formation, because theynperocks to hold more water and
facilitate groundwater circulation through the gystby increasing permeability.

Considering the arguments above | assumed thadatfse terrain at the study area
represents a good analog to investigate the ralatween brittle deformation and the
creation of high permeability zones on carbonabtksoThe following steps were taken

in this investigation:
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1. The information available from earthquake foeakchanisms, breakouts and
fracturing testes was compiled to estimate the daws state of stresses at the Potiguar
Basin Chapter 2);

2. A multi-scalar lineament analysis was perforrteedetermine the principal structural
trends at the Potiguar Basin and at the study(@&keapter 3);

3. Outcrops structural analysis, structural measerdgs analysis, and information from
four seismic lines were used to define the strattiegime on the Jandaira limestones at
the study areaGhapter 4);

4. The distribution of azimuth by frequency of ty@leries axis of the main cavern was
compared with the statistical analysis of strudtum@asurements and the study-area
lineaments, to verify if there is any coincidencgtvieen the structural trends at the
study area and the cavern’s galleriébdpter 4);

5. In light of all information available, a tecterstructural model for the study area and
a theory to explain the development of the maireoagystem were proposedhapter

4);

6. Numerical models were employed to examine thesaeability of the theory

proposed for the permeability increase in the JaadarbonatesQhapter 5).

All these complementary results support the assiomphat the faults and joints
observed at the study area led to the formatiohigii permeability corridors, which
conditioned the cavern development. If there wereah hydrocarbon reservoir at that
place, a superior productivity zone would possh#yfound instead of a cavern system.
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1. Introduction

In this chapter the main tectonic-structural andtgraphic characteristics of the
Potiguar Basin are presented. The objective isit@duce the non-familiarized reader
to the depositional and deformational processeshing the Jandaira Formation (a
Turonian to Campanian tide-dominated carbonatid¢fquria) that were taken in this
study as analogue to fractured carbonate reservoirs

The Potiguar Basin is the easternmost basin aBtheilian Equatorial Margin
(Figure 2.1). It comprises an area of 4800GKwhich is divided in 21500kfronshore
and 26500k offshore. The basement of the Basin is composedAmhean-
Paleoproterozoic terrains (orthogneisses and mefdmsed supracrustal sequences),
marked by polyphase deformation events and a lamgaer of plutonic intrusions, that
constitutes the Borborema Province (Almeida etl&®77). The Fortaleza High defines
its limit with the Ceard Basin and the Touros Higkfines its limit with the
Pernambuco-Paraiba Basin (Figure 2.1) (Matos, 188#jpe and Feijo, 1994; Pessoa
Neto et al., 2007).
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Figure 2. 1. Localization and Tectonic Framework ofPotiguar Basin.
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The first oil discovery at the Potiguar Basin tqalce in 1973 on the Ubarana
Field (offshore). Ever since more than 4000 we#lsenbeen drilled (92% onshore) and
more than 115000km of seismic lines were acquiv@dq offshore). The interpretation
of data obtained from these wells and seismic lmas fundamental to build the actual
knowledge about the basin’s lithostratigraphy atmdcsural framework (Bertani et al,
1991; Matos, 1992; Araripe and Feijo, 1994).

2. Tectonic-Structural Development

The Potiguar Basin started to be formed duringethrdy Cretaceous, as a result of
the South America/African plates breakup and suleseig South Atlantic opening
(Figure 2.2) (Francolin and Szatmari, 1987; Mat®92; Cremonini et al., 1996). It is
part of an intracontinental rift system that opefresn South to North in the southern
South Atlantic branch, and from West to East inHggatorial Atlantic branch (Matos,
1992).

"Early Rift” “Late Aptian” "Early Campanian”
140 M.y. 113 My. 84 M.y.

Equatorial
racture Zones

Potiguar
.

African
Plate

Basin g

Salt Basin ’.
Rio Grande Rise

Rotation Pole
(Frangolin & Szatmari, 1987)

Mid-Atlantic Ridge

Salt Basin

South America
Plate

Ap;%

(Modified from: Fainstein et al., 1998)

Figure 2. 2. Schematic chart of South Atlantic openg.

Since the Potiguar Basin is located at the corredwden the Southern and
Equatorial branches of the Atlantic rift systemgdantains important registers for the

understanding of the opening processes. But th&dordyi is not easy of being
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reconstructed and several models have been propasdtistrated by the examples of
tectonic models below. The most controversial stibjamong authors are the stresses
orientation during the breakup and the relative emo@nt between the two plates at that
time.

Francolin and Szatmari (1987) proposed that dutiegNeocomian (Rio da Serra
to Early Aratu local Stagl8P®"¥* 23 the South American Plate rotated clockwise
relative to the African Plate, with respect to aedan pole located at°3 and 38W
(Figure 2.2). This rotation created a singularsstirigeld, divided into two domains: (i) a
E-W compression operating at the tip of rotatingitSocAmerica, pressed against the
western African margin (actual Republic of Camelodin) a N-S extension operating
where South America pulled away from the northwdsican margin (actual Nigeria).
According to these authors, this stress field wesponsible for the reactivation of
numerous NE-SW and E-W preexisting Precambrianrshe@es as strike slip faults.
They explain the frequent creation of half grabeng?otiguar Basin as a compensation
for the imperfect fit between the blocks laterallglocated and rotated.

Matos (1992) criticises some previous reconstrastiand tectonic models, on
which were assumed a rigid plate rotation betweaumttSAmerica and Africa (Bullard
et al., 1965; Rabinowitz and LaBrecque, 1979; Saatrat al., 1987; Francolin and
Szatmari, 1987), or that recognized the importasfcenajor structural discontinuities
during the South Atlantic opening but did not codesi in detail nonuniform
deformations within the intracontinental NortheBsazilian rift basins (Popoff, 1988;
Unternehr et al.,, 1988, Conceicdo et al., 1988).prgposes a model in which is
assumed that major kinematic changes occurred gitini@ rift evolution and takes in
account the role of major discontinuities withire taxtensively deformed Proterozoic
continental crust. The author argues that durieg\tbocomian-Barremian (Rio da Serra
to Buracica local Stages) the early extensionagsulvere oriented toward NW-SE, and
during the Barremian-Aptian (Buracica to early Alag local Stages) the extensional
axis rotated counterclockwise toward a general Eliv&ction. Based on this model,
Matos (1992) suggests that the PaleoproterozoicoNénted structural trends were
reactivated as normal faults and the E-W and NW«B&ds become potential sites for
transfer faults and/or accommodation zones.

Cremonini (1993) and Cremonini et al. (1996) recogth an important transfer
zone oriented nearly WNW-ESE close to the Ubaraell Fnamed Ubarana Transfer

Zone (Figure 2.1). The authors interpreted thissier zone as being sub parallel to the

10
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maximum extensional effort. The former was resdaadior the reactivation of several
NE-SW and E-W structural trends on the BorborenmaviRce as ENE-WSW normal

faults and WNW-ESE transfer faults - resulting e tPotiguar Rift implementation

during the Neocomian. They proposed a secondgiftiise controlled by an extension
E-W, operating from the Barremian to the early Apt(Buracia to early Alagoas local
Stages). Such second pulse is recognized just alengubmerse portion of the Basin
and is associated with the Equatorial Margin breakvhen the rift stage of Potiguar

Basin was aborted and the drift stage began.

From the different reconstructions and tectonic et®dhe fundamental common
point is the assumption that the Paleoproterozoictiral grain controlled the Potiguar
Rift geometry. But it is still being controversisiibjects - that will not be discussed in
this thesis - the first relative movement betwdasm $outh America and African plates
(rotation or simple drifting), and the principatedses direction operating during the

breakup and initial rift.

3. Tectonostratigraphy

The Potiguar Basin stratigraphic record (Figure) 23 deeply related to its
tectonic evolution stages and comprehends threerSeguences: Supersequence Rift;

Supersequence Pos-rift; Supersequence Drift (Pé¢stoeet al., 2007).

3.1. Supersequence Rift

The Supersequence Rift, mainly composed by cortaheedimentation, is sub-
divided into two phases: Rift | and Rift Il (Pesddato et al., 2007). The phase Rift |
(Neocomian) is characterized by a crustal stretchiagime with high rates of
mechanics subsidence. Major normal faults were |[dped at this moment (reaching
5000m of offset) defining asymmetric half-graberd anternal highs mostly oriented
towards NE-SW. The low areas were filled by laduastrfluvial-deltaic and fan-delta

deposits that constitute the Pendéncia Formatiaqu(és 2.3 and 2.4). The occurrence

11
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of Rift | sediments on the offshore portion of Basin is limited to an elongation of the
emersed rift towards NE (Araripe and Feij6, 199%ds$®a Neto et al., 2007).

At the phase Rift Il (Barremian to Aptian) a strgig/transform faulting regime
was imposed along the future Brazilian Equatoriaargyn, causing a significant
changing on the rift's kinematics. This event mowbé rift axis to the immersed
portion of Basin while induced the elevation of #gmaersed portion that becomes the
new rift's bulge and source area. At this momemt direction of tectonic transport
changes from NNW-SSE toward E-W, what is intermtede the very beginning of the
continental drift process. The sedimentary regiatehis phase is dominated by alluvial
deposits, fluvial-deltaic deposits, lake sedimerasd turbidites, that constitute the
Pescada Formation (Figures 2.3 and 2.4). This segués limited to the offshore
portion of Potiguar Basin (Araripe and Feijo, 19P4ssoa Neto et al., 2007).

3.2. Pos-rift Supersequence

The Pos-rift Supersequence (Aptian-Albian) was d#pd under a relative
tectonic quietening regime dominated by thermakglénce, that followed the end of
the rift phase (Pessoa Neto et al., 2007). The akfegy Formation comprises the
lithological register of this stage and is charazgsl by a gradual transition from the
continental to a shallow marine environment, witredqominant fluvial-lacustrine
deposits (Figures 2.3 and 2.4). This formation deysosited directly against to the top
of the rift sequence in a strong angular discordarBlack shales, calcarenites and
ostracod limestones (CPT layers; Figure 2.3), dégmin a sabkha environmé&iipend
22 correspond to the first evidence of marine tragssjon on Potiguar Basin (Araripe
and Feijo, 1994; Pessoa Neto et al, 2007).

Despite being a quiet tectonic period, at the veeginning of the Pos-rift
Supersequence (Early Aptian) there are evidencesstfong structural control on the
fluvial deposits at Boa Vista and Guamaré grabéfnigu(e 2.1). This indicates that
some faults from the rift phase have been activid timat time (Pessoa Neto et al.,
2007).

12
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3.3. Drift Supersequence

The Drift Supersequence (Albian to the Recent) asponds to the end of the
Atlantic opening process. This supersequence idigaed into Marine Transgressive
and Marine Regressive Sequences (Pessoa Neto ZQ@T).

During theMarine Transgressive Sequenc@Albian to Campanian) the basin had
its less significative subsidence rates and thenna@pocenter was a large fluvial
channel oriented toward NE, passing gradually shallow siliciclastic platform. On
these environment were deposited the Acu Formaftegures 2.3 and 2.4) which
contains the main hydrocarbon reservoir rocks an dhshore basin, composed by
medium to coarse sandstones with layers of shéleshe edge of the siliciclastic
platform a carbonate sedimentation (Ponta do Mem&aon) was implanted, while a
slope/basin system marked by canyons and assodiateiditic deposits (Quebradas
Formation), was developing sideward. The transgresachieved its maximum at the
Cenomanian-Turonian limit, being marked by the d#jmmn of a continuous shales
sequence (Ubarana Formation) at the immersed poofidasin and the drowning of
the fluvial/estuary system on the emersed portharjpe and Feijo, 1994; Pessoa Neto
et al., 2007).

Between the Turonian to Middle-Campanian was infeldna tide-dominated
carbonatic platform/ramp corresponding to flamdaira Formation (Figures 2.3 and
2.4). In this environment the lithologies depositedre calcarenites with bioclasts
(planktonic foraminifera, green algae, bryozoansl athinoids), calcarenites with
miliolids, calcilutites with bioclasts and calciiigts with bird's eyes (Tibana and Terra,
1981). The deposition of these carbonates mark®nideof the Marine Transgressive
Sequence (Araripe and Feijo, 1994; Pessoa Netb, 2087). Nowadays the Jandaira
Formation crops out in almost all the emersed porof Potiguar Basin, constituting
the largest exposed Cretaceous carbonate platféong ahe Brazilian continental
margin. Apart from its wide area of occurrence flandaira Formation commonly
presents intense post-rift deformation, frequeatigociated to karstification processes,
in a tectonic context equivalent to other Brazili@servoirs. In this way the Jandaira
Formation represents an excellent analog to thesiiigation proposed in this thesis.

The Marine Regressive Sequenc€Campanian to Recent) comprises shallow
platform systems (Tibau Formation) with carbonatdge (Guamaré Formation) and
slope to basin system (Ubarana Formation), thalimred from the actual coastline to

the offshore region (Figures 2.3 and 2.4). FromMin@cene to the Pliocene continental
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alluvial sediments were deposited along the cd3atréiras Formation) being replaced
by fluvial and eolian/beach sediments in the Hohece
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Figure 2. 3. Potiguar Basin stratigraphic chart.
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Figure 2. 4. Schematic evolution of Potiguar Basin

As previously said the available information frorells (e.g. samples, cores, logs)
and seismic lines were fundamental to build thatisgraphic and structural knowledge
about the Potiguar Basin. These data are even mmpa@rtant if considering that from
the entire stratigraphic register only the Formai®arreiras, Tibau, Jandaira, and Acu

outcrop at the onshore basin.

4. Magmatism

Three main magmatic events (Figure 2.3) are idedtidn the Potiguar Basin:
() Rio Cearad Mirim event corresponds to the ocemice of tholeiitic dike swarms,

mostly E-W oriented, intruding the Pre-Cambrianrbell at the southern edge of the

15



Chapter 2 — Ti®tiguar Basin

onshore Potiguar Basin. The age of these dikesest®ated by the Ar/Ar method in
132.2+ 1 M.y.; or ranging between 130 and 125 M.y. by iiAr and Fission Track
methods, being related to the basin’s opening gocEhe occurrence of vulcaniclastic
rocks interlayered with the basal Pendencia Foonadi the emersed portion of Basin
Is correlated to this event too (Matos, 1992; Padseto et al., 2007).

(i) Serra do Cud event comprises alkali-basaltribmes outcropping on the south
portion of the onshore basin. The age of theseltsasas estimated by tH8Ar/**Ar
method in 93.% 0.8 M.y. (Souza et al., 2004).

(iif) Macau event occurred as volcanic pulses asagom 70-65 M.y. to 9-6 M.y., with
strongest activities from 48.¢ 2.9 M.y. to 31.4+ 1.5 M.y. (Eocene/Oligocene).
interlayered to the Marine Regressive Sequencersgds and at some specific regions
in the bedrock.

5. Seismology

The seismicity at Northeast Brasil is one of thestrimportant in the country. It
occurs mainly on the exposed Precambrian basemenhd the onshore border of
Potiguar Basin and between the Potiguar and Pareisins (Figure 2.5). According to
the instrumental registers recorded over the l@syehars, the seismic activity on the
region is characterized by low magnitude eventx{mam instrumental register mb =
5.2, in Cascavel event; Figure 2.5) tending to odouswarms that continue from
several months to some years (Takeya et al., 1889ympcado, 1992; Ferreira et al.,
1998; Bezerra and Vita-Finzi, 2000).

It must be noticed that, up to the present timeugd-ruptures caused by
earthquakes are not known at the region, even mhese@vents have registered
magnitudes over 5.0 (instrumental and historicabre), serious damage to buildings
have been reported in the last 200 years, and adigrefaction features are observed
on Pliocene deposits (Barreiras Formation) and €naty continental siliciclastic
deposits (Assumpcao, 1992; Bezerra et al., 2008ubioca et al., 2010).

Another characteristic of seismicity at NE Braslthat the epicenters usually

occur confined among 1-5km depth. Events like h&oJCamara earthquake sequence

16



Chapter 2 — Ti®tiguar Basin

(eventa; Figure 2.5), which had its maximum epicenter Hegtound 8 to 10km, are
very rare (Takeya et al., 1989; Assumpcao, 199&eka et al., 1998).

From the available focal mechanisms instrumentgister, the Potiguar Basin
exhibits a predominant strike-slip stress regiméhvgome reverse and normal events
(Figure 2.5). Ferreira et al. (1998) explains thexusrence of focal mechanisms
indicating different stress regimes in a same a®a possible result from different
orientations of pre-existing fault planes reactdatunder the same uniform crustal
stress field. The focal mechanisms also furnishex rhaximum compressive stress
orientation&*Pe"¥ 23 through the basin, that ranges from NW-SE to E-+@ighly
parallel to the coastline (Assumpcgao, 1992, 1998ydira et al., 1998; Bezerra and
Vita-Finzi, 2000).
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Figure 2. 5. Seismicity at Potiguar Basin area.

On the beach ball diagrams the write zones correbpm compression while the black zones correspond
to traction. The focal mechanisms refer to theofsihg events: (a) Jodo Camara, 1986 to 1988; () Ac

reservoir, 1990 to 1991; (c) Augusto Severo, 198D;Tabuleiro Grande, 1993; (e) Cascavel, 1994; (f)
Palhano, 1989; (g, h) Paracajus, 1980; (i, j) Qarue991.
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6. Present day Stresses on Potiguar Basin

The stress tensor acting at any point on the Eadhist can be described by three
mutually perpendicular components;, 0,, 03 Wwhich refer respectively to the
maximum, intermediate and minimum principal stregee > 0, > 03). To describe the
stress tensor at a point is necessary to detertinénerientations and magnitudes of the
three principal stresses (Hubbert and Willis, 19541}, 1990).

For the oil industry the knowledge of the operatstigesses in a given area is an
important parameter for several exploitation angl@ation activities. On drilling
activities it is strongly recommended to considex in-situ stress condition since the
wellbore design phase (e.g. mud drilling weightgoaonming; calculation of ideal
inclination and azimuth for directional wells), tavoid stability problems like
unexpected formation fracturing or borehole colkafidcLean & Addis, 1990; Peska &
Zoback, 1995; Aadnoy & Bell, 1998). To predict whi€aults or fracture families
behave as seal or as conduits for fluids is fundeah@n seeking new targets in a basin
(exploration activities) and on planning reservairanagement (exploitation activities).
This task is also deeply influenced by the knowéedfout the in-situ stresses (Barton
et al., 1995; Finkbeiner et al., 1997; Wiprut arab@ck, 2000).

The needed information to estimate the in-situsste is usually obtained from
ordinary tests and logs performed in wellbores.rENet first these data are acquired
for different purposes, they can be used to detedtmeasure mechanic phenomenon
occurring on the borehole walls as a function @& gnincipal stresses. Breakouts and
drilling-induced fractures are well known borehasigess-related failures, commonly
used by petroleum geologists and engineers tordeterstresses orientation (Zoback et
al., 1985; Zoback, 1992; Bell, 1990).

However measuring reliable in-situ stress magngudenot easy. With certain
simplifying assumptions it is possible to estim#dte minimum stress magnitudes)
from hydraulic fracturing procedures and other uduacturing tests (Hubbert and
Willis, 1957; Bell, 1990; Aadnoy, 1990; Addis et.,al998; Brudy, 1998). As in
sedimentary basins the topography is usually getitéevertical stress (Sv) is generally
considered equivalent to the overburden pressutasacalculated by the integration of
formation density logs data (Bell, 1990). None loé &xisting tests or logs is able to
measure the magnitude of intermediate princip&sstif,). Its assessment is possible

only by using computer algorithms, which calculdte complete in-situ stress tensor
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based on information from borehole failures andkrstrength, other than fracturing
tests, density logs and formation fluid pressustst¢Peska and Zoback, 1995; Zoback
and Peska, 1995).

On the Potiguar Basin Lima Neto, 1998, 1999 andaLenal., 1997 accomplished
the most comprehensive efforts to estimate theepteday stresses based on wellbore
data. Lima Neto (1998, 1999) contributed very mtalhhe understanding of Potiguar
Basin’s stresses regime based on the analysispobdmately 187 leak-off tests results
and 69 hydraulic fracturing data, obtained from t¢mshore and offshore portions of
Basin. Lima et al. (1997) performed a regional escahalysis of breakouts, detected
from four-arm dipmeter caliper data available fdd 5vertical wells distributed on the
Brazilian onshore and offshore basins. As for tbégRar Basin the authors analyzed
129 wells, of which 65 wells presented enlargeerirdls due to the occurrence of
breakouts.

6.1. Stresses Orientation on Potiguar Basin

The analysis of breakouts is the most usual metbagstimate the orientation of
maximum and minimum horizontal principal stress®drhax and Shmin respectively).

Breakouts are shear fractures induced on wellboaiswresulting from the
principal stresses redistribution around a borehdleing perforation due to the
substitution of rock by drilling mud (Figure 2.@n such redistribution a maximum
stress concentration is naturally localized in tspecific regions around the borehole
section, parallel to the Shmin direction (Figur&)2If at a given depth the rock strength
and the pressure induced by the drilling fluid ao¢ sufficient to compensate the shear
stress at these regions, a breakout will occur.bfeakouts are aligned to Shmin,
determining its direction is the same as measutirgShmin orientation (Zoback et al.,
1985; Bell, 1990; Zoback and Peska, 1995). Once ttiree principal stresses
components are assumed to be mutually perpendidhlarSHmax direction can be

automatically obtained at 8@&om Shmin (Figure 2.6).
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Figure 2. 6. Deformations occurred around the boreble section.

SHmax is the maximum horizontal principal stredsn is the minimum principal stress. Breakouts are
shear fractures induced when the pressure of thimglrfluid is not sufficient to compensate theesin
stress on wellbore walls. Hydraulic fractures aeetion fractures that occurs when the pressurhef
drilling fluid overcomes the rock strength and firessure of the Formation’s fluid (i.e. water; g#s).

There are two methods for identifying and measubirggakouts orientation:
(i) The caliper analysis of four-arm dipmeter tQolghich has two pairs of arms
orthogonally arranged (Figure 2.7) and maintaine@¢antact with the borehole walls
while the tool rotates and is pulled up from thdlbae button. When a breakout is
encountered, one pair of arms becomes trappedhendbtation ceases. At this depth
interval the orientation of the largest caliperésorded as the breakout’s orientation
(Plumb and Hickman, 1985; Bell, 1990; Zoback, 1992)
(i) The image logs are a new technology that aldaobserve the failures on borehole
walls (breakouts or induced fractures) in a dimenner, enhancing significantly the
interpreter’s capability to determine the oriergatpf principal in-situ stresses (Shmin
parallel to breakouts and SHmax parallel to induéedttures). The reliability of
breakouts data has also improved with this teclgywl®ince it made possible to
distinguish without a doubt breakouts from othepety of enlargement induced by
factors not related to in-situ stresses (Figure 2Zbback et al., 1985; Peska and
Zoback, 1995).
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The tool has four arms {c1, c2, 3, c4), constructed so
as to be always in contact with the borehole walls.

Each pair of arms (c1-3; c2-4) registers the diameter of
the well (caliper) at each depth interval as scheduled
(e.n. every 15 cm).

One of the arms (c1) has a navigation system that
regiters continucusly the tool’s inclination and orienta-
tion.

{a) In gauge hole (b) Breakout {c) Washout (d) Key seat
Iy A RS
@Y @\ .\ 1/
Caliper Caliper Caliper Caliper
incregse —w INCreass —e incregss —e increass —-
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o 1| | }{
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: * ;
%Co- 4 C2-4 i~ C2{4 \écz-at

Effect of the diference of diameters on caliper log.

+— Depth

(Modified from the World Stress Map site)

Figure 2. 7. Four-arm caliper tool and types of boehole section enlargement.

Bit size is the borehole diameter planed for a gidepth. For World Stress Map (WSM) definition
consultAppendix [2.4.

The breakouts data analyzed for the Potiguar Basinma et al. (1997) exhibit a
NW-SE to E-W general SHmax orientation, roughlygtlat to the coastline (Figure
2.8). This is coincident to the direction indicated several of the earthquake focal
mechanism available for the surrounding area ofrBascording to Mastin (1988), in
strike-slip stress regimes the breakouts occurrénceore controlled by the far-field
tectonic stresses than by the local stresses meamvellbore. As earthquake focal
mechanisms indicate a predominant strike-slip regintough the Potiguar Basin, the
hypothesis of Mastin (1988) seems suitable for dhea and the SHmax orientation
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estimated from breakouts can be considered relialilesators of the direction of

maximum compression through the Basin.

Elevation (m)

255
213
170
128
85
43
0

-

oy

SHmax orientation
from breakouts

] 50
Kilometers

(Source: Lima et al., 1997; Ferreira et al., 1998gueira et al., 2010)

Figure 2. 8. SHmax orientation at Potiguar Basin aga.

The focal mechanisms refer to the same eventgyofdi2.5. The green areas correspond to the regions
where the earthquakes that furnished the focal am@sms occurred.

6.2. Stress Regime on Potiguar Basin

Several operations in the petroleum industry ingdillre formation fracturing at
given depth intervals of interest. Fracturing tgstg). leak-off test; extended leak-off
test) are routinely used in drilling activities, &valuate the maximum pressure of
drilling fluid (mud weight) which can be withstary the formation in the next hole
phase (Ervine & Bell, 1987; Addis et al., 1998).eThydraulic-fracturing is a well-
known technique used to enhance the production con permeability reservoirs
(Hubbert and Willis, 1957; Brudy, 1998). All thesethods involve isolating a section
of the borehole over a known depth interval, witfiatable packers, and then increasing
the pressure within the interval by pumping indiiuntil they induce a fracture in the
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surrounding rocks. The pressure at which this agcoamed instantaneously shut-in
pressure, is considered equivalent to the in-situimum principal stress (Hubbert &
Willis 1957; Ervine & Bell, 1987; Bell, 1990).

The studies performed by Lima Neto (1998; 1999)tier Potiguar Basin show a
predominant strike-slip stress regime. The authso abserved a secondary reverse
stress regime, appraised from the shallowest dlaildata (between 313 and 2500m
depth) and from data deeper than 3700m (thesenealotaiffshore). At these depths the
registered shut-in values (taken as equivalenttai® magnitudes) are very close to the
calculated Sv values at the same depth interval.

Again, the results obtained from wellbore data @oorate the nowadays stress

pattern indicated by the earthquake focal mechanism

Summary

The Potiguar Basin was implemented at early Cretaein the context of the South
America/African plates breakup and the subsequpeniog of the South Atlantic. The

stratigraphic record at Potiguar Basin is deeplgteel to its tectonic evolution.

The present knowledge about the lithostratigrapiny &ctonic-structural evolution of
Potiguar Basin results from the analysis of dattiokd from petroleum wells and
seismic lines. These data were fundamental to bhilsl knowledge, since just the
Barreiras, Tibau, Jandaira, and A¢u Formationsroptin the the onshore portion of the
Basin.

Nowadays the stress regime operating through RatiBasin is predominantly strike-
slip, with some minor reverse and normal events Maximum compressive stress
orientation through the Basin ranges from NW-SEEtdN, roughly parallel to the
coastline. This information was obtained from aafalé earthquake focal mechanisms

and from specific tests and logs performed on hgaitwon wellbores.

The Jandaira Formation is a Turonian to Campaitdandiominated carbonatic platform
that crops out in almost all the emersed portiorPofiguar Basin. It presents intense
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Post-rift deformation, frequently associated toskification processes, in a tectonic
context equivalent to other Brazilian reservoirgc8use of this it was used on this

thesis as analogue to naturally fractured carbaestervoirs.
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Chapter 3 — Line®ent Analysis

1. Introduction

For more than a century the observation of linesdtepns in the topography has
been attracting the attention of geoscientists @Vi®82; Wise et al., 1985). At the very
beginning of the 20 century “german writers” established the exprasstektonische
linien” to describe rectilinear features correlated tangk of faults or joints (Hobbs,
1904; page 485 — author's note). But this definitiwwas insufficient to explain the
origin of all aligned elements observed in the tmaphy, principally considering how
difficult it was to establish the correct obserwatiperspective by only using terrain
investigation methods. Because of this, Hobbs (18pPded to use the terfimeament
to describe “(...) nothing more than a generallyilieetar earth feature”.

The development of the aircraft-derived images betwthe two World Wars
(Figure 3.1) and the development of the satelléeved images during the 1950’s,
revealed how surprisingly frequent and pervasieetlae aligned features on the Earth’s
surface, achieving lengths of tens to hundredsilofrleters (Wise et al., 1985; Liu,
2007).

Figure 3. 1. — San Andreas Fault from aircraft-derved image (1936).

This image shows the Elkhorn Scarp, San Andreak Eaurizo Plain, close to San Luis Obispo Co., CA.
(http://web.whittier.edu/fairchild/san_andreas.html

With the improvement of imagery technology the @pioof lineaments improved
too. Today the term lineament is applied to any paate linear topographic features
which constitute the expression of tectonic-striadtprocesses and/or crustal stresses
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on the Earth’s surface (Wi al., 1985; Jordana & Schottd, 2005; Pradhetnal.,
2006; Rahiman & Pettinga, 2008).

Despite the significant amount of satellite imag®@silable nowadays, attesting
unequivocally the lineaments’ existence, the amalgé lineaments is still one of the
most controversial subject on the modern structgealogy. The main reason for such
controversy is the inefficiency of traditional fiemethods in matching at outcrop scale
the aligned features observed on images. It igaaenatural limit imposed by the scale
variation, that produces different perception abthet existing elements (Figure 3.2).
Furthermore, unequivocal information about thedments’ age, tectonic settings, and
stress fields responsible for their origin are Ugdacking (Wiseet al., 1985).

“Haeogle

Figure 3. 2 — Lineaments perception from differenscales.

These images refer to the Andes Range central ipaBplivia, at the Pacific Margin of South America
In the image (a) it is possible to observe manyogpaphic aligned features but it is not possible to
individualize any specific structure, which candescribed as the original Hobbs’ concept of lineame
“(...) nothing more than a generally rectilinear baf¢ature”. The yellow rectangle indicates the area
from which was obtained the image (b). On (b) itakeady possible to individualize several
geomorphologic, structural and stratigraphic aldymdements (e.g., valleys; drainage channels; $ault
beddings). Despite the high resolution image allowdo see perfectly the regional structures, itas
certain that it will be possible to identify alhgile elements on the terrain.
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On the other hand the detection and analysis eahments and lineament domains
(i.e. clusters of lineaments oriented along prefeaé directions) is an ongoing subject
of interest for science, industry, and societyhdis been considered a practical and
economically advantageous tool when investigatiaggd areas, or regions where
conventional field mapping techniques of structuyablogy are impractical due to
difficult approach conditions or limited amountaitcrops. In these circumstances the
use of lineaments information can reduce signitigathe risks, costs, and time
involved in a given project (Solomon & GhebreabQ@0Rahiman & Pettinga, 2008).

Several studies using lineament data derived fraftiphe sets of remote sensing
imagery, mapping them at local and regional scasswell as linking lineaments to
detailed field mapped structures, have been progidi better comprehension about the
structural and tectonic evolution in many areasldvaide (Jordana & Schottd, 2005;
Solomon & Ghebreab, 2006; Rahiman & Pettinga, 2008g results of these studies
find useful applications on: (a) improving hazanthlysis on landslide prone areas
(Pradhangt al., 2006); (b) seismic or volcanic active regionsglleno-Baezaet al.,
2006); (c) groundwater exploration (Onyedim & Nomd986; Masoud & Koike,
2006; Gleeson & Novakowski, 2009); (d) mineral exption (Onyedim & Norman,
1986; Balaji & Ramasamy, 2005; Masoud & Koike, 20(é) oil and gas exploration
(Babcock & Sheldon, 1976; Onyedim & Norman, 1986i0@t al., 1999; Masoud &
Koike, 2006).

2. The use of lineaments analysis on this thesis

As it was explained on Chapters 1 and 2, the Jemdrirmation was adopted in
this thesis as the analogue to fractured carbaeatzvoirs for its plenty exposition on
the Potiguar Basin and its tectonic context eqenalo other carbonate reservoirs along
the Brazilian margin. However, the common occureeoickarstic processes on Jandaira
Formation (Figure 3.3) often makes the structunallysis a very complicated task. The
principal problems caused by the karstic framevarek (i) the access to the outcrops is
difficult, exhausting, and moderately danger; (ile high density of non-tectonic

fractures associated to the karst usually obligethe tectonic fractures, making it
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difficult to observe the continuity and relationghuf structures from the terrain point of

view.

Figure 3. 3. Karstic fabric at the study area.

Great part of the blocks seen on the image is mokihey easily rotate and tilt when a person step,
making difficult to walk and increasing the risk sérious injures in case of tumble. It is possiole
distinguish long and aligned holes, but is veryiclift to individualize joint or fault plains to rasure.

Due to these adverse conditions for fieldwork, strectural analysis of outcrops
has become a very difficult task. To overcome thiculty a multi-scale analysis of
lineaments was done: (i) outcrop-scale lineameargsl¢cal-scale) were extracted from
satellite high resolution images, available in GQedgarth Pro (resolution 0.6 m); (ii)
basin-scale lineaments (i.e. regional-scale) weteeted from SRTMBPPe"d* 3 qatq
(resolution 90 m). The objective was to obtain @allrperspective about the distribution
of structural trends in local and regional scaleem this understanding was possible to
verify the interdependence between the deformadtiemants imprinted on the Basin
and the study area.
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3. Lineaments detection methods

The most usual method to detect topographic line#snis the manual tracing,
based on human interpretation. However this tealeig not completely reliable due to
conditional factors like experience, knowledge dlibe area, and mood. These factors
may affect the interpreter's capability on detegtitineaments, resulting in the
introduction of bias in the database (Wise et ¥85). This risk is another source of
disagreement involving the use of lineament dattudies of structural geology.

To overcome this problem, with the increasing ussyathetic images, in recent
years some computer programs have been develogeddmatically detect lineaments.
These algorithms allow to obtain lineaments exethfitem the interpreter’s influence
and save time when the study area is too largemiams too many details (Wise et al.,
1985; Raghavan et al., 1995).

Another technique that improves significantly therkvof lineaments detection in
both manual and automatic methods is the variaifdighting condition. On synthetic
images this is done by the variation of the azinariti elevation angles of the simulated

(i.e. numerical) illumination source (Wester anchtdén, 1996).

3.1. Lighting condition

The lighting applied to a given image affects thiemation and the area of the
shadow zones as a function of the topography repted in this image. Basically the
shadow technique (Wise, 1969) allows to decreasevtriation of the grey levels
according to the simulated light azimuth and elievaangles, resulting in a pronounced
minimum in the strike diagram of the recognizalbedments (Wise et al., 1985).

The fundamental effect of this technique is thatre¢ enhancing or attenuation,
up to vanishing, of the lineaments directions. Thsans that the aligned features on a
synthetic image became more evident as more peiqéad they are to the light
direction (Figure 3.4). On the other hand, thelfess aligned parallel or nearly parallel
to the direction of illumination became less evidemthe image (Figure 3.4).
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Figure 3. 4 — Lighting effect on topography image.

The pale blue line represents the general limthefBasin’s onshore portion. The yellow sun andwrr
symbols show the light direction applied on eachde (a) azimuth NOand elevation 19 (b) azimuth
N45° and elevation 10 (c) azimuth N9® and elevation 19 (d) azimuth N13%and elevation 10 The
orange rectangle individualizes a linear NE topppra feature, that is evident on images (a), (@) @)
but almost disappears on image (b) where the igghearly parallel to this aligned element.

Another interesting piece of information that candstimated when varying the
light condition on a same image is the relative afjgectonic activity. Assuming that
active or recent tectonics usually creates reéisfdr than erosion smooths it, lineaments
related to the youngest tectonic pulse are supptsé@ longer and narrow than the
previous (P. Cianfarra and F. Salvini oral commatan). The result is a reduced
scattering on lineaments azimuth measurementsrg-R)6).

In this way the most frequent lineaments directappearing under different
lightings for the same image is considered indveatdf the more recent or more
penetrative tectonic activity.
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ACTIVE TECTONMIC EROSION
CONTROLLED 2 CONTROLLED
LINEAMENT DOMAIN : v LINEAMENT DOMAIN

(A courtesy from P. Cianfarra and F. Salvini)

Figure 3. 5 — Young lineaments compared to old lirrements.

The black and light grey elliptic symbols are rethto two synthetic aligned topographic featurée (t
mashed 3D surfaces). The left object illustrates@tive tectonic event, while the right object stiwates

an older tectonic event. They are submitted to different light directions, indicated by the blaaitows

and degree annotations. The red lines represenindgement traces for the elliptic objects as acfiom

of each light direction. The object related to Hutive event, and not yet affected by erosion, giss
almost any scattering on the azimuth measuremesgs ¢liagrams), but the lineament azimuths obtained
for the object related to the oldest tectonic eveave an evident scattering behaviour.

3.2. Automatic detection methodol ogy

Most of the automatic lineaments detection metha@ile based on edge
enhancement and filtering techniques using diditdrs. These techniques enable to
detect adjacent pixels abruptly changing in grayellegenerating processed images
composed by numerous lineament segments (VanderBau®).

In this study the automatic detection of lineamems done on SRTM3 data, by
using the software SID?Prof. F. Salvini). The input file to SID3 are gragte images
generated from SRTM data or other satellite derivees, after the application of the
most favorable light conditions (Figure 3.4) andiw@il filters (Figure 3.6a and b). The
sequence of filters applied was: (i) Smoothing A&ger (3x3 matrix) — it reduces the
intensity of variation between one pixel and thgtrmy replacing each pixel value with
the average value of neighboring pixels in the maind its own value; (ii) Gaussian
Blur — it has the effect of reducing the imageghkirequency components by applying
a Gaussian function; (iii) Laplacian filter - itqmuces a picture of all edges in the image
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by highlighting areas where the intensity changgsidty; (iv) Threshold, converts
grayscale or color images into high-contrast black-white images.

At the end of the filtering process it is very coomthat some pixels unrelated to
real topographic lineaments are generated from dowtrast areas on image. They
represent spurious data. To eliminate the usele®ispthe algorithm LIFE QProf. F.
Salvini) was developed. It must be applied to efdtéred image before importing it
into SID3 (Figure 3.6¢ and d). The parameters LUSEd to clean the image are: (i)
Threshold - the pixel equivalent size in meters. (i. the image resolution is 90m, one
pixel is equivalent to 90m); (ii) Minimum Neighbaur the minimum number of white
pixels within an area; (iii) Neighbour Thresholthe minimum distance between white
pixels; (iv) Life Window Size - the number of piseliefining the filtering window that

will scan the image (in this case a window 5x5 |ske

Pixels abruptly contrasted

Digital Filters:
Smoathing 3x3 pixels
Gaussian Blur
Laplaciana
Threshald

.

)

S IRETter A0 Sty o) P03, ,_j._uig:l

Image Faramel=s:
Tniaga Dim Thisshald [y

(£ Mininum Heighbours: [5
‘ Meghtholr Theshad [7
—

Ewscute Lite Window Size: |5

Figure 3. 6 —Routine to create input images to SID3

(a) the original SRTM3 image from which one wants &iedt lineamentgb) the abruptly contrasted
pixels image after digital filtering(c) the LIFE algorithm, to eliminate spurious pixetésmmained on low
contrast areagd) the output image generated by LIFE, that is tipeiiriile to SID3.

SID3 will systematically search for all possiblegaed segments on the new
image, according to an eleven-parameter list (Bduva): (1) Minimum Length is the
minimal number of pixels along a lineament; (2) Mhaxm Length is the maximum

number of pixels along a lineament; (3) Width i€ thumber of pixels along the
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lineament strike (defines the lineament thickneg$); Threshold is the pixel value in
meters (Threshold equal to 1, the pixel has thgiral resolution of image); (5) Along
Length Integration is the width, in pixels, of tismoothing along the potential
lineament; (6) Density is the minimum number ofgiéxat a lineament point; (7)
Separation is the maximum distance, in pixels, betwtwo lineament segments; (8)
Min. Segments Length is the minimum length in pxet each lineament segment; (9)
Azimuth Step Resolution is the angular intervati@grees according to SID will search
for lineaments; (10) Max % Double Overlap is thecpatage of superposition allowed
for the scanning process; (11) Double Search Aisglee angular interval according to
SID verify if a lineament is detected twice. Thgsgameters simply describe a standard

lineament (Figure 3.7b), which constitutes a mddebrient the program on seeking

lineaments.
SISy A0 4/00/7006 FiSalvini L._J = Lj (a)
File Lineament Detection,., Double Elimnation Example  Options... Demo
Imags Faametars Controke
Imags Dim: MinLength[m} [100 Azimuth |ntervat "] Factor.
oo —_— da0 e[ | o
{200 MaxLength il [1000 fiom:{.30 < Er_{_, fio
Pivel Size (] Width [mi) T fo: 130 = ‘r e, ‘_J __j.l LJ (b)

I Thieshald M Beset ta All r Show Progressive Test
Lower Ledt

: Azimuths Lineament Findings
f h N B —
e, S -
Lower Lefty —_—

[width of the smacthing along the

] potential insament] g [~ Usa [
A — no action :
Diensity [Pix} 14 & Apply to D ensity
Brosk ) ) . - " Apply to Integra.
(i No. of phel st ineament point] Lighting Azmuth:

Separation (pix): {2 -

180
[max distance between lineament

sagmarts] Fa;torr[U.D-l aj:
|8
Min. Segment T
Length fpis}: 110 '%‘Df
& Linear
Aziruth Stap " Cosine
Fesolubor; i r Ga i
Max % Double
Ovedap: [35 Test
Dauble Search
Angle: 5

E quevalent Angular
Fesalutor;  0.00°

Figure 3. 7 — SID’s parameters describing a standdrlineament.

(a) The main SID’s window, where are establishedaleven parameters to create the standard lingamen
to be searched. (b) This is the lineament modedtetkaccording to the parameters defined in (a¢ Th
Azimuth Interval control tool allows specifying thikesired angular interval in which SID will scareth
image.

After the parameters are established the softweaenmes the whole image and
traces a line segment where exist a sequence @ispequivalent to the model,

independently of its azimuth.
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The final output is a map of all possible lineanseftund (Figure 3.8) and an
ASCII file containing the information about thesaelments: length; azimuth;
coordinates on the raster image (Figure 3.9). AlS€lI file is the input to the software

Daisy CProf. F. Salvini) in which will be carried on thisstical analysis.
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Figure 3. 8 — Example of automatically detected lmaments from SID3.

(a) Pixel abruptly contrasted image, obtained ftbmoriginal SRTM3 image - lighting N138levation
10°. (b) Blue traces represent lineaments automayickdtected by SID3. The yellow line is the general
limit of Potiguar Basin, and the gray line is th@ast limit. These two lines were added to the oabi
lineaments map from SID3.
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50 G0N Ranaoili neW odiad (= [B][x]
Arquivo  Edkar Exbir  Inserir  Formatar  Ajuda
NEH SR & B B
(1 (21 (31 4] (21 (6] 7 18]
P45 _T60_5x5_anad 1 =31 5 S60 154 S5&8 137
P45 _T60_5x5_anali 2 —-47 3 490 55 518 31
P45 T60 5x5 anals 3 =74 3 734 261 o 252
P45 _T60_5x5_anaS 4 =74 3 735 262 o 253
P45 _T60_S5x5 anaS 5§ -39 3 490 a7 512 [3=]
P45 _T60_S5x5_anaS & -40 3 44 450 11 433
P45 _T60_S5x5_anaS 7 -36 3 izs 154 148 128
P45 _T60_Sx5 anaS & =73 3 =} 238 810 228 —
P45 _T60_Sx5 anaS 9 -33 3 579 281 598 254
P45_T60_5x5 ana5 10 -66 3 362 106 391 93
P45 _T60_5x5 anas 11 -66 3 187 14 216 1
P45 _T6O0_5x5 anad 12 —-66 3 Jzon 134 349 121
P45 _T6EO0_5x5 _anali 13 -3l 3 557 203 573 176
F45_TEO0_5x5_anas 14 -GG 3 S05 158 833 143
F45_T60_5x5_anaS 15 -1z 3 174 533 130 503
F45 T60 5x5 anaS 16 —42 3 s08 42 528 19
F45 T60 5x5 anaS 17 -35 3 615 177 632 152
P45 _T60_5x5 anab 18 -14 2 558 204 565 175
P45 _T60_5x5 anas 18 -68 2 izs 304 155 293
P45 _Te60_S5x5 anab 20 =30 2 552 64 1113 39
P45 _T60_S5x5 anabS 21 -61 2 750 3z A} 13
P45 _Te60_S5x5 anabS 22 —43 2 587 302 586 281
Para obter ajuda, pressione F1 MM

Figure 3. 9 — Example of ascii output file from SI3.

The numbers between parentheses indicate the cslsaquence in the file: (1) the files’ name; (2 th
lineament identifier; (3) the lineament azimuthging -9C to 9C; (4) the lineament length, in number of
pixels; (5), (6), (7), (8) are the lineament rasteordinates on the image.

This processing chain, from the original imagehe $ID3’s output files, must be
repeated for each illumination condition used. Thha results for each lighting
condition are converted into a single database.dssumed then that this collection has

the best possible distribution of lineaments fer $kudy area.

3.3. Manual tracing methodol ogy

In this study the manual tracing of lineaments wascuted on high definition
satellite images (average resolution 0.60m), erdditom Google Earth PH as raster
images.

As explained on the previous topic 3.1, the usa ofultiple lighting directions on
relief maps reduces in a systematic manner thetsftd shadow zones. But this process
is not so easily accomplished using satellite irsg@éise et al., 1985). Concerning the
study area (Figure 3.10) the impossibility to vag lighting on the images is not
significative for the lineaments analysis, once thpography is gentle enough to be

considered flat — the maximum elevation is neatlg .
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To enhance the interpreter capability to deteadments, the area was divided
into eighteen sub areas (Figure 3.10). For eaclaseda maximum zoom to obtain the

best visualization possible of the outcrops wadieggFigure 3.11a).

F et
savem anfance

Figure 3. 10 — Subdivision of the study area.

The grey colors correspond to the Jandaira Formatobonates expositions. The white circle indieate
the Furna Feia cave entrance. The white polygoicatels the area from which was obtained the Figures
3.11 and 3.12.

The only filtering applied to the images were aocdilter (converting RGB colors
into grayscale) and a bright and contrast filteiggfe 3.11). The objective was to
emphasize the detectable lineaments, which aatke are evident fractures and faults.

Figure 3. 11 — Outcrops raster image from Area 6.

(a) Original RGB colors satellite image. (b) Thensaimage shown on (a) after applying the color thed
bright and contrast filters. Both images are ogdrtbward North.
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The tracing work (Figure 3.12) was done using armom commercial software.
To create an ASCII file in a format compatible ® imported into Daisy (Figure 3.9)
the detected lineaments were digitalized usingatgerithm LinDig CProf. F. Salvini)

written for this purpose.

Figure 3. 12. — Example of manual tracing of lineaents (Area 6).

On (b) the lineaments manually traced on (a) aoeveh The areas of both images are identical.

4. Results for Regional-scale Lineaments

The detection of lineaments on the regional-scae performed on four images,
obtained from the SRTM3 data available for the d@r Basin and part of the
surrounding Archean-Proterozoic basement. Each emamyresponds to a specific
lighting condition (Figure 3.13): (a) azimuth Nand elevation 19 (b) azimuth N4%
and elevation 19 (c) azimuth N9®and elevation 19 (d) azimuth N13%and elevation
10°.

The area involved is very large (approximately 088.Knt) and the resolution of
the SRTM3 data (90m) offers a significant amountlefail. The manual execution of
comprehensive maps of lineaments for each imagddwmaguire a lot of time. The
methodology for automatic detection of lineamemtgluded in the SID3 program,
reduced the working time and allowed to build aatase free of bias.

The results (Figures 3.13 and 3.14) show that hmesds oriented NE-SW are the
most frequent. On the lighting azimuth Nf3his tendency is more evident (Figures
3.13d and 3.14d), since the largest number of hiregds was detected on this image

(380 lineaments, comprising 50% from the total).
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Figure 3. 13 — Automatically detected lineaments faeach light condition.

The pale blue line represents the general onshimie ¢f Potiguar Basin. The yellow sun and arrow
symbols always show the light orientation applieddach image. The rose polygons represent odfiel
The numbers inform how many lineaments were findech light condition.
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Figure 3. 14. Lineament domains for each light corition.

The rose diagrams correspondent to the frequeralysia of the lineaments on Figure 3.13. The siesis
parameters aramax, is the maximum frequency comprising all datan, is the minimum frequency
comprising all datamean, is the average azimuth comprising all da@;is the mean azimuth stander
deviation;mode, is the most frequent azimuth in the dataBdS (Root Mean Square), is a statistical
measure of magnitude of a varying quantity, thathia case defines the number of gaussians thtrbet
fit the data distribution%, the percentage of lineaments included in eachaitgiNor.H. (Normalization
High), is the maximum frequency value used to ndim@ahe dataset, bringing them to a common scale;
Max H. (Maximum High) defines the gaussian maximum lengtlated to theNor.H.; Azimuth, the
mean orientation referred to the North calculateéach lineament domaiBase Fit Value the cutoff
value accepted as a reference to eliminate dataptiegent a high level of scattering. The red lines
represent the data distribution and the coloredlpetre equivalent to the gaussians correspondesatch
domain.

After merging these four data sets a collectiorv®4 lineaments was obtained
(Figure 3.15). Three main domains were identified the azimuths by frequency
analysis of these lineaments (Figure 3.16): {666% of total); NBW (19% of total);
N27°E (9% of total).

Notice that theBase Fit Valuehad its better profit (0.001) for this datasetlyOn

6% of total data (46 lineaments in 764) were autarably rejected due to the high

scattering level.
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Figure 3. 15 — Merged lineaments obtained from théour light condition.
The blue lines represent the 764 lineaments autoafigtdetected.
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Total Data: 764 max: 27 min: 0 mean: 57.318 sd: 3.086 mode: 66
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# % |Nor.H. | Max H. | Azimuth sd
1 |65.76 |[100.00 | 20565 65.28° 16.187]
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Figure 3. 16. Frequency diagrams merging the foulidhting results.

On the histogram (bottom left) and on the rose miag(bottom right) the red lines represent the data
distribution, the colored curves and petals reprege gaussians correspondent to each domain.
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5. Results for Local-scale Lineaments

The automatic method for lineaments detection alkkel in SID3 did not work
well on the outcrop-scale analysis. The high rasmiuof images demonstrated to be
unappropriated for this type of program, sincergdaamount of non-geological aligned
elements (i.e. paths; fences; vegetation) becomentach evident. The attempt to clear
these features, besides being a very difficult @sec could have damaged the data of
interest. Because of this, some useless lineamgate accidentally taken as true
geologic ones.

Although the useless data the frequency domainsuleaéd for each sub-area
show a trend NW-SE (Figure 3.17).

Figure 3. 17. Lineament domains distribution for eah sub-area.

Each rose diagram (petals only) is located on #wral position of the outcrop image used for the
analysis. The areas with no rose diagrams are thasewhich it was not possible to extract imagethw
good definition to identify lineaments.
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On the other hand, these spurious data caused tamp@cattering on the overall
statistics of the complete automatically detecieédments collection (Figure 3.18).
The besBase Fit Valueobtained for this dataset was too much high (ntioa@ 100),
what is indicative of a very high dispersion leveb corroborate to this perception of
the useless lineaments interference, from 2222éctkt lineaments only 60% (13308
lineaments) were considered by the software Daidyeang reliable for the statistics.

-\,%%
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Figure 3. 18. Lineament domains obtained by mergingll automatically detected data.

On top, there are the statistics parameters. Onhistegram (bottom left) and on the rose diagram
(bottom right) the red lines represent the dat#&itigion. The colored curves and petals represieat
gaussians correspondent to each domain.

In an attempt to obtain a better use of the thiesaments data was proceeded a
comparative analysis between the results of subsgifeigure 3.17) and the result of the
full dataset (Figure 3.18). This comparative analgbows that the main structural trend
in the study area is nearly oriented N-S to NW-B. the reliability of this information

is little.
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Thus, despite the natural risk of introducing sobmgs in the dataset, for the
outcrops-scale analysis was proceeded a manuaigrat lineaments* (i.e, faults and
joints evident in the images). For statistics pggsthese data presented a much better
effect (figure 3.19). Th8ase Fit Valueimproved significantly, from more than 100 for
all automatically detected lineaments to 1.24 fer manually traced lineaments. The
relative amount of elements considered on thessizgi also enhanced significantly:
92% from 1339 manually traced lineaments (1227 etds) was took into account.

This quality improvement is explained by the almastpossibility of the
interpreter to take non-geological aligned featuasstrue lineaments on such high
resolution images. In this case the human intespost capability allowed to produce a

noise-free dataset, resulting in lineament domamsh better fitted to the data

distribution (figure 3.19).

Frequency Data, Gaussians EB’
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Figure 3. 19. Merging of the manually traced linearants.

On top, there are the statistics parameters. Onhidtegram (bottom left) and on the rose diagram
(bottom right) the red lines represent the dat#&ibigion. The colored curves and petals represieat
gaussians correspondent to each domain.

* The geologist Claudia M. A. de Souza (UFRN) exteduthis tracing work, in order to avoid my own
influence on the data set.
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Even if the number of manually traced lineament®vg, in comparison with the
automatically detected, the relative gain on nundfezlements taken into account for
the statistics makes this dataset more reliable ddmains of lineaments’ azimuths
obtained from the frequency analysis are (Figui®)3.N49W (56% of data); N38E
(25% of data); N-S (11% of data).

6. Partial conclusions

It is interesting to notice that exists an impottdiiference between the results
obtained from the regional-scale lineaments amalgsid the local-scale lineaments
analysis. The main frequency domain for the redisnale is oriented N6g,
compatible with the Potiguar Basin structural framogk as seen on Chapter2. However
the main frequency domain for the local-scale ierded N48W, that is nearly
perpendicular (11%4divergent) to the regional domain.

This difference is indicative that the lineamentsttee study area are probably
controlled by local deformational events, related nmt to the regional tectonic-
structural history. To investigate the origin otbudifference, it is necessary to combine
the results achieved on this chapter with otheormftion, like outcrops structural
analysis, earthquakes focal mechanisms, and bresakmalysis. This investigation is
presented through the next Chapter 4.

Summary

At the beginning of this chapter was presentednémoduction to the concept of
lineament, the possible applications for the lineata analysis, and the main techniques
of detection of these features.

Then we presented the results of the analysisneiinents made to the Potiguar
Basin and the study area of this thesis (regiondllacal scales) and how those results
integrated with other geological information, cdmited to the model proposed at the
end of the study.
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Chapter 4 - Sotural Analysis

1. Introduction

The goal of this chapter is to present the strattanalysis results and the
tectonic-structural model for the study area. Ttnecsural analysis was executed from
outcrops data and from information about a cavgstesn named Furna Feia, all located
at the study area (Figure 4.1). The tectonic-stinatt model was founded on the
structural analysis results, four seismic linesilabée for the study area, and the
information compiled on the previous chapter: eguttke focal mechanisms, fracturing
testes and breakouts, and lineament analysis.

2. Outcrops structural analysis

The structural measurements were obtained fromalend-ormation outcrops
localized close to the Barauna village (Figure 4.1)

Pleistocene to Recente
I Jandaira Fm.
I AguFm.

. Borborema Province

S5°

Natal

S6°—%

Figure 4. 1. Study area localization.

The image is composed by the SRTM3 regional datpetl by the geological map (scale 1:1.000.000;
sheets Jaguaribe SB-24, and Natal SB-25). The ¢ihetes indicate cities of reference (Natal is the
capital of the Rio Grande do Norte State).
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At this area occurs one of the most meaningful @aake exposition in the whole
Basin, which exhibits an impressive NW-SE and NE-8Wtturing pattern (Figure
4.2).

(Source: Google Earth Pt9

Figure 4. 2. An overview of fracturing at the studyarea.

The blue-grey areas are continuous outcrops ofainelaira carbonates. The yellow ellipse indicdtes t
Furna Feia entrance. The green objects corresgoudgetation. The brown areas correspond to Recent
sediment deposits.

As said on the chapters 2 and 3, the Jandaira iorma marked by intense
karstification. The karstic fabric makes difficuti distinguish on the terrain between
tectonic faults and joints and other discontingi@ssociated to the karsting process. In
addition, the existing tectonic fractures often @amtrate preferentially the dissolution
process, forming elongated sinkholes (Figure 4lBgse features are very common at
the study area and possibly they are responsibkadwabsence of cinematic indicators

on the faults plain, like slickensides and slickieaifs.
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Figure 4. 3. Examples of sinkholes on Jandaira Foration.

Alternatively to the missing cinematic indicators used the geometric
relationships between the measured fractures (€igut) according with the Ridel's

model: (i) the longest and more penetrative fraswere taken as faults (Y fractures);
(i) the minor fractures, which make an angle ne&@ with the principal one, were

taken as synthetic cleavages (R fractures). Frestwith no evidence of displacement
and not related to others of minor or greater qrdere classified as joints (i.e. tensile

fractures).

Figure 4. 4. Examples of cinematic indicators on Jalaira’s carbonates.
The notation of structural measurements (Strike/Eflows the right hand rule.
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Notice that all the given examples indicate onlykstslip movements. Actually
none normal or reverse components were identifiedhe faults cutting the studied
outcrops. If this type of movement has occurred,atosion and the karsting processes

very likely erased all the possible indicators.

2.1. Measurements analysis
Despite the mentioned difficulties to field work2 8utcrops were studied (Figure

4.5) and 145 structural measurements were obtained.

Was°
1
ente

Study Area

IMG 11-7
\

IMG 10-1%IMG10-3
IMG10'2

el
€

Figure 4. 5. Distribution of the analyzed outcrops.

The yellow dots represent the outcrops from whieeestructural measurements were obtained. Theslabel
identify the outcrops according to the divisionaddished for the lineament analysis (Figure 3.Foy.
example, the label IMG06-02 indicates the secoridrop studied at the Area 6.
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The simple observation of the satellite image (Fegti5) shows the topography in
the study area is gentle. This perception is supddsy measurements of bedding dip,
obtained from a few outcrops in road-cuts. Suchsuesaments show that the layers are

nearly horizontal (Figure 4.6).
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180° S Right-Click to Add to Datasst

Figure 4. 6. Bedding stereographic diagram and pogecontouring.

Both graphics refer to the Schmidt-Lambert Diagrdowy hemisphere projection. The average plain
represents an intermediate bedding attitude, edetw the center of the bedding poles contouringe T
attitude annotation (348°) follows the right hand rule.

The Figures 4.7 to 4.9 show the stereographic gtiojgs and the azimuth by
frequency analysis performed from measurementseftructural elements identified
through the study area (faults; synthetic cleavaoa#s).

The faults and theirs respective synthetic cleavdgd into the software Daisy
(°Prof. F. Salvini) offered the information necesstmestimate the principal faulting
regime (Figure 4.7). Based on the relationship betwthese fractures the software
calculated: (i) artificial slickenlines attitudethat could have occurred on each fault
plain; (ii) the rotax element, which represents theoretical rotation around the axis
described by the intersection between a given falaliih and its respective synthetic
cleavage (Wise and Vincent, 1965; Salvini and Vitb982).

For the study area the measured geometric indeatwd the calculated cinematic
indicators point to a dominant strike-slip faultinggime (Figure 4.7a and b). Despite
the reduced dataset, it is noticeable how thedaaltimuths are strongly oriented NW-
SE (main direction) and NE-SW (Figures 4.7 and.4A@parently a preferential sense
of movement (right-lateral or left-lateral) doeg eaist relating to the faults orientation.
But this hypothesis is not conclusive once thelalsde number of measured faults and

related elements is few.
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Figure 4. 7. Faults stereographic diagram and polesontouring.

The graphics refer to the Schmidt-Lambert Diagréom; hemisphere projection. Data Number is the

number of elements represented on each diagranb)Qhe arrow’s tip of booth slickenlines and raax
symbols indicate the sense of movement (rightddiar left-lateral). On diagrams (c) and (d) therage
plains represent intermediate attitudes of thet$avkferred to the center of the bedding polesaromg,

and the attitude annotation in the small grey winsléollow the right hand rule.

The great number of joint measurements makes tla¢aset (Figure 4.8) lightly more
reliable. But it is possible that some of the eleteeclassified as joints actually are
faults, which movement indicators have been olalitat by the dissolution process

Although the genesis of joints is not certain, pnhedominance of the NW-SE direction

over the NE-SW direction is still evident (Figure8 and 4.9).
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Figure 4. 8. Joints stereographic projection and pes contouring.

The Figure 4.9 compares the azimuth by frequenstyildution of faults, synthetic
cleavages, and joints. This comparison makes tlearthe NW-SE trend is dominant
over the NE-SW trend, irrespective of the type tofictural element in the database.
Few trends N-S and E-W appear in the diagrams. Methese directions do not have

enough elements, and therefore become statisticadlgvant.
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Figure 4. 9. Azimuths frequency of the more commostructural elements.

The statistic parameters definition ameax, is the maximum frequency comprising all datan, is the
minimum frequency comprising all datajean is the average azimuth comprising all dad; is the
mean azimuth stander deviation; mode, is the mresjuént azimuth in the datas&MS (Root Mean
Square), is a statistical measure of magnitudevairging quantity, that in this case defines thenhar of
gaussians that better fit the data distributittn;the percentage of lineaments included in eachaitgm
Nor.H. (Normalization High), is the maximum frequencyu&lused to normalize the dataset, bringing
them to a common scalbtax H. (Maximum High) defines the gaussian maximum lerngtated to the
Nor.H.; Azimuth, the mean orientation referred to the North calmd to each lineament domaBase

Fit Value, the cutoff value accepted as a reference to weéitai data that presents a high level of
scattering. The red lines represent the data bligton and the colored petals are equivalent to the
gaussians correspondent to each domain.
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On the chapters 2 and 3 it was noticed that thegéant Basin's framework
architecture is strongly controlled by Paleproterozstructures oriented NE-SW.
Structures oriented NW-SE, E-W and N-S are intégoreas transfer faults or
accommodation zones associated to the rift opgingess.

The regional-scale analysis of lineaments, present€hapter 3, had highlighted
that the NE-SW direction is deeply marked on toppby (Figure 3.15) and remains
the most important trend in the Basin (Figure 3.16)

On the other hand, at the study area the NW-S[tstal elements are much more
frequent and penetrative than the NE-SW. This islent from both the analysis of
structural measurements (Figure 4.9) and the asabfslineaments on the outcrop-
scale (Figure 3.19). All these evidences show twatinversion of the relative
importance between these two directions exists¢hvhbints out that a more local scale

tectonic-structural history occurred at the studbaa

2.2. Stresses Direction in the study area

Two inversion methods, available in the programsipawere used to predict the
direction of stresses responsible for the creatiomactivation of faults and joints in the
study area.

The first method is the “inversion by rotax anadysiThe algorithm uses the
available faults measurements and rotaxes infoomatib assess the most probable
stress tensor which generated a given faults ptpnlaAccording to this method the
best stress tensor must comprise the greatest mwhpessibly compatible/conjugated
faults, with parallel rotaxes.

The “inversion by rotax analysis” method was applie all faults stored in the
study area dataset. The best stress tensor obt&nedmpatible with a strike-slip
faulting regime, with a maximum compression (Slemed NW-SE (Figure 4.10).
This result is not unexpected since all measuralisfaresent strike-slip indicators and
most of them are oriented NW-SE.
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Figure 4. 10. Stress tensor according to the methadversion by rotax analysis.

The labels S1, S2 and S3 correspond to the stogspanentw;, 0, andads, respectively. Therefore the
relative magnitudes are S1 > S2 > S3.

The second method is the “Direct Inversion”, whigfgorithm applies a
convergent Montecarlo t&&Pe"¥* 4ltg estimate the most probable stress tensor. For a
given population of faults this algorithm randomignerates tens of thousand of
tensors, and for each tensor it computes the megular difference between the
measured slip vector and the theoretical slip pteduby that given stress vector. To
increase the solution reliability the routine migsbe run several times (for this study it
was runned 10 times). Each time the software sthiesiew solution in the data set, to
be plotted or contoured later.

Another factor that becomes the “Direct Inversiomistful is that, in addition to
the faults information, the algorithm takes intocamt information from other
structural elements (e.g. bedding; joints; cleasagecluded in the dataset. The
computed stress tensor must be able to explainuas s possible the whole observed

deformation.
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The application of the “Direct Inversion” method dhe study area dataset
constrained a stress tensor compatible with a seviaulting regime (Figure 4.11). The
maximum compression component of this tensor (Stjiented too NW-SE.

&

Direct Fault Inversion - RMS Ang.Dev.: 00° N LEGEND -

Data Number: 10 S152S3

Stress Tensor

o ’ Bedding
- .
. Ext. Fracture/Joint
- Synthetic Cleavage
Antithetic Cleavage

o

\#&SlickenLines

90°

180° S

Figure 4. 11. Stress tensor according to the Dire¢tiversion method.

Despite both results offer stress tensors withntlagimum component horizontal
and oriented NW-SE, the state of stresses fixe@dsh method are different. Which of
them is the best solution for the deformation pattéserved through the study area? |
assumed that the result given by the “Direct Innmersmethod (Figure 4.11) is the most
reliable. Such assumption is founded in two reasons
(i) The Motecarlo test used in the “Direct Inversicalgorithm allows comparing
instantaneously several stress tensor solutiorideAsors computed for the study area
dataset were constrained around a single attitels;ribing a mean stress tensor that
can be taken as highly accurate.

(i) The method “inversion by rotax analysis” cahsis only the fault information to
calculate the stress tensor, while the method ‘@iheversion” takes into account other
elements. Because of this the “Direct Inversioriigon is able to explain not only the

faults but the complete deformation pattern thauoed in the area.
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3. The Furna Feia cavern system

On the Jandaira Formation limestones outcroppinthatstudy area a cavern
system named Furna Feia was developed (Figure .4A&)ording to Diego de
Medeiros Bento (IBAMA/CECAV regional coordinator,ritten communication) the
Furna Feia is the second biggest cavern systenoaBfRnde do Norte State, totalizing
approximately 739 m of linear development and ach@ge30 m of depth (Figure 4.13).

Total Study Area

Cavern Principal
Entrance | _sssss

g
Secondary
Entrance

Figure 4. 12. Localization of the Furna Feia cavern
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Figure 4. 13. The Furna Feia map.
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This topic intends to verify if there is any coidence between the structural
trends at the study area and the cavern’s gallefiesich coincidence exists it is an
evidence that the brittle deformation process digtdzas an important role on the
cavern development.

To achieve this objective, the azimuths of the Bufeia galleries were measured
from the map of the cavern (Figure 4.14), usingpbmmon drawing software and the
algorithm LinDig €F. Salvini). The LinDig output files provided theis information

necessary to feed Daisy (i.e. azimuth; length)eidgom the statistical analysis.

Figure 4. 14. Mean axis of the Furna Feia Galleries

(a) The simplified cavern map. (b) The mean axip;nadter digitalized using the LinDig algorithm.
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It is interesting to notice the angular networkt@at of the galleries axis (Figure
4.14b). Easterbrook (1999) interprets such typgemfmetry on carbonate caverns as a
result from the intersecting fractures widened bgmical erosion.

Similarly to the outcrops and local-scale lineamsernihe azimuth by frequency
analysis for the Furna Feia galleries (Figure 4)¥5dhibits an important NW-SE trend
(38% of axis). The second most important trendtiercavern system is the direction E-
W (27% of axis), while the direction NE-SW exhib#sclose frequency (21% of axis).

Even if the trend N-S is the less frequent, it &lwepresented with 16% of the axis.
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Figure 4. 15. Trends coincidence analysis.

The comparison between the azimuth by frequencygrdias of the structural
elements observed on the terrain and the gallexes(Figure 4.15) identified that the
Furna Feia cavern system has an evident coincideithehe tectonic faults and joints
trends.
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4. Seismic line data

Four seismic lines available for the study areaewaarthorized to be used on this
thesis (Figure 4.16). However the quality of imagebtained from these lines is very
poor, due to the presence of the Jandaira cartsokase to the ground surface (Figure
4.17). Carbonates bodies have a high seismic wglacid frequently present strong
fracturing. These factors cause reverberation efaitoustic wave through the different
interfaces, altering the velocity and the propagatingle of the seismic signal from the
layers below carbonates. This phenomenon creatgndicant amount of noise on
seismic image which are very difficult to treat.

Despite the low quality of images, it was possitdeidentify the top of key-
horizons at the onshore portion of Potiguar Basasément, Alagamar Formation, Assu
Formation, and Jandaira Formation) and some fékitgire 4.17). It is important to

notice that very few identifiable normal faultsergect the Jandaira Formation.

Figure 4. 16. Four seismic lines available for thetudy area.

The void observed on these seismic lines probatdydae to: any obstacle on the ground, that has not
allowed the acquisition team to pass through; sonoteof order receptors; low-quality data eliminated
during the processing.
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Figure 4. 17. Elements identified on the seismidiés.

On the line FF30 some small areas where the seisigricis lightly altered were
individualized. Those areas were interpreted asiplescaverns existing at that position
(Figures 4.18).

line FF30 Trace of line FF29

Figure 4. 18. Possible caverns observed on the seis data.

The intense fracturing observed on Jandaira Foomatit the area where the supposed caverns are
identified, exhibits a shape mostly compatible vatktrike-slip shear zone than normal faulting.
Notice that the basement, if present, can not begrézed in this image.

61



Chapter 4 - Sictural Analysis

At the beginning of this thesis the idea was toored"**"* *2lthese seismic lines
in order to identify regions of greater deformatiamich were supposed to be the more
permeable zones and most favorable places for mawkavelopment. But on account of
the low-quality of seismic images and all evidenites the fault regime controlling the
caverns development is strike-slip, this task wandoned.

Anyway the seismic lines offered a general viewudlibe state of deformation on
the deepest portion of the Jandaira carbonatestitmaimg to the tectonic-structural

model proposed for the study area.

5. Tectonic-structural Model

According to the tectonic models presented on GHrapt the Potiguar Rift was
created under an extensional regime generally detoward NW-SE to E-W. During
the rift opening some NE-SW Paleoproterozoic weahkes were reactivated as normal
faults, while NW-SE and E-W trends become potenditds for transfer faults and
accommodation zones.

Evidences about the nowadays state of stresseheoRdtiguar Basin are also
presented on Chapter 2. The available informatromffocal mechanisms, breakouts
analysis, and borehole tests analysis reveal HeBasin is nowadays submitted to a
maximum horizontal compression mostly oriented N®/-%Figure 2.8). Such
compressional state of stress is compatible witkrse and strike-slip faulting regimes.
In this context the NE-SW faults are properly otgghto be reactivated as inverted
faults, while the NW-SE, E-W and N-S faults aregady oriented to be reactivated as
strike-slip faults.

Considering these regional tectonic-structural ades - during the rifting and
today -, it seems reasonable to imagine that duhedgPotiguar Basin history the main
NE-SW faults had their normal or inverted movemeaampensated by minor NW-SE,
E-W and N-S structures.

Concerning the study area, three fundamental cistameces must be noticed:
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(i) The relative importance between the NE-SW trand the NW-SE trend is inverted

with respect to the Basin regional architecturggesting the existence of a more local-
scale deformational history.

(i) The best stress tensor for the study areaufeigt.11), computed by the “Direct

Inversion” algorithm, is in conformity with the ment day regional state of stress given
by the seismology and the breakouts analysis.

(i) Exits a very good coincidence among the lostalictural trends and the distribution

of the Furna Feia axis azimuth (Figure 4.15). T$ti®ngly suggests that the cavern
results from the preferential high permeabilityrgazones, formed by faults and joints,

controlling the meteoric water circulation.

On the basis of all these information | formulatde: following local-scale
tectonic-structural model (Figure 4.19):
(i) There is a major not outcropping NE-SW nornaallf, somewhere toward NW from
the study area;
(i) Given the estimated nowadays stresses comgitite hypothetical NE-SW normal
fault was reactivated as an inverted fault;
(iii) This inversion movement caused the exhumatibthe Jandaira Formation, on the
returning hanging wall of the main NE-SW fault;
(iv) The minor NW-SE strike-slip faults result frotime accommodation movements due
to the major NE-SW fault activity;
(v) The minor NE-SW strike-slip faults constitutengugated pairs with the NW-SE
strike-slip faults, or are related to oblique moeents of the main NE-SW fault.
(vi) The fracturing associated to this brittle def@ation history was responsible by the
creation of oriented high permeability corridorsie$e corridors control the meteoric
water circulation through the Jandaira limestoneksp conducting the dissolution
process and the formation of the Furna Feia cawsrstem.
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Figure 4. 19. Tectonic-structural model for the stdy area.

The main fault position was estimated from the 3Bualization tool available on the Google Earth
application — it is traced where the 3D visualiaat{3x vertical exaggeration) indicates a long uupton

the topography. The earthquake information was iobth from the USGS database, but its focal
mechanism was not available. This earthquake itelcthat possibly the main fault had some recent
activity.

This tectonic-structural model was used to guidertbmerical models presented
on the next Chapter 5.
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Chapter 5 — Numeal Modeling

1. Introduction

The importance of understanding the mechanical utiool of geological
structures responsible for the basins framework #redr reservoirs, justifies the
necessity to perform more elaborate mechanical iegsudThe development of
technologies for the analysis of deformation angsses in sedimentary basins has
brought significant benefits for the improvementstriuctural interpretation applied to
the hydrocarbons exploration and production. Thst ln@echanical knowledge about
geological structures and associated fields ofsstrand strain provides a better
geological interpretation of study areas, reduth@grisk of investments.

The numerical modeling presented on this chaptéends to examine the
reasonability of the theory proposed on Chapterfod, the possible permeability
increasing on the Jandaira carbonates in consegueficthe observed brittle
deformation. To accomplish this task the softwaBCTOS was used, which has been
developed in partnership between the PetrobrasaRdss Center (CENPES) and the
Catholic University of Rio de Janeiro (PUC-Rio). TEOS is an integrated system of
mechanical analysis by finite element metAd™™ > for 2D simulation of processes

in structural geology and tectonics.

2. Preparing the numerical modeling

The first step to prepare the numerical model wasetect a comprehensive area
around the Furna Feia cavern. Then, the most reptasve fractures at that area were

mapped (Figure 5.1).

It must be noticed that at the zone adjacent td-tihrea Feia cavern the number of
identifiable fractures is reduced. However, evethd traces of these fractures at the
surface are too discreet to allow them to be imagettl evidences clearly sign their

presence.
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Figure 5. 1. Base for the numerical modeling.

All the line segments are fractures identified ba satellite image. The two red line segments sign
galleries axis of the Furna Feia cavern, visibletluam satellite image because the cavern’s ceiltnitsa
entrance collapsed some years ago. These two axéseqgually into account too for the models’ mesh.

The mapped fracturing network was used to orieathhbilding of the model’s
mesh (Figure 5.2). The model was built by using@@-structural linear triangular mesh.
It has a non-associated elastoplastic rheology discbntinuities are represented by

contact elements. The mesh accounts with 9246 raotk48170 linear elements.
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Figure 5. 2. Basic mesh for the model.

3. Setting up scenarios

For this model nine scenarios where run: three cesgive (Modlc; ModZ2c;
Mod3c), three right-lateral shear (Mod1ls; Mod2s;d@s), and three left-lateral shear
(Mod1ss; Mod2ss; Mod3ss). What differentiate thesenarios are the confining
conditions 1, 2, and 3 (Figure 5.3) that allow n@dédorders movement or not
according to the applied stress. Because the sosnidpd2s and Mod2ss were stuck in

all sides in horizontal X and Y axis, they did sapport shear in the prescribed form.
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Figure 5. 3. Support conditions of the model’s borers.

For all scenarios was prescribed an effective steggial to 5 MPa, progressively
implemented in ten steps of 0.5 MPa (i.e. steplaktu 0.5 MPa, stepl0 equal to
5 MPa). This maximum of 5 MPa, corresponds to theimum value from which all
the models indicate imminent rupture or reactivatd almost all preexisting fractures.
Also were prescribed the following mechanical prtips: Young's modulus equal to
25 GPa; Poisson's ratio equal to 0.15; Cohesioaldéqub MPa; Internal friction angle

equal to 30 Dilatancy angle equal to 12.
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4. Modeling results

In general the results from all the possible sdesaare not very much different.
The scenarios Mod3s (Figure 5.4) and Mod3ss (Figus better represented the
proposed theory for the creation of Furna Feia waach image on figures 5.4 and
5.5 corresponds to a step that presented somdicdgitransition on the calculated
deformation distribution. The RFS values distribantshown on theses images represent
how close the rock is to touch the Morh-Coulomb &opment (Figure 5.6). The RFS
values equal or close to 1 (red zones) point oghsawhere associated fractures and
greater dilation zones might occur.

It is intuitive that at these high deformation zsriee well-known phenomenon of
dilatancy, associated to the progressive increbsamulated stress, lead to the increase
on porosity and, consequently, on permeabilitythis way the percolation of fluids is
concentrated along these fracturing zones, workinthe formation of karst (Figure
5.7).

Figure 5. 4. Results RFS from the condition Mod3sight-lateral.

RFS is the shear rupture ration. As much red higisethe possibility of fracturing. Stepl = 0.5 MPa
Step 2 =1 MPa; Step 3 = 1.5 MPa; Step 10 = 5 MPa.
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Figure 5. 5. Results RFS from the condition Mod3sft-lateral.

RFS is the shear rupture ratio. As much red higisetbte possibility of fracturing. Stepl = 0.5 MBgp
2 =1 MPa; Step 3 = 1.5 MPa; Step 10 =5 MPa.

Gc

(From Moraes, 1995)

Figure 5. 6. Assessment of fracturing probability fom RFS.

oy is the Norma Stress axis, is the shear stress axig; is minimum stress componerd; is the
maximum stress componer;is the rock internal friction angl® is the angle betweem, and a given
plane in the space is Mohr circle’s ray;b indicate how far the circle is to touch the Motoemb
Envelopment.
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Figure 5. 7. Furna Feia location in relation to theoutcrops.

This figure shows how the Furna Feia extends athjdyeneath the Jandaira Formation outcrops. It is
noticeable the geometry of the cave with the pattéifractures in outcrop.

5. Partial conclusions

Despite the small number of fractures identifiedsatellite imagery surrounding
the Furna Feia cavern, the numerical modeling t&stgmain valid since they

contemplate the general behavior of faults anddras in the area.
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According to this numerical modeling the deformatabserved on the study area
presents a directions distribution of fracturingszdeable for the creation of high
permeability zones by dilation with a very low amoof stress (5 MPa). This behavior

was evident on both compressive and shear scenarios

In this way, the feasibility of the theory presehte Chapter 4 for the creation of

the Furna Feia cavern system is demonstrated.
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As demonstrated at the very beginning of this stugglrocarbons are nowadays the
most important source of energy in the world antb@aate reservoirs have a significant
participation for the global oil and gas supply. tbe other hand, the knowledge about
the key elements controlling the porosity and pedoigy in carbonate reservoirs is
incomplete. This is especially true regarding timelarstanding of brittle deformation
contribution to the creation of secondary poros#tyd subsequent permeability

increases.

Over four chapters of this thesis information cdegbifrom the literature and results
from analysis performed in this study were presgniéhese data contributed to the
construction of a tectonic-structural model for stedy area and a theory to explain the
creation of the cavern system named Furna Feias G&vern was developed in the
carbonate rocks of Jandaira Formation, which wasd uss analogue to fractured

carbonate reservoirs.

From the published data were obtained informatiooué earthquakes focal mechanism
and results of tests and logs acquired from hydbmeawellbores. This information

demonstrated that: (i) the state of stress nowagaggominant through the Basin is
strike-slip, with some reverse events; (ii) theentation of the component of maximum
horizontal stress ranges from NW-SE to E-W. In sstobss regime it is expectable that
the NE-SW faults, inherited from the Potiguar Rifiening, are favorably oriented to be
reactivated as inverted faults, while the NW-SEWEand N-S faults are favorably

oriented to be reactivated as strike-slip faults.

From the lineaments analysis performed in thisystudas identified that for the Basin
(regional-scale) the main lineaments domain isnbeie¢ approximately N6&, while at
the study area (local-scale) the main lineamenisailo is oriented N4®V. These two
trends are nearly orthogonal (£idivergent). Such results difference put into eminke
that at the study area exist some particular stracevolution, that could be related or

not to the regional tectonic-structural history.

From the analysis of outcrops measurements, theS¥BAdirection was confirmed as
the principal structural trend at the study arelsoAwvere calculated two stress tensors

that possibly generated the observed deformatipra §tress tensor oriented NW-SE

73



Chapter6 —Conclusions

and compatible with a strike-slip fault regime, ttltauld explain only the observed
faults; (i) a stress tensor oriented NW-SE too bampatible with a reverse fault
regime, that could explain the whole deformatiopaitern observed through the area.
Both stress tensors are in conformity with the @néslay regional state of stress given
by the seismology and the borehole data analysisiH® second stress solution was
assumed as being the most reliable as a functitimedfionte Carlo test included on the

algorithm which calculated this tensor.

The azimuth distribution of principal axis of thewrRa Feia cavern galleries was
compared with the statistical analysis of strudtung@asurements. Such comparison
demonstrated that exist a clear coincidence betweeprincipal structural trends at the

study area and the galleries axis of the cavern.

On the basis of all available information was thaug tectonic-structural model for the
study-area, which predicts that:

(i) Exist a major not outcropping NE-SW normal tasbmewhere toward NW from the
study area,

(i) Given the estimated nowadays stress regime hifpothetical NE-SW normal fault
was reactivated as an inverted fault;

(i) This inversion movement caused the exhumatbthe Jandaira Formation, on the
returning hanging wall of the main NE-SW fault;

(iv) The minor NW-SE strike-slip faults result frotime accommodation movements due
to the major NE-SW fault activity;

(v) The minor NE-SW strike-slip faults constitutengugated pairs with the NW-SE
strike-slip faults, or are related to oblique moesns of the main NE-SW fault.

(vi) The fracturing associated to this brittle def@ation history was responsible by the
creation of oriented high fractured corridors. Tenesrridors control the meteoric water
circulation through the Jandaira limestone rockadacting the dissolution process and

the formation of the Furna Feia caverns system.

Afterwards a numerical model was run in order t@areie the reasonability of the
theory proposed for the permeability increasing tbe Jandaira carbonates. Such
numerical model is based on mechanical analysidirbie element method for 2D

simulation, comprised on the program TECTOS,
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At the end of this work it was accepted that thdtfaand joints observed through the
whole study area, associated to a dilatancy effedtto a porosity increasing on the
Jandaira carbonate rocks and controlled the creatiohigh permeability corridors.

Such high permeability zones focalized the watecqiation into the carbonate rocks

and conditioned the growth of the Furna Feia casgstem

Under the light of these results the main conchssiof this doctoral thesis are:

1. If at the study area a real hydrocarbon resemvould exist, possibly instead of a
cavern system it could be found a superior prodglitgtzone.

2. Taking this into account, it was demonstrated the understanding of the fracturing
processes on carbonates is fundamental for thecpmbdity improvement of geological
models, that will better support the selection xgbleratory targets on carbonatic plays
and the decision chain for carbonate reservoirsagament.

3. The capability to recognize the fracturing paiten a given area offered by the
lineament analysis and numerical models represanisiprovement on the localization
of high fractured zones, consequently the detectibrpotential high permeability

targets.
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Appendix — Deilion of Terms

Chapter 1- Problem Presentation
[1.1] C&C Reservoirs Http://ccreservoirs.comcaptures, distills and delivers lessons

learned in the upstream E&P industry, and documehés experiences of
thousands of geoscientists and reservoir engineers.

[1.2] The term “natural fractures” is here usedlistinguish the tectonic fractures from
those atrtificially induced in some operation in tetroleum industry (hydraulic
fractures).

[1.3] The term “water breakthrough” refers to theival of the injected water at the
producer well. This occurs naturally when it is @&gary to inject water through
the reservoir to impel the oil toward the produeeslls. Eventually the water
arrives before the predicted time, what is usualipposed be caused by not
detected fractured high permeability zones.

[1.4] Mud is a general name for the fluids usedlevkirilling wells for hydrocarbons
exploration and production, to reduce the heat yred by the friction on the
drilling tool, and to keep the well stability byguenting the formation falling into
the hole. There are three main categories of migilfluids: water-based mud, that

is the most common; oil-based mud; gaseous driflund.

Chapter 2 — The Potiguar Basin

[2.1] The Late Jurassic to Early Cretaceous sedisn@m Brazilian basins is marked by
the absence of marine fossils, as a result of lisidlacustrine origin and
evolution. For years this fact created many dittieg on establishing an accurate
chronocorrelation between these nonmarine sequeands the International
Standard  Chronostratigraphic  Scale. Based on plagoal and
micropaleontological (ostracodes) information, ai@d from hydrocarbon
prospection in Brasil and worldwide, Regali and n&a(1989) established six
local Stages equivalent in age to marine sedimehi&urope and Canada: Dom
Jodo (Tithonian); Rio da Serra (Berriasian to EaHyauterivian); Aratu
(Hauterivian to Early Barremian); Buracica (MiddBarremian); Jiquia (Late
Barremian to Early Aptiano); Alagoas (Aptian to Egaklbian).

[2.2] Sabkha environment refers to restrict lakesmked along an arid coastline,
characterized by evaporite-carbonate deposits suithe siliciclastics.



Appendix — Deilion of Terms

[2.3] The focal mechanism solution of a single lequiake does not give directly the
orientation of the principal stresses acting in {fteosphere, but only the
directions of that part of the stress releasedhigyearthquake (McKenzie, 1969;
Assumpcédo, 1992). However, the experience has shiwan the differences
between the orientations of the P and T axes @l foechanism solution and the
principal directions of the stress field are natally more than about 3@Raleigh
et al., 1972; Assumpcao, 1992).

[2.4] The World Stress Map (WSM) is a collaboratigeoject between academia,
industry and government that aims to characterime dtress patterns and to

understand the stress sourdas$p(//www.world-stress-map.oyg

Chapter 3 Lineament Analysis
[3.1] SRTM3 means Shuttle Radar Topography Missimth a 3 arc-second resolution
(equivalent to 90m).

Chapter 4 — Structural Analysis

[4.1] Monte Carlo methods (or Monte Carlo experits¢rare a class of computational
algorithms that rely on repeated random samplingotopute their results. Monte
Carlo methods are often used in simulating physacal mathematical systems.
Because of their reliance on repeated computaticrralom or pseudo-random
numbers, these methods are most suited to calmalby a computer and tend to
be used when it is unfeasible or impossible to age@n exact result with a
deterministic algorithm.

[4.2] In structural geology section restorationastechnique used to progressively
undeform a geological section in an attempt todedé the interpretation used to
build the section. It is also used to provide ihssginto the geometry of earlier
stages of the geological development of an aresedhon that can be successfully
undeformed to a geologically reasonable geometithowt change in area, is
known as a balanced section(Groshong, 2006).

Chapter 5 — Numerical Modeling
[5.1] Finite element method (FEM) is a numericathteique for finding approximate

solutions of partial differential equations (PDE)waell as of integral equations.
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The solution approach is based either on elimigatime differential equation
completely (steady state problems), or renderimgRBE into an approximating
system of ordinary differential equations, whicke #nen numerically integrated
using standard techniques such as Euler's methatyeRKutta, etc.. Its practical

application often known as finite element analysisA).



