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Figure 7: Ground plan and profile of Vilenica cave (after Gams 2004).

Figure 6: Levelled surface of Lipiski ravnik above Vilenica cave
(LIDAR data, Geodetski oddelek ARSO).
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https://www.vilenica.com/en/
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Laser scanner survey
Planimetry and tourist path
of the Grotta Gigante
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Figure 29: Laser scanner survey. Planimetry and tourist path (23. 8. 2012).
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Carstosfera: camada descontinua de rochas “carstificaveis”, cobertura de
rochas soluveis (Maruashvili, 1970); parte da litosfera que serve de
“arena” para os processos carsticos (Maksimovich, 1979).

Exocarstosfera: sistema aberto, feicdes superficiais, intensa remocao de
material.

Mesocarstosfera: zona de catagénese, baixa circulacao de agua.
Hipocarstosfera: zona de catagénese, baixissima circulacao de agua.

- Maksimovich (1975) classificou o processo de acordo com a rocha
dissolvida:

BRADIKARST: (bradus=devagar) processo de carstificacdo em rochas
siliciclasticas.

TACHIKARST: (tachus=rapido) processo de carstificacdo em halita e
sulfatos.

: processo de carstificacdo em carbonatos.



Epigenico X Hipogenico

hitp://www.speleogenesis.inio/index.php

htip://digiial.lib.usf.edu/karst



http://www.speleogenesis.info/index.php
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Fraturas
alargadas

Tubo freatico

Dolina

Sedimento de fluxo

Brecha de colapso

Passagens
preenchidas por
sedimentos

Brecha Crackle

Loucks & Handford, 1992
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TYPE OF RECHARGE

VIA KARST DEPRESSIONS

DIFFUSE

HYPOGENIC
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Fig. 1. Diagram of subterranean epigenic and hypogenic ecosystems: t, active phase and t, inactive phase with connection of epigenic and
hypogenic ecosystems. SSH, Shallow Subterranean Habitats.

Subterranean
epigenic
ecosystem

ecosystem

hypogenic

Subterranean

t inactive phase: new entrance
1 to hypogenic, connection with
MSS / SSH and Soll

Fig. 8. Diagram of the flow of fauna, water and energy (in form of organic nutrients, or inorganic chemical compounds) in both epigenic and
hypogenic subterranean ecosystems. t, active phase; t, inactive phase with the connection of hypogenic ecosystem with the surface, SSH and soil.

hypogenic ecosystem




Petroleum Basins with Carbonate Reservoirs

B 1AJ0R FRODUGTION
R MINOR PROCUCTION
] PROSPECTNVE

Jordan & Wiison, 1982







Lagoa Feia — Pré-sal

Campos Basin lacustrine coquina
facies (from John Warme)



Albiano

Campos Basin Albian cyclic
carbonate reservoirs

Reservoirs occur at the top of
coarsening up, shallowing up cycles,
but facies and diagenesis important:
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Upper unit with £ '. s L Porosity |
biomoldic porosity S8«
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but little
permeability;

Lower unit is an
oolitic grain-
stone with
intergranular
porosity — so
high porosity
and good
permeability.
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Foz do Amazonas

INNER RAMP ' SHALLOW SUBTIDAL RAMP { OUTER RAMP SLOPE TO BASIN
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Generalized model for a Tertiary carbonate ramp — common in the
Mediterranean area (Buxton & Pedley, 1989) and offshore South
America - e.g. Foz de Amazonas basin,

typically dominated by larger benthic foraminifera

Carbonate ramps in the
Eocene of North Africa and _
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Foz do Amazonas

MODERN CAVE SYSTEM
S S BT o BT i I R M
o o) = / Cave — ceiling
ey & crackl/e breocia’

“I'Chaotic breaki-':,';
] down breccia o

-2—{100 TO

75 e

s G

OVER 1000 m

h,>>> h, , Upward propagation of collapse

Burial—-corrosion cave

Continuous creation of
accommodation space 1APS44_ cltqg

Collapsed roof volume (V,)
V,>>> V,

Stereo[1#5  WITTITTIIID




Bacia Potiguar




Para-Maranhao

TSRATD FURNACE HODEL

e —
ol P E T L U

FRECURSOR ROCK FACES

T Tl
O e







O desafio — investigacao de feicOes de escala sismica a subsismica

Geologia — Geoquimica — Petrofisica

Geofisica Rasa
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Projetos de P&D - Analogos

A identificacao de reservatorios ou afloramentos analogos é importante, principalmente, para o
desenvolvimento de um novo campo.

Normalmente, as informacgdes disponiveis sobre a nova area € limitada ou nao existem.

Tradicionalmente, a busca por reservatorios ou afloramentos analogos é realizada por geocientistas e
engenheiros de producao.
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Caracterizacao da arquitetura e cinematica de falhas e fraturas e seu papel na distribuicao
da permeabilidade e da porosidade secundaria em rochas carbonaticas carstificadas.

Focalizagao de fluxos em zonas de falha

Sag Sel
(estrutura em “V") i
|

:{‘: b a3 ' : '_ a ‘L~(£‘
‘lL ”(l ; " L ' ‘
Analogo Epigénico

' Duas possibilidades
de fluxos

Fluxo hidrotermal
ascendente

f Fluxo metedrico
descendente

Sibson (1990)

Analogo Hipogénico



Utilizacdo de imagens captadas por VANT para estudo de fraturas subsismicas e processos
carsticos no analogo epigénico.
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37°39'31"W 37°39'30"W 37°39'40"W 37°39'39"W

A dissolucao (carste) ocorre,
preferencialmente, ao longo dos
cruzamentos de fraturas que
podem ser usadas como guias para
a ocorréncia de carste.
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Carneiro et al.
Geoc. Unesp, 2015




Conjuntos
correlacac
formam
permee
conju

120 -+

100

g

Frequency
=l
|

Bisdom, 2016
PhD Thesis



Dados de GPR indicam gque o processo de dissolucao cria “vazios” ao longo do acamamento
sedimentar e de fraturas que sao identificados, em radargramas, por zonas de sombras.

Fernandes et al.

J Applied Geophysics, 2015 Fraturas






Two-Way Travel Time (ns)
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Oliveira et al.
Near Surf Geophysics 2019
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Modelagem numerica dos efeitos das tensdes atuais e das paleo-tensdes sobre as estruturas
Identificadas.

(TECTOS)

Numerical model sample Equivalent area from drone image

Lineaments from satellite image

3°550°S

13573054
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Areas criticas:
- Final das fraturas
- interseccao de fraturas

- Relay ramps Rabelo et al.
Geol. USP, 2015
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Mapeamento das fraturas e carste epigénico associado

5°33'45"S 5°33'40"S 5°33'35"S 5°33'30"S

5°33'50"S

1

37°40'0"W 37°39'55"W 37°39'S0"W 37°39'45"W 37°39'40"W 37°39'35"W 37°39'30"W
R R =
R T
\';;?\ >l

SN P2 N s —
RO A dskses
>N ! \_>|—- Z\
SN RN ok

A <M >N 2 N
7A N *%si Ak Sy e B T v
N RN PSR =R K SV
=~ NN N A o
\§;§§§\ N e \ﬁ = }\&%@“% e jyjj
N SR U
kW > RS e 1Y
¥-7 \ _\\6'5_‘\(/\ >§t\_{;‘{ _.,\_\,\<\ \/
g, \ I ,«/\— N =g q\\l"lv =~
4l 4 A‘ r ,\/;_RQ S \#\\ \\x/\{_
N\ 2 S K9\ "‘1\\ \y
o= X ﬁ,/%/\, RPN / S N IR
NN e S S IS
xS XL SRS VR e |
NSRRI SRS R 5*~‘/f,,/</‘x,/:i—a~tl‘:—§
B s /7// g_l‘—lL > F/ > ‘\‘-’7/\ —-)/7_\/3?‘—'//_}'_\/'—\;—’( ‘\f_u E
S~ L /f( = _../‘S_‘\ /;\\>,(__| SN =N L R _
C > ANk B LN N0 DI N
- —\47 — /’<<,Ej<“/==\ \\ | e | Ly g\__
\—Qll/ .-"/::\;/‘\[t//_gq /\\\5~ > \_\_
M AR ~
Nt 77 X Mo
—% NP A 0 S
‘—_: {f//// ’_'7— __/___
TNEEEL =08
-_  w Py 2} =2 \
A= <=7 N

37°39'42"W

5°33'34"S

C

5°33'40"S

5°33'42"S

5°33'43"S




37°39'56"

5°33'34"S

37°39'34"W 37°39'33"W 37°39'32"W
‘ 5

®

2
o
=
o
on
@]

o)

5°33'40"S




Bagni et al.
M&P Geology, 2020
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Fraturas de Cc

Menezes et al.
M&P Geology, 2019
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Analises isotopicas e inclusoes fluidas em veios preenchidos.
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« Os cimentos analisados sdo originados do mesmo fluido (stable 8'80)
« Os fluidos sao, provavelmente, salinos (positive 61°C)
» Os dados isotdpicos (-10%o) e de inclusdes fluidas (-1.4%o) sugerem T~50-60°
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LASER SCANNER (LIDAR) - FURNA FEIA (RN)

~

INTEGRACAO DE DADOS/GERACAO DE MODELOS VIRTUAIS 3D




gidade (m

Profu

Linha 02 Furna Fei

Secao de Resistividade Invertida

Secdo de Resistividade Invertida

Iteragdo =7

Iteracdo = 3

RMS = 3,24%

RMS = 2,89%

L2=1,16

L2=0,93

Distancia (m

Espagamento entre eletrodos = 2.50

Espacamento entre eletrodos = 2.50



Fraturas, preenchimento de velos e processos carsticos sao eventos regionais

Forte relacdo entre fraturas e a circulacéo
de fluidos.

. A dissolucdo (carste e cavernas) ocorre,
principalmente, ao longo de fraturas.

E um sistema complexo, heterogeneidades
de escala e distribuicao.

. Alta densidade de fraturas tem forte
impacto no fluxo dos fluidos, mesmo para meteoric

water
aberturas de pequena escala.




Analogo hipogénico:
O sistema de falhas e fraturas nas cavernas podem ser correlacionados a sistemas regionais; o

sistema conduto-barreira na escala da caverna pode ser correlacionado regionalmente na
bacia.
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Distribuic&o/organizacao e os controles estruturais e estratigraficos do sistema de
cavernas TBV-TBR

10°08' N
SR

_10°10

~ Mapa dos condutos da Toca da Boa Vista (107 km)

= e Toca da Barriguda (37 km)

10°12"
40°581 40°527 40°50'



Os condutos das cavernas se
desenvolvem lateralmente ao
longo de charneiras de dobras

Ennes-Silva et al.
Tectonophysics, 2016




Ennes-Silva et al.
Tectonophysics, 2016




Ennes-Silva et al.
Tectonophysics, 2016
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Estratigrafia

ha posicao
vertical d

Lithostratigraphy = Frécture stratigraphy & Hydrostratigraphy = Cave stratigraphy
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Klimchouk et al.
Geomorphology, 2016




Sistema conduto-barreira

Lithological profile
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Modelo C

| ~

10 km
Quartzite Carbonate unit Continental carbonate

Conceptual etters in circle
show compo
e is based on the

study from Bizz ed fold, (d) arrows

zarinetal.
M&P Geology, 2019



Modelo Conceitual de Formacao das Cavernas

300 m

1.5 km 20m

(C) Karst concentration along fracture corridor and at seal levels. (D) Cave formation along units (1), (2), and (3) at anticlinal hinge and below sealing units (4) and (5). Hypogenic
system is modified from the studies from Klimchouk et al. (2016) and Auler et al. (2017). The local stratigraphy is based on the present study. Key: (C) (f) fracture corridor and fault
termination, (g) arrows mark fluid migration along fractures, (h) karst zone in anticlinal hinge, (i) dissolution (gray) below stratigraphic seals (j) karstification due to lateral fluid
migration, (k) hypogenic fluid accumulation below seal, () local seal breaches give rise to ascending fluids. (D) (m) lithostratigraphic seal, (n) large cave passage, (o) feeder of
hypogenic fluids, (p) anticline hinge, (q) fracture corridor. Cazarin et al.

M&P Geology, 2019



SE

icadas

if
tance (m)
go

Dis

de zonas de carst

1Ca

L4

de assinatura GPR tip

icacao

E]

|dentif

Depth (m)

Conti et al.
P&A Geophysics, 2018
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Geracao de volumes 3D de Porosidade Estimada com base em dados GPR
Volume de Porosidade Estimada — zonas carstificadas formam corredores NNE-SSW e E-W paralelos ao fraturamento

ortogonal observado na pedreira
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Geracao de volumes 3D de Porosidade Estimada com base em dados GPR

Volumes de Porosidade Estimada da Zona Nao-Alterada (0,953 %) (azul) para amplitudes >0,5 (A) e
amplitudes >0,35 (B)
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Zonas de Por

E-W
oriented
passages

NNE-SSW
= oriented
passages

- Carbonate rock |:| Weathered zone
- Karstic features (C (D)
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—+ As fraturas mais longas, nao confinadas a
~| uma camada, sao as mais dissolvidas e por
onde passou o fluxo de fluidos hidrotermais.

unit 5
units 4-2

A-D — Camada superior do selo (5) com fraturas longas;
H-G - fraturas

na camada (1) da Toca da Boa Vista. Ambos grupos
raramente se ligam.




Macroscale

Reservoir (km)

1.1e-1

Permeoéility N - [ '..‘ f MeSOscale

Cell's reservoir
(200mx200 mx 1 m)

a Permeability of the matrix in the x-direction (K xr, ). b Permeability of the matrix in the y-direction (Kar,,).

Homogenized permeability of the matrix computed by Oda’s method

Microscale

Reacsde
Representative cell of
matrix with micro-fractures

Lopes et al. and vugs (cm).
Comput Geosci, 2020




(Multi Outcrop Sharing and Interpretation System)

Mosis XF F PERSPECTIV

::;?“\.J :
Texturized 3D MOSIS
Mesh Outcrop Interpretation Tools

Data Capture Image Processing

Rossa et al.
IEEE, 2020






