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UNDISCOVERED PETROLEUM OF SOUTHERN SOUTH AMERICA

by

John Kingston

ABSTRACT

Southern South America (i.e. exclusive of Venezuela and
Colombia, amounting to 88 percent of the continental area) has
only half the continent’s original reserves. The estimated
undiscovered oil and gas amount to some 43 BBO and 140 TCFG. Of
the southern South American countries studied, Brazil apparently
has 52 percent of the undiscovered oil and gas, Peru 18 percent,
Argentina 15 percent, Ecuador 8 percent, and the remaining
southern South American countries together have 7 percent. The
plays deemed to have the highest petroleum potential are the
turbidites of the Atlantic continental margin rift basins, the
overthrust and fold belt of the eastern Andes, and suspected
Cretaceous foreland stratigraphic traps in northern Peru and in
Ecuador. Of lower potential are the Paleozoic interior sags and
the Pacific region forearc and intra-arc basins. Exploration is
generally immature, though some on-shore basins have reached the
mature stage; the higher potential plays largely involve frontier
exploration.

I. Introduction

A. Regions of Study

In this study southern South America is taken to be all of
South America south of Venezuela and Colombia. For organization of
this study, South America is divided into five geotectonic regions
or superprovinces (fig. 1): 1) the Brazilian craton region, largely
occupied by Brazil, is made up of the Brazilian and Guiana Shields,
occupied in part by interior rift and interior sag basins and
including the Atlantic rifted continental margin basins; 2) the
Patagonian accreted region, south of the Brazilian craton and east
of the Andes, is made up of subcontinental blocks, or massifs,
divided by rifts following old sutures and occupied in part by rift
and foreland basins; 3) the Subandean foreland region is made up of
a string of foreland basins developed east of the Andes on the west
perimeter of the Brazilian craton from northern Argentina to
Colombia; 4) the Pacific subduction region made up of related
forearc, and intra-arc basins, largely west of the Andes from
southern Chili to Colombia; and 5) the Tethyan collision region,
made up of Venezuela and part of Colombia affected by the Caribbean
tectonics and the site of Tethyan marine sediments. The
undiscovered petroleum in the first four of these regions is the
subject of this report.



B. Purpose and Method of Study

The purpose of this study is to provide a quantitative assessment of
the undiscovered recoverable oil and gas in the regions studied. To
this end, every appropriate estimate of a geological or historical
factor is quantified numerically, even though it may only be an
informed guess; the rationale for the numerical estimate is
explained. Later information may cause a revision of the estimated
number which can then be reintroduced back into the system,
effecting a corresponding change in the overall resource assessment.
Reserve values used are original reserves and, as far as can be
determined, represent proved amounts of recoverable oil and gas as
of around 1990.

Although background geology is presented briefly as necessary,
the focus of this study is on those geologic factors most directly
concerning petroleum occurrence. The study is structured to support
what is essentially a play-analysis approach, but where appropriate
or necessary, projections of current exploration (e.g. field-size
distributions) and analogies with geologically similar basins are
employed in the assessment of undiscovered petroleum resources.

After preliminary estimates were made, the results were
presented to a panel of U.S. Geological Survey geologists (The World
Energy Resource Program) who, after an in-depth discussion and
deliberation from the perspective of their individual experiences,
arrive at a consensus as to the amount of undiscovered petroleum in
each country. Conditional upon recoverable resources being present,
estimates for each of the assessed provinces were made as follows:

(1) A low resource estimate corresponding to a 95% probability
that there is more than that amount.

(2) A high resource estimate corresponding to a 5% probability
that there is more than that amount.

(3) A modal ("most likely") estimate of the quantity of
resource associated with the greatest likelihood of occurrence.

A mean probability value was arrived at by fitting a log normal
distribution curve to the 5 percent and modal estimates (Courtesy
D.H. Root).

In the last stages of this study it became evident, on the
basis of an historical review of the 1983 to 1993 growing rate of
reserves, that these consensus estimates of undiscovered petroleum
were too low. This was probably the result of basing the
undiscovered petroleum estimates on available reserve numbers of
geologically analogous fields or basins, numbers which were
presumably Original Proved Reserves rather than the total amount of
petroleum which will be produced from the accumulation, i.e., the
Original Identified Reserves. (Original Indicated Reserves include
cumulative production, Proved Reserves, and Unproved (probable plus
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Possible) Reserves. Accordingly, calculated estimates are made of
the Original Indicated Reserves of the analogous fields or basins
upon which the undiscovered petroleum estimates were based and the
initial dependent undiscovered petroleum estimates revised upward
accordingly. An explanation of these adjustments, including
definition of the reserve categories, is in Appendix A and the
results included in the Summary and Conclusions.

The issuance of this report has been delayed by the late
recognition of the impact of field growth on the undiscovered oil
and gas estimates and other problems, so that most of the
information is somewhat dated, of about 1990 vintage.

II. Brazilian Craton Region
General

Area. The Brazilian craton region or superprovince encompasses
the east and central South America largely occupied by Brazil; it
includes all of Brazil, Guyana, Suriname, French Guiana, and Uruguay
(fig. 1). It also includes peripheral parts of southern Venezuela,
southeastern Colombia, and the eastern edges of Peru, Bolivia,
Paraguay, and northern Argentina. It does not include and is
limited by a trend of foreland sub-Andian provinces on the west,
extending from eastern Venezuela southward through central Colombia,
eastern Ecuador and Peru, central Bolivia, western Paraguay to
northern Argentina. The Brazilian craton is bounded on the south by
Argentina which is largely made up of continental fragments accreted
from the Pacific region. The area of study also includes the
largely offshore rifted continental margin with the Atlantic Ocean.

This area of some four million sq mi (10.4 million sqg km),
counting the offshore shelf and slope, has twenty major sedimentary
basins with an approximate combined area of 1.5 million sq mi (4
million sq km). The size and distribution of the sedimentary basins
in and adjoining the Brazilian craton which will be discussed are
shown in figure 2.

For discussion purposes the basinal areas of the Brazilian
craton region (fig. 2) may be divided into a number of geological
similar entities: 1) the rifted continental margin which in turn can
be divided into 1) the southeast marginal rift basins (Pelotas
through Seripe-Alagoas) and b) the northeast marginal rift basins
(Potiguar through Guyana); 2) the interior rift basins, (Recancovo,
Tucano, Jatoba, and Tacutu); and 3) the interior sag basins,
(Solimoces, Amazonas, Parnaiba, Parana, and Chaco). (The Acre basin
is briefly discussed as part of the Brazil assessment, but actually
belongs to the Subandian foreland region).

Exploration History and Petroleum Occurrence. Practically all
the petroleum exploration and production of the region has been in
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Brazil. The first Brazilian petroleum concession was granted in
1864, but no discoveries were made until 1939 when a shallow hole,
drilled on the basis of oil seeps, discovered the small Lobato field
of the Reconcavo basin (fig. 2). Subsequent exploration in this
single basin discovered most of Brazil's petroleum production up to
the end of the 1960's. 1In the late 1950's and early 1960's the
continental shelves of Campos, Espirito Santo, Sergipe-Alagoas, and
Barreirinhas basins (fig. 2) were covered by sparse seismic surveys.
Later, during the 1960's, the shelves of the Sergipe-Alagoas and
Campos basins (fig. 2) were covered by gravity surveys. 1In the
early 1970's the Brazilian shelf was almost entirely covered by air-
born magnetometry. Subsequently, the shelf has been surveyed in
considerable detail by geophysical means including very extensive
3-D seismic surveys.

The first offshore well was drilled in 1968 in the Espirito
Santo basin. A second well drilled in the same year in the Sergipe-
Alagoas basin was a discovery. Since then, drilling activity has
increased, especially after the first commercial discovery in the
Campos basin in 1974.

Since 1984, drilling in waters deeper than 1,300 ft (400 m) has
been extensive and with a high rate of success. Six oil fields have
been discovered, one in the Sergipe-Alagoas basin and five in the
Campos basin, three of which are the giant fields, Marlim, Albacora
and Barracuda.

Exploration has been carried on almost exclusively by Petrobas,
the Brazilian national oil company, and its predecessor, the
National Petroleum Council. Only limited, less prospective, areas
were made available to foreign risk contractors who spent 1.66
billion dollars and drilled some 161 wells (Riva, 1989), but only
found one field.

Exploration of Brazil to date has discovered some 29
sedimentary basins of varying prospectiveness. 0il and gas shows
have been found in 23 basins, subcommercial accumulations may be in
16 basins, and production amounting to 600,000 barrels of oil per
day (BOD) was reported for seven basins (0il and Gas Journal, 1989).
About 88 percent of the oil and gas reserves are in three basins, 63
percent in the Campos basin, 18 percent in the Reconcavo basin, and
7 percent in the Sergipe-Alagoas basin. Except for one basin,
Reconcavo, which has been rather thoroughly investigated,
exploration is generally still in an immature stage. As of 1989,
Petrobas's exploration effort amounts to 1.24 miles of seismic line
to 1 square mile of basin area (or 1 km of line per 5.2 km?) and one
wildcat for every 486 sq mi (1,260 sq km) of basin area (0Oil & Gas
Journal, 1989).

Exploration has established estimated original reserves of some
9.9 billion barrels of oil (BBO) and 12.6 trillion cubic feet of gas
(TCFG). These reserves figures, derived from various Petrobras



publications, are summarized in Table 1. Although it is not clear,
most of the reserve figures are assumed to generally represent
original proved reserves.

A. The Rifted Continental Margin Basins

General

Extent. The shelfal parts of the continental margin basins of
Brazil are shown in figure 2. The basins of the continental margin,
as defined here, lie between the presedimentary rock outcrops of the
continent and the offshore continental-oceanic crust boundary (COB).
The outer boundary of the rifted continental margin is taken to be
at the COB rather than the edge of the continental shelf since well-
defined horst and graben structure appears to extend to the COB and,
in many cases, the depocenter of the continental margin basins lies
under the slope rather than the shelf.

The COB is difficult to locate and has been seldom mapped here
or elsewhere. 1Its position may be estimated, however, on the basis
of the following criteria:

(1) Bathymetry. The less-dense continental crust is buoyant in
contrast to the oceanic crust and is therefore indicated by the
shallower depths of the shelf and slope. Where corroborating
evidence is available it appears that the COB is approximately at
the base of the slope or top of the rise at about the 2000-meter
isobath (fig. 3).

(2) Oceanic magnetic anomalies. Unfortunately, the magnetic
anomalies are not so evident in this part of the South Atlantic, but
a few anomalies have been recognized in three areas (fig. 3): (a)
parallel and just off the continental slope of the Sergipe Alagoas
basin, (b) along the northwest side of the Sao Paulo Plateau, and
(c) just inside the continental-shelf edge of the Pelotas basin.

(3) Presence of rifting. The continental crust was subject to
rifting as it was stretched prior to continental separation. After
separation, the stretching, and therefore rifting, of the
continental crust ceased so that the COB approximately coincides
with the outboard side of the zone of evident rifting as seen in the
Campos basin (fig. 4).

(4) Outer ridge. Often the outer edge of the rifted
continental crust is marked by a ridge or horst of basement or
volcanic rock as indicated in the Espirito Santo basin.

(5) Salt and evaporites. Some authors believe that evaporite
deposits are generally limited to the continental crust, but this is
certainly not true in all cases.



TABLE I

PETROLEUM BASINS OF BRAZIL

ESTIMATED ORIGINAL PETROLEUM RESERVES (P+P)

BAHIA SUL
BARREIRINHAS
CAERA

CAMPOS
ESPIRITU SANTOS
FOZ DO AMAZONAS
PARA-MARANHOA
POTIGUAR
RECONCAVO
SANTOS
SERGIPE-ALAGOAS
SOLIMOES

TUCANO

TOTAL

OIL + NGL (BB)

OIL(BBO)

(+NGL)

0.021
0.004
0.084
7.440
0.108
0.007
0.220
1.436
0.048
0.499
0.037

9.904

GAS (TCF)

0.001
0.065
4.522
0.528
0.880

3.043
0.725
0.790
2.000
0.060
12.614



CAPE ORANGE
q"ﬁ

ST. PAWL FRACTUNE zONE

ROMANCHME FRACTURE ZONE ‘}
XXX IY

CHAIN FRACTURE

S. MARCOS BAY
1ONE

NAMBUCO PLATEAU

S

BRAZIL

FW ——=—= Magnetic anomaly
G-COB anomaly
K-Cretaceous anomaly ssure
Ms*Aptian anomaly {2%§
MoBarremian anomaly s

K?

e

seLmonte ROVAL CHARLOTTE SANK

500 dm

0 CEay

‘ ESPIRITO SANTO
SHELF

—— -
VITORWA - TRINDADE l;ﬁ;

-

210 0€ JuBE100

rorro f
il
l,-.w' £ [ 4

Figure 3 Map of the Brazilian Atlantic margin showing the
coastline, continental shelf, continental slope,
continental rise and volcanic plateaus, rises and ridges.

Also shown are the few oceanic magnetic anomalies of the
South Pacific defining the continental-oceanic crust
Ponte, and Miura, 1975).

boundary (modified from Campos,



1]
A 40°
.
3 3, $
3 ) :
A :
W
\9‘
4
7 Porow®
CAMPOS
_CAPE ™ .
SAO TOME . ;
p— .:‘4 . Y 22°—
«
1
O
3
3
SAO JOAO
DA BARRA LOW
Bodejo High
Prospect Area
C.1.z1000m
23° —
o} 30km
e p—

. Figure 4 Structure map on top of acoustic basement in the Campos

basin showing faulting on the continental shelf and slope
of the Brazilian continental margin. Area outlined in.
heavy dots and containing section line A-A is prospective
area for synrift plays (from Guardado et al, 1990).

10



The COB of the southern coast of Brazil is deemed to extend
southwestwards from the Pernambuco Plateau along the base of the
continental slope (at the 2000-meter water depth) to near Salvador
as indicated by the bathymetry and sea-floor-spreading magnetic
anomalies (fig. 3). From Salvador the COB is interpreted to extend
due south at about the 2000-meter isobath (by analogy to the
previous sector) to the Royal Charlette Bank. The Royal Charlette
Bank is largely made up of Cretaceous volcanics plus a block of
uplifted basement on its western side (Asmus and Ponte, 1973); the
COB is assumed to lie between the basement block and the extensive
volcanics further offshore. Two hundred kilometers further south is
the Abrolhos Bank which likewise appears to be made up of Cretaceous
volcanics with an uplifted basement block on its western side. The
COB is assumed to continue southwards through the basement-volcanic
interfaces of these two banks to the Campos basin area where it
presumably lies outboard of the continental rifts as indicated by
geophysical surveys (fig. 4). Southwards, there is an abrupt
westward jog in the continental shore line and also probably in the
COB as indicated by the position of sea-floor-spreading magnetic
anomalies which show the Sao Paulo Plateau is over oceanic crust.
Further south in the Pelotas basin the COB, as indicated by magnetic
anomalies, actually lies under the outer edge of the shelf.

South of Brazil, in Argentina, the position of the COB becomes
more clear, the landward extent of the oceanic magnetic anomalies
approximately coinciding with the base of the continental slope.

Structural Framework. The factors governing the generation and
accumulation of petroleum are the direct consequence of the rift
tectonics and associated sedimentation (fig. 5). The Brazilian
marginal basins originated as a trend of rift valleys through the
central part of the African-South American continent during late
Jurassic-Neocomian time (fig. 5A). Rifting ceased in early Aptian
time with the separation of the two continents (fig. 5B). This was
followed by widespread erosion, leveling the horst and graben
topography, probably in part as a consequence of lowering the base
of erosion to sea-level. At the same time, cooling of the
continental crust, as the hot spreading center separated further
from the continent, caused the marginal basinal area to sag allowing
restricted entry of seawater into a shallow linear interior sea
between the separating continents. A sequence of fine clastics and
evaporites (fig. 5B) and, eventually, platform carbonates, was
deposited in the central part of the interior sea. As separation
and cooling continued, the subsiding continental margin and the
associated sedimentation changed from that of a restricted
environment of evaporites, fine clastics and platform carbonates to
that of the open sea and clastics of progressively deeper water
environments. As the margin slope steepened and the sedimentary
load increased, the salt began to flow, forming salt domes and
pillows in some cases and seaward-dipping salt-soled listric faults
in other cases (fig. 5C and D), depending on the local degree of the
slope. Turbidite flow became more prevalent.

11



“(8L6T

‘snusy pue a23uod Iajje

parjTpow) uTlseq sodwe) ay3z uT urbiew TelUSBUTIUOD URTITZeid
ay3 JO UOTINTOA® AlejusuITpas-ojosol Buimoys uorldss g 2inb1yg

$211Sv 1)

$D11SYIDINVDI0A

SI1VNOBMYD ¥ mo:a:oﬁ
INIESNIVI-01ANTY

SIIVYNOBNYD NIV

INILSNIVY-QIARTTIY

S$311IM0JdVYA3 H 1Sn¥d 0.8(0005 1SNHD TWVININIINOD D oN3D 31
A A A Jovis
$211SY1DINYDI0A WSINYITI0A cvesecenteves A31IVA (9
ETRLTTIEE) e ccescoasscsce
uv3 ceseccscnscans
$31YNOBYYD ONY $D11EV1D Ay

LAALETT RS}
s00e0000 e NVINODJOIN
6t ecse v 0 csc0st 000t et ees o0
RLUTRULE] €0 0060060000000 00092 0006060060 0060000s009006 v
JINO1D3I1INAS TYRYON
30v1S
INV3ID0-01084
. .
SIIHOIVYAI 30N308IND A Y
. NviidyY
Crrrrocrrrrrrecr 8
I13A37 V3S
3IN3IOSIINO
AVuv3 oo o 0
eses e 0 e 00000 30VILS
(s1invy eseve R EEEEEREEE] NUOJIVId INIUYR
o 6009000 @O 50 00 0000
HIMON¥D) — —..U/ _.l_.lhl ecee 0
Si1nvy o~ 1 S LT —— IEEEE R
SI1VNOBUYD NISYE B
hNIOIYS ALIAYND ~ L N1 1 1 RIT T T T oo cesacees NYINVARONID NVIBTY
4330 01 MUOILYId ~L X I T 1T INL T 1 1 1 1 IS a4p sty 2
ONIL L col\.\\\.\\u\l
OUYMNISYD 13A31 v3S
oo 0o o 9 L

e 000 o
NONIVAILDVIY F—=

00 0009 00 00
1 49 000 00 000000 s
1avy o 000000 .
SMIISAS r .o .o
r o oo JOVIS NV3ID0 N3IJO
211SVID TYNOII VOVYDOUd .o vee
°z-—d-— e ® 90 0
INIMYW 4330 O1 MOIIVNS ouvmNISYE N 3 e
/ / / / L
N NN N N °: 21070N32-
IoN30IS8NS NN NN NN~ -~ = $N03IJV13YD-03N
i T T R ~ ~ ~ ~
~ -~ -~ (4]
13A31 vIs
NOILVINIWIOIS NSINO1DIL

12



The above description applies generally to the eastern coast of
the Brazilian region, the structure of the northeast coast differs
in two principal aspects: 1) regional sinistral wrenching is
prevalent with strike-slip faults and associated transitional
faulting and transpressional, or drag, folds, and 2) in the general
absence of evaporities, no salt associated structure occurs.

General Stratigraphy. The stratigraphy of the marginal basins
may be grouped into five general sequences in relation to tectonic
events. They include prerift, synrift, interior sag, postrift, and
slope strata.

(1) Prerift sequence. These continental rocks were laid down
as extensive, largely fluvial deposits over the Africa-South
American craton surface in pre-late Jurassic time, mainly prior to
the rifting. Although prerift strata occur in many of the marginal
and interior rift basins of Brazil, these rocks are missing,
presumably after pre- and synrift arching, with consequent erosion
or nondeposition, in the southern marginal basins and also in the
northeast coastal basins (fig. 6).

(2) synrift sequence. The synrift rocks are of continental
origin and range in age from Neocomian to Aptian along the southern
coast of Brazil. They are largely clastic: dark lacustrine shales,
sandstones, and syntectonic conglomerates. The shales are the
principal source rock of the rifted continental margin basins.

Fresh water coquina banks provide important reservoirs. Volcanic
activity accompanied the rifting and volcanic sedimentation and
flows were prevalent in many of the synrift sequences, especially in
the southern basins. In the Santos basin for example, the rift fill
apparently is almost entirely volcanics. Fractured basalt is a
reservoir in the Campos and perhaps other basins.

(3) Interior sag sediments. With the beginning of postrift,
continental separation in the Aptian, the continental margin began
to sag, forming linear interior seas between the two continents into
which marine water initially had restricted entry. The sedimentary
rocks are made up of salt and other evaporites, euxinic shales,
sandstones, and eventually platform carbonates. This evaporite-
bearing sequence is confined to those basins which are between the
zone of equatorial fracture ridges, which separate the South from
the North Atlantic, on the north (approximately B of fig. 6), and
the Rio Grande Rise-Walvis Ridge to the south (opposite
Florianopolis of fig. 6). The shales of this sequence are an
important source in some basins. The salt has a role as a trap
former and as a controller of primary migration between the synrift
source rock and younger reservoirs. The platform carbonates formed
significant reservoirs.

(4) Postrift marginal sag open-sea sediments. As subsiding of

the continental margin continued through the Cretaceous into the
Tertiary, the carbonates of the shallow, more stable interior sea

13
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areas were drowned out by clastics as subsidence intensified.
Deltas and submarine fans became prevalent and extensive turbidites
formed important potential reservoirs.

(5) Slope sediments. The postrift slope sediments are
turbidites genetically related to the platform turbidites, but
treated separately because of their greater extent and thickness.

Plays. On the basis of the geologic framework, and
particularly the reservoir distribution, it appears there are six
principal plays in the rifted continental margin basins off the
Brazilian shield.

No single basin contains, to a significant degree, all six
plays and, in some cases, a number of plays must be grouped together
in this study owing to a lack of data. 1In assessing the various
basins, each of the following plays have been considered, and where
they have been determined to be significant, have been evaluated.

1. Prerift Play. Reservoirs are principally Jurassic
sequences, with perhaps minor reservoirs of fractured basement or
volcanics. Significant prerift reservoirs are missing in the
southern basins, but are important in the Bahia Sul and Sorgipe-
Alagoas rifted margin basins and the adjoining interior rift
Reconcavo basin. Traps are principally fault closures.

2. synrift Play. Reservoirs are mainly fresh-water cogquina
banks and fractured volcanics. Traps are fault closures, drapes,
and stratigraphic traps. The play to date has been largely confined
to the shelf.

3. Interior Sag or Transitional Play. Reservoirs are
sandstones of very limited distribution. Traps are mainly fault
closures and drapes. (Salt of the interior sag phase play an
important role in the formation of traps and migration paths.) Play
is largely confined to the shelf. So far, interior sag reservoirs
have only produced petroleum in the Potiguar basin.

4. Postrift Carbonate Play. Petroleum in Albian carbonate
reservoirs are trapped in tilted fault blocks associated with salt-
soled listric faults and in closures over salt domes and pillows.
The play is largely confined to the shelf.

5. Postrift Shelf Turbidites. Reservoirs are largely
Cretaceous sandstones, mainly turbidites. The facies and thickness
variation are influenced by underlying salt-flow-originated
topography. Traps are in stratigraphic, salt- and fault-closures.
The play is largely confined to the shelf.

6. Postrift Slope Turbidites. The reservoirs are mainly
Tertiary sandstones. Accumulations are in stratigraphic traps or in
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salt flow structures. The play is largely confined to the slope.
Sixty-five percent of Brazil’s oil reserves are in these reservoirs.

Individual Basin Assessment

Southern Rifted Continental Margins

General. The southern portion of the Brazilian rifted
continental margin basins, i.e., those south of the easternmost
point of Brazil (fig. 2), are geologically less complicated than the
northeastern rifted margin, the rift basins being essentially an
extensional pull apart, while those of the northern coast have a
strong wrench component. Because of the relative structural
simplicity, the southern margin is discussed and assessed first. Of
the southern rifted basins, the Campos basin is assessed first
because its geology is the best known. From there the two basins to
the south, Santos and Pelotas, are described and assessed and then
the basins progressively northward, the Espirito Santo, the Bahia
Sul and the Sergipe-Alagoa basins. There are two basins sometimes
mentioned in the literature which are not evaluated. The Bahia
Norte basin (between Bahia Sul and Sergipe-Alagoas) is deemed too
narrow to have significant potential and Pernambuco-Paraiba (Recife)
basin is deemed too shallow for petroleum generation.

Campos Basin

Introduction.

Area--Shelf: 6800 sq mi (17600 sq km), Slope: 7400 sq mi
(19200 sq km), Total: 14,200 sq mi (36800 sq km).

Reserves~-- 7.44 BBO and 4,52 TCFG (estimated from published
Petrobras data) (7.29 BBO and 8.959 TCFG from Petroconsultants
data).

Description of Area--The Campos basin is situated off the
central southeastern coast of Brazil. The basin, as defined here,
extends from the faulted hinge-line, lying sub-parallel to the coast
through Cabo de Sao Tome, basinward to the continental-oceanic crust
boundary (COB), approximately at the base of the continental slope,
near the 6500 ft (2000 m) isobath. It is generally limited by the
basement arches of Vitoria to the north and Cabo Frio to the south
(fig. 7 and 2).

The Campos basin, as the most explored of the marginal rift
‘basins, serves as a prototype for the lesser known basins. This
applies especially to the structural framework. Figure 5 shows
diagrammatically the structural evolution of the Campos basin and
its effects on the sedimentation. The actual geology is
considerably more complicated, however, as indicated by the map of
the density of the rifting (fig. 4).
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Stratigraphy

General. The Campos basin stratigraphy is portrayed in Figure
8. The Neocomian sedimentary strata are the graben-fill of the rift
sequences, made up of volcanics and overlying, largely lacustrine
source shales containing fresh-water coquina beds and some
sandstones, the lower Lagoa Feia Formation. Reservoirs are largely
the coquina banks and fractured basalts. After continental
separation, approximately during the Aptian, interior sag evaporites
and euxigenic source shales, the upper Lagoa Feia Formation, were
laid down in the narrow gulf of restricted marine circulation
between the diverging South American and African continents. Slow,
continuous subsidence during the Albian under deepening marine
conditions led to a shallow carbonate facies (lower Macae
Formation). The effect on the sea-bottom configuration by movement
of the underlying salt was important in controlling the distribution
of the high-energy carbonate reservoir facies. During late Albian-
Cenomanian, the carbonate was drowned by more rapid subsidence
resulting in a Cenomanian-Turonian period of medium to deep neritic
environment into which reservoir turbidites (Namorado Sandstone) of
the upper Macae Formation were deposited. At the end of the
Turonian, bathyal conditions prevailed. Reservoirs are turbidite
sandstones concentrated in depositional troughs controlled by salt
movement (Carapebus member).

In the Paleogene, rejuvenation of the sedimentary source area,
resulted in the deposition of a Tertiary section (Carapebus member),
containing huge turbidites over Cretaceous sediments of the shelf
and particularly the slope. These turbidites are the principal
reservoirs of the basin.

Source Rock. The source rocks of the Campos basin, as well as
the other rifted continental margin basins of Brazil, are
concentrated in three stratigraphic intervals which are well
displayed in a geochemical profile of Petrobas well 1-RJS-76 of the
Campos basin (fig. 9).

1) The Neocomian [Brazilian Buracica and Jiquia stages] synrift
shales. These shales were deposited in interior rift lakes (fig. 5)
and are highly organic with total organic carbon averaging over 1
percent and frequently ranging over 2 percent. The kerogen is
largely type I or type II, high hydrogen index (S2/TOC) indicates
0il prone petroleum (fig. 9). In most of the rift basin this source
sequence is in the thermally mature zone with projected vitrinite
reflectance of 0.6 per cent and over (fig. 9).

2) Interior sag shales of late Neocomian and Aptian age. This
.is a relatively thin sequence, deposited in an elongate narrow
interior gulf between separating continents which was subject to
restricted entry by the sea (fig. 5B and 6). The shale sequence
contains evaporites, carbonates, and euxinic shales containing
organic material (TOC of about 1 percent); however, it is not so
well developed or organically rich in the southern marginal basins
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such as the Campos basin (fig. 9). High hydrogen indices indicate
this source is oil-prone.

3) Postrift shales of middle Cretaceous (Albian-Cenomanian)
have source potential (fig. 9). The organic richness of these
shales appear to be the result of a global anoxic event of the
middle Cretaceous known as OAE-2 (oceanic anoxic event-2), the most
notable of all Cretaceous anoxic events. In most of the marginal
basins, these strata are too shallow to be mature source rock.
However, it may be the main source of the relatively deep Santos
basin. This zone, however, is of only minor source potential in
comparison with the Neocomian lacustrine sequence.

Reservoirs. The reservoirs, briefly mentioned in the earlier
discussion of stratigraphy, will be further discussed under the
individual play analyses. No appreciable reservoirs are in prerift
or interior sag sequences. In ascending order the principal
reservoirs are listed below, the oldest reservoirs first:

1. Synrift reservoirs are relatively sparse and thin. In the
Campos basin reservoirs are fresh water coguina banks, fractured
basalt and probably syndepositional sandstones and conglomerates.

2. Postrift carbonate. Occurs in the Campos and the other
rifted marginal basins and represents transition from interior sag
to marine conditions. It is almost entirely platform limestone of a
restricted to shallow water marine environment (fig. 5C). The
reservoirs are largely secondary porosity zones.

3. Middle Cretaceous, mainly Albian, turbidite reservoirs, as
represented by the Namorado sandstone of the Campos basin, are
sandstone bodies in calcareous shale and marl. They form channel-
fills and extensive blankets and are largely restricted to the
shelf.

4. Upper Cretaceous, Cenomanian-Turonian turbidites, where
occurring on the shelf, are also largely affected by movements of
the underlying salt. Some deposition of these turbidites also
appears to have occurred on the slope, but of a lesser extent.

5. Tertiary slope turbidite reservoirs are dominantly medium
to coarse-grained sandstones. Relative lowering of sea level,
combined with regional uplift including the sandstone provenance of
the adjoining Serra do Mar coastal range, in the Tertiary, resulted
in erosion of submarine canyons and extensive turbidite deposition.

) Seals. The principal seals of the Campos basin are the
Tertiary and Upper Cretaceous shales (of the Ubatuba member of the
Campos Formation) which cover the shelf carbonate Macae Formation,
and cover and enclose the Upper Cretaceous and Tertiary turbidites.
The seals are slope and basinal black shales and moderately to
strongly burrowed, greenish grey marls (Moraes, 1989). These shales
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central Campos basin. Note: Andar Alagoas = Aptian and
Buracica/Andar Jiquia = Neocomian. P=poor, M=moderate,
G=good; VG=very good; pyrolysis terms Sl=free hydrocarbon,
S2=hydrocarbon yield, and S3=released CO2. TOC=total
organic content (modified from Pereira et al, 1984).
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appear to be only moderately effective seals and leakage must be
considerable. However, the relative youth (middle Tertiary and
younger) of the o0il generation and migration indicates that the bulk
of the o0il is still in the principal reservoirs.

Another prominent sealing lithology is also represented by the
Aptian salt of the Lagoa Feia Formation, which is important in
controlling and restricting the primary migration paths from the
synrift source of petroleum to postrift reservoir strata. It is
not, however, an effective seal of any pre-salt, synrift
accumulations as it has been breached by listric faults, necking
around salt-domes, and areas of non-deposition. Most of the
breaching must have occurred during salt flowage which began near
the end of the Cretaceous when the overburden reached some 3300 ft
(1000 m) but largely before the uninvolved, low-dipping Tertiary
strata were deposited. The breaching appears to have been largely
prior to the Tertiary oil generation.

Structure.

General. The structure of the Campos basin taken as the model
for the rifted continental margin of the Brazilian craton region has
been previously discussed. The Campos basin may be unique, as
indicated by Ponte and Asmus’s (1976) subsidence curves, in that
abrupt subsidence took place largely since the Eocene, whereas the
other basins had an initially earlier subsidence over a longer time
span (fig 10).

Traps. The structural traps of the rifted continental margins
are briefly listed, from oldest to youngest:

1. Normal fault traps. These extensional faults formed in the
Jurassic Neocomian rifting. They form closures in tilted fault
blocks localizing synrift reservoir development.

2. Drape Closures. These traps are drapes over the faulted
features. They mainly affect synrift, but also, to a lesser extent,
postrift reservoirs.

3. Salt domes and pillows. The salt deposited during mid-
Cretaceous (Aptian) time began to flow during the Cenomanian,
resulting in structural traps but also stratigraphic traps by
affecting the distribution of later Cretaceous turbidites around and
abutting the pillows and domes.

4. Listric-fault associated traps. Fault blocks containing
Mmainly carbonate reservoirs were tilted into listric faults soled by
lubricating salt.

Aside from structural traps there are several types of
stratigraphic traps:
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(1) Coquina banks of the synrift sequence.

(2) Syntectonic sandstones and fanglomerates associated with
rifting are potential, if minor, traps of the synrift sequence.

(3) The turbidites are largely stratigraphic traps, although in
many cases, closure is partly effected by the listric faulting and
salt doming. The Campos basin’s relatively abrupt Tertiary
subsidence combined with the simultaneous rising of the adjoining
region including the Serra do Mar coastal range and the lowering of
sea level may have been responsible for a perhaps uniquely large
volume of turbidites.

Generation, Migration, and Entrapment. As previously
discussed, there is well-documented geochemical evidence for good to

excellent source shales within the zone of oil-generation. The
resolution of migration paths in the Campos, and most of the rifted
marginal, basins is simplified by the fact that the primary source
is a single unit, the Lower Cretaceous lacustrine shales, and
further resolved that in the Campos basin, and most marginal basins,
these source shales are the only thermally mature strata in the
basin.

The timing of the migration in the Campos basin is important
and may, to some extent, be unique since migration appears to be
later than in the other marginal basins. According to the Ponte and
Asmus (1976) curves (fig. 10) the Campos basin's abrupt subsidence
took place largely since the Eocene so that only by mid-Tertiary,
the oldest source shales (120-140 MY) would have reached a
sufficient depth of about 10,000 ft (3 km) which, if the present-day
thermal gradient of 1.3°F/100 ft (23.36°C/km) (Jahnert, 1982)
remained constant, should be about the top of the oil-generating
zone. The uppermost lacustrine source shales would have only
reached the oil-generating zone in the Quaternary. This late
maturation would cause migration to occur after the breaching of the
Aptian salt layer, after and during trap formation including the
Tertiary turbidites. Perhaps, equally important, the late migration
allows less time for leakage through the Tertiary shale seals.

Plays. The geology of the Campos basin indicates that four of
the six potential plays of the Brazilian rifted continental margin
basins are prospective in the Campos basin. The prospects of the
prerift play and the interior sag or transitional play are
considered negligible in this sector of the coast.

1) The synrift play. Petroleum is in Neocomian coquina banks
.and fractured basalts and may be regarded as a single drilling
objective over paleo-highs. Some petroleum may occur in syntectonic
sandstones and conglomerates. The amounts of oil and gas recovered
are relatively minor.
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2) Postrift carbonate play. The reservoirs are Albian
carbonates which are affected by gravity tectonics of the underlying
Aptian salt. 0il may have been trapped in domes, pillows and more
importantly, tilted blocks associated with salt-soled listric
faults. The play is restricted to the shelf and may be largely
explored.

3) Postrift shelf turbidites. Petroleum is mainly in
Cretaceous turbidites reservoirs in a progressively subsiding shelf.
Distribution and facies of the reservoirs are governed by the salt-
affected paleotopography. Closures include stratigraphic traps,
salt structure, and fault traps.

4) Postrift slope turbidites. Turbidites are primarily of
Tertiary age and secondarily of late Cretaceous age. Turbidite
traps are largely stratigraphic, but may also be associated with
salt doming and listric faulting.

Exploration history and petroleum occurrence. Systematic
exploration of the Campos basin began in 1968 with marine seismic
and other surveys. The first offshore wildcat was drilled in 1971
and the first discovery (Garoupa Field) (fig. 11) was made in 1974
after 11 dry holes. The discovery was followed by many others
resulting, by 1982, in 26 oil and 3 gas fields located on the shelf
(considered by Petrobras to extend to the 400-meter [1300 ft]
isobath). The first wildcat located beyond the 400-meter isobath
was drilled in 1982 and the first slope discovery was made in 1984
in water depths of 866 ft (383 m). Since 1983 the rate of drilling
success has substantially increased (to 50 percent giving an overall
average of about 40 percent), a key factor being the high quality of
the seismic data, notably 3-D seismic shooting, quantitative
amplitude mapping, and other techniques allowing the delineation of
turbidite traps. In November 1984 the continental-slope turbidite
accumulation, Albacora, with reserves of over 1.0 BBO, was
discovered, and a similar accumulation, Marlim, adding some 4.00 BBO
to the reserves, was discovered in February 1985. In May of 1991 a
further slope turbidite discovery, Barracuda, was made, raising the
reserves an estimated 1.1 BBO.

By the end of 1988, 484 "exploratory wells," and 148,000 mi
(239,000 km) of seismic line including 78,000 mi (126,000 km) of 3-D
seismic were accomplished resulting in the discovery of 42 petroleum
accumulations (fig. 11) (Figureredo and Martins, 1990). The
wildcats had a reported over-all success of 16 percent (indicating
some 262 wildcats.)

Figure 12 is a graph showing the amount of cumulative oil and
gas discoveries versus the cumulative number of wildcats (data from
Petroconsultants 1989, which is not entirely complete and does not
include the 1991 Barracuda discovery). The initial steep incline
from 0 to 60 wildcats reflects the high success of the first surge
of shelf structural discoveries. The gentler slope from 60 to 130
wildcats reflects the lower, more stable, continued rate of success
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in the exploration for shelf structures averaging about .7 MMBO and
.7 BCFG per wildcat. The increased oil-slope from 130 to 185
wildcats probably indicates the additional success of stratigraphic
trap, largely shelf turbidites, exploration. The abrupt very steep
ascent from 180 to 200 wildcats denotes the slope turbidite
discoveries. The continued ascending slope after 200 wildcats
signifies that the exploration of the slope is still immature and of
high potential. The 1991 discovery of the Barracuda giant field
(data as yet largely unavailable) is not reflected in this curve.

The petroleum of the rifted continental margin appears to be
around 90 percent oil and 10 percent gas on an oil-equivalent basis
and almost all the gas is associated gas. For estimation purposes,
it is assumed from the literature (Figueirado and Martins, 1990, and
Freire, 1989) that the GOR of 762 CFG/BO would apply to the shelf
plays and the less gaseous 575 CFG/BO would apply to the slope
turbidites.

The 1990 oil and gas recoverable reserves amounting to 6.34 BBO
and 3.89 TCFG for the Campos basin, broken down in the various plays
or formations, are shown in Table II. An estimate of the 1992 total
reserves of 7.44 BBO and 4.52 TCFG is made by a final addition to
Table II of the estimated reserves of the 1991 Barracuda slope-
turbidite discovery (Petrobras, 1992).

Table II is derived from in-place oil and in-place oil-
equivalent reserve figures (prior to the 1991 Barracuda discovery)
of Figuieredo and Martins, 1990, which are combined with recovery
factors indicated in the literature (Baumgarten et al 1988, and
Friere, 1989). To approximately fit the reserves of the formations
and time-stratigraphic units, used by Petrobras in their estimates,
to the plays defined by tectonic sequences used in this study, the
Petrobras reserves of the Senonian and Tertiary are assumed to be
largely in the slope play (and the pre-Senonian to the shelf plays).

It should be pointed out that Petrobras's indicated oil
recovery factors appear conservatively low (perhaps only considering
primary recovery) so that Table II derived recoverable o0il and gas
reserves are correspondingly conservative. For instance, the
recoverable reserve estimates of Petroconsultants (1989) for the
Campos basin amount to 7.3 BBO and 8.9 TCFG against the 1990
estimates of 6.34 BBO and 3.89 TCFG arrived at in Table II.

Estimation of Undiscovered 0il and Gas

General. For this study there appears to be four distinct
plays of the six possible major plays of a rifted margin;
however,for lack of sufficient information, two have been combined
so that three plays are described and assessed separately. The
plays are: 1) a synrift play, 2) a postrift shelf carbonate and
shelf turbidite play which are combined as a single shelf play, and
3) a slope play. For convenience in dealing and comparing with the
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limited data, it is assumed that the Lower Cretaceous (Neoconian to
Turonian) prospects are largely restricted to the shelf and that the
Upper Cretaceous (Senonian) and Tertiary prospects to the slope.

Assessments of these three plays, based on indirect evidence
such as analogies and field-size distribution, will be compared with
the published play analysis of Petrobras. The Petrobras play
analyses and estimates (Figuieredo and Martins, 1990), however, are
reported in oil-equivalent and in-place terms, and relate to
prospects in eight formations rather than the three plays as limited
by data available for this study; furthermore, the dat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>