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ABSTRACT 

Two canyon-filling, coarse-grained turbidite systems have 

been studied, essentially at the oil-field scale, in immature 

passive margin basins of eastern Brazil. Three oil fields were 

chosen for detailed study from a group of over 120 turbidite 

oil fields distributed along the eastern Brazilian margin; 

Carapeba and Parga fields {tabular or lobate reservoirs, 

Coniacian/Santonian to early Maastrichtian, Campos basin), and 

Lagoa Parda field {channelized reservoirs, early Eocene, 

Espirito Santo basin). The three oil fields combined contain 

162 wells {20 cored), with average spacing of 200- 500 m. 

The carapebajPargo turbidite system contains 181 - 198 

coarse-grained turbidites, each with a thickness in the 0.5 -

12 m range. There are eight facies successions, 27 - 140 m 

thick. Each succession contains between 7 and 58 turbidites. 

Most of these successions become finer-grained upward and 

downcanyon, and their younger or more distal turbidites tend 

to become thinner-bedded and more discontinuous. The 

carapebajPargo turbidite successions form 1 - 12 km wide, non­

channelized, tabular or lobate sandstone bodies. They were 

stacked in an overall retrogradational pattern for at least 2 0 

km, recording the backfilling of the Carapeba/Pargo canyon. 
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The Lagoa Parda turbidite system contains unstratified, 

coarse-grained turbidites up to 6 m thick, with interbedded 

bioturbated mudstones and thin-bedded(< 70 em), stratified, 

fine-grained sandstones. The coarse-grained facies fill 38 

deeply-incised channels; these channel fills are 9 - > 50 m 

thick, 210 - > 1,050 m wide, and > 1 km long. The finer­

grained facies build asymmetrical levees that are higher and 

thicker on the left side (looking downstream) of their 

associated channels. Nine levee successions (up to 50 m thick) 

are associated with the 20 youngest channels. The overall 

Lagoa Parda turbidite system is characterized by channel fills 

that become narrower, thinner, and finer-grained upward. As a 

result of the common amalgamation of channel fills, and the 

partial preservation of levee deposits between channel fills, 

Lagoa Parda reservoirs show a complicated, multi-storied sand 

body geometry. 

Coarse-grained turbidite successions that fill canyons 

were developed in the eastern Brazilian margin during relative 

sea level falls that punctuated the overall transgressive 

setting of the late Cretaceous and early Tertiary. Only a few 

of the turbidite successions studied here can be correlated 

with global, eustatic sea level curves. Most of the relative 

sea level falls probably resulted from increased sediment 

supply, which, in turn, would have responded to tectonic 

reactivation in the source area and basin margin, andjor to 

climatically-controlled denudation rates in the source area-. 
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1. INTRODUCTION 

1.1. TURBIDITY CURRENTS AND TURBIDITES: A BRIEF HISTORICAL 

BACKGROUND 

Density underflows were originally recognized in swiss 

lakes more than a century ago (e.g. Forel, 1885, 1892) • 

However, turbidity currents and their deposits have been 

extensively studied only since the publication in the early 

1950's of three benchmark papers; "Turbidity currents as a 

cause of graded bedding" (Kuenen and Migliorini, 1950), 

"Sedimentary history of the Ventura basin, California, and the 

action of turbidity currents" (Natland and Kuenen, 1951), and 

"Turbidity currents and submarine slumps, and the 1929 Grand 

Banks earthquake" (Heezen and Ewing, 1952). These three papers 

combined flume experiments, outcrop studies, foraminiferal 

paleontology and paleoecology, and oceanographic data, to 

demonstrate that coarse-grained sands can be transported into 

deep water by turbidity currents and be deposited as graded 

beds. 

Bouma (1962) elegantly grouped the most important 

turbidite sedimentary structures into the "Bouma sequence". 

1 
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Harms and Fahnestock (1965), and Walker (1965) recognized the 

hydrodynamic significance of the individual sedimentary 

structures that comprise the Bouma sequence; this, in turn, 

became a widely-used facies model. The 60's also record 

important advances in the experimental modelling of turbidity 

currents, particularly regarding their movement and deposition 

(e.g. Middleton 1966a, 1966b, 1967). 

Some important depositional models for submarine fans 

were published in the literature during the 70's. These models 

were based on descriptions of outcrops (Mutti and Ricci 

Lucchi, 1972, 1974, 1975; Mutti and Ghibaudo, 1972), on the 

acoustic and seismic characterization of recent fans (Normark, 

1970, 1978), and also on the integration of both sources of 

information (Walker and Mutti, 1973; Walker, 1978). Despite 

their differences, all of these channel-feeding-lobe models 

typically have three major morphologic divisions (Fig. 1.1). 

These models are described briefly below, although they have 

now been replaced by larger-scale models based on seismic 

studies of modern fans. 

The upper fan portion comprises one single, large channel 

or fan valley, characterized by prominent levees, where 

lenticular conglomerates and massive sandstones tend to 

accumulate. The middle fan is typified by depositional lobes 

(named "suprafan lobes" by Normark, 1978). In the upper parts 

of the depositional lobes turbidity currents flow through many 

channels, which are narrower and shallower than the single 



Fig. 1.1 -Walker's (1978) submarine fan model. 
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leveed-channel of the upper fan; they also have poorly 

developed levees. Massive and stratified sandstones tend to be 

deposited within the smaller channels of the middle fan, 

whereas thick-bedded turbidites with Bouma sequences 

accumulate preferentially on the unchannelized outer portions 

of the middle fan. The lower fan is a topographically smooth, 

low-gradient area, characterized by the accumulation of 

hemipelagic muds and thin-bedded turbidites. 

During the 80's, significant improvements in the acoustic 

and seismic characterization of recent fans have changed the 

ideas about the internal composition of submarine fans, and 

their growth patterns. The best-studied recent fans are the 

Amazon (Damuth et al., 198Ja, 1983b, 1988; Manley and Flood, 

1988; Flood et al., 1991), Indus (McHargue .and Webb, 1986; 

Kolla and Coumes, 1987; McHargue, 1991), Mississippi (Bouma et 

al., 1985b, 1989; Weimer and Buffler, 1988; Weimer, 1989, 

1990), and Rhone (Droz and Bellaiche, 1985). The data show 

that the upper and middle portions of these submarine fans 

consist of mud-rich, channel-levee systems (Fig. 1.2). The 

terminology "channel-levee system" was introduced by Damuth et 

al. (198Jb, p.470) to designate "a depositional-erosional 

channel perched atop a wide natural levee • . • that builds 

upward and laterally through time by overbank spilling" (Fig. 

1.2). Equivalent terms provided by the literature are 

"lenticular acoustic unit" (Droz and Bellaiche, 1985), and 

"fanlobe" (Bouma et al., 1985b). The channel-levee systems 



Fig. 1.2 Watergun seismic profile and line-drawing 

interpretation of upper (ULC) and lower (LLC) levee complexes 

of the Amazon fan (Manley and Flood, 1988). Individual 

channel-levee systems are identified within these levee (or 

channel-levee) complexes. Units R and DF represent widespread 

mass transport complexes. Typical seismic facies of channel 

fills (cf), levees (lev), non-channelized turbidites (net), 

and mass transport complexes (mtc) are indicated. 
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frequently overlap, coalesce, or interfinger laterally, 

forming large tongue-like or elongate bodies named "channel­

levee complexes" (Figs. 1.3 and 1.4). Observations from these 

recent fans contrast with the emphasis on lobe deposits given 

by the channel-feeding-lobe models. 

The decade of 1980 was also characterized by criticism of 

the channel-feeding-lobe models (e.g. Nilsen, 1980; Walker, 

1980, 1984; Shanmugam and Moiola, 1985, 1988; Mutti and 

Normark, 1987), leading to proposals of alternative models or 

facies schemes (e.g. HsU et al., 1980; Stow et al., 1982; Chan 

and Dott, 1983; Heller and Dickinson, 1985; Mitchum, 1985; 

Mutti, 1985; Bruhn and Moraes, 1988; Nelson et al., 1991; 

Peres, 1993). Some of the major points raised by these studies 

concern: (1) the longitudinal distribution of turbidites along 

the axis of tilted, elongated basins (e.g. HsU et al., 1980); 

and (2) the almost continuous turbidite accumulation along the 

base of the slope in basins characterized by a line source. In 

this situation, the turbidite successions can form (1) thick, 

basin-margin wedges or aprons (e.g. Stow et al., 1982; Nelson 

et al., 1991), or (2) aggrading ramplike features fed by a 

network of deltaic channels (e.g. Chan and Dott, 1983; Heller 

and Dickinson, 1985). These models provided an important 

alternative to the submarine fans fed by discrete submarine 

canyons (point source), commonly oriented perpendicularly to 

the basin margin (e.g. Mutti and Ricci Lucchi, 1972; Walker, 

1978; Fig. 1.1). 



Fig. 1.3 - Major morphologic features and physiographic 

boundaries of the Amazon fan (Damuth et al., 1988). Sinuous 

distributary channels on upper and middle fan were mapped from 

sonographs. Successive channel-levee formation and abandonment 

built two broad channel-levee complexes composed of 

overlapping, coalescing segments of channel-levee systems 

across the present fan surface. The western and eastern 

channel-levee complexes defined by Damuth et al. (1983b, 1988) 

are included in the upper channel-levee complex of Manley and 

Flood ( 1988) (Fig. 1. 4) • 
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Fig. 1. 4 - Schematic diagram across the Amazon fan at the 

upper to middle fan transition, showing a cyclic growth 

pattern of channel-levee complexes (Manley and Flood, 1988). 

DF is debris flow. 
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However, the major contribution from the debate of the 

SO's was the recognition that the development and internal 

architecture of turbidite systems may be controlled 

allocyclically, particularly by tectonics, sediment supply, 

and sea level fluctuations (e.g. Mutti, 1985; Stow et al., 

1985; Mutti and Normark, 1987; Posamentier and Vail, 1988; 

Vail et al., 1991). This new perspective contrasts with the 

purely autocyclic and sedimentological view represented by the 

channel-feeding-lobe models (e.g. Normark, 1970, 1978; Mutti 

and Ricci Lucchi, 1972; Walker, 1978). The allocyclic 

perspective can be exemplified by Mutti's (1985) model (Fig. 

1.5), and Exxon's sequence stratigraphy (e.g. Posamentier and 

Vail, 1988; Haq, 1991; Vail et al., 1991; Fig. 1.6), which 

rely heavily on sea level fluctuations to explain the 

development of submarine fans. On the other hand, the 

influence of tectonics and sediment supply on turbidite 

sedimentation has been under-emphasized, despite the fact that 

tectonic effects can be well-illustrated in many basins (e.g. 

Prosser, 1993; Silva, 1993). 

In recent years, research on turbidites has been more 

intense than ever, largely due to technological advances in 

the tools for oceanographic studies (e.g. high-resolution, 

continuous seismic-reflection profiling, side-looking-sonar 

imaging, and industry-quality coring techniques), and the 

growing economic importance of turbidite systems as petroleum 

reservoirs. Syntheses of the most important recent advances on 



Fig. 1.5 - Mutti's (1985) fan types. Three types of submarine 

fans (a) are related to three stages of fan evolution (b) . The 

different scales of turbidity currents are related to the size 

of slope failures, which is thought to be related to the 

position of relative sea level (b). 
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Fig. 1.6 Exxon's sequence stratigraphy, summarized in 

conceptual cross sections in relation to depth (a) and 

geological time (b) . The sections show stratal geometry, 

systems tracts, and the distribution of siliciclastic facies 

within unconformity-bounded depositional sequences (modified 

from Vail, 1987, by Christie-Blick, 1991). Systems tracts: LST 

= lowstand systems tract; TST = transgressive systems tract; 

HST = highstand systems tract; and SHST = shelf margin systems 

tract. Sequence boundaries: sbl = type 1; and sb2 = type 2. 

Other abbreviations: iss = interval of sediment starvation; ts 

= transgressive surface (corresponding to the time of maximum 

regression); iv =incised valley; sf= slope fan; bff =basin 

floor fan. 
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turbidite studies have been presented in many books, including 

those by Nelson and Nilsen ( 1984) , Bouma et al. ( 1985a) , 

Wilgus et al. (1988), Pickering et al. (1989), Brown et al. 

(1990), Weimer and Link (1991a), Mutti (1992), and Walker and 

James (1992). However, after more than 40 years of research on 

turbidity currents and turbidites, it is clear that there is 

no general model available for the description, 

interpretation, and prediction of the variety of turbidite 

systems observed in modern and ancient basins. Future models, 

in order to have a wide applicability, will have to combine 

the effects of allocyclic and autocyclic controls. It also 

seems inevitable that any attempt at synthesis will have to be 

supported by a large number of case-histories, which in turn 

must be derived from seismic, well-log, core, and outcrop 

studies. 

1.2. DEFINING THE SCIENTIFIC PROBLEM AND THE DATA BASE 

This section is intended to present and justify the main 

scientific aims of this thesis, and characterize its 

supporting data, particularly in terms of general geological 

setting, type of turbidites studied, and scale of approach. 

Turbidites are major petroleum reservoirs in more than 80 

sedimentary basins worldwide; in the North Sea, California, 

and eastern Brazil combined they contain a volume of 
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recoverable oil exceeding 25 billion barrels {Weimer and Link, 

1991b). Divergent margins represent one of the most important 

future frontiers for oil exploration in turbidite reservoirs. 

Potential discoveries in these settings are expected in syn­

rift, lacustrine or marine turbidites, or in turbidites 

deposited in post-rift, intracratonic sags or passive margins. 

Therefore, there is an increasing need for models in the 

exploration of turbidite reservoirs in divergent margin 

basins. On the other hand, the large number of oil fields 

already found requires a detailed geometrical characterization 

of turbidite reservoirs to guide oil production. 

Besides their economic importance, immature passive 

margin basins provide scientifically interesting situations to 

understand the combined effects of allocyclic controls on 

turbidite sedimentation. These basins commonly have proximal 

sediment sources, narrow and steep coastal plains and shelves, 

and intense tectonic activity contemporaneous with 

sedimentation. Therefore, turbidite sedimentation in these 

geological settings is very sensitive not only to sea level 

fluctuations, but also to variations in sediment supply and 

tectonic activity. 

Immature passive margin basins also contain many examples 

of turbidite types that have received little attention in the 

literature, particularly coarse-grained channel-levee 

complexes and coarse-grained canyon fills. Mud-rich channel­

levee complexes have been extensively studied in many modern 
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submarine fans (e.g. Damuth et al., 1988; Weimer, 1989, 1990; 

Droz and Bellaiche, 1985). In ancient rocks they have been 

termed "type III systems" (Mutti, 1985; Fig. 1.5), or "slope 

fans" (e.g. Vail et al., 1991; Fig. 1.6). However, there are 

very few examples of coarse-grained channel-levee complexes in 

the literature, most of them from the ancient record (e.g. 

Winn and Dott, 1979; Walker, 1985; Bruhn and Moraes, 1988, 

1989; Morris and Busby-Spera, 1990). 

Although many submarine canyons may be filled essentially 

with fine-grained sediments (e.g. Cohen, 1976; Goodwin and 

Prior, 1989; Galloway et al., 1991), there are also others 

that may include a thick succession of coarse, commonly 

conglomeratic turbidites (e.g. May et al., 1983; Morris and 

Busby-Spera, 1988; Bruhn and Moraes, 1989). Despite the 

economic importance of coarse-grained canyon fills as 

petroleum reservoirs (Weimer and Link, 1991b), these deposits 

are virtually ignored by the channel-feeding-lobe models (e.g. 

Mutti and Ricci-Lucchi, 1972; Walker, 1978; Fig. 1.1), and 

also by the eustatically-driven model of Mutti (1985; Fig. 

1.5) and sequence stratigraphic scheme of Exxon (e.g. 

Posamentier and Vail, 1988; Van Wagoner et al., 1990; 

Posamentier and Erskine, 1991; Fig. 1.6). 

Turbidite systems in general tend to be only partially 

preserved in outcrop (especially mud-rich successions), making 

the geometrical characterization of these deposits very 

difficult. The recognition of turbidite environments 
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(particularly channels and lobes) in many outcropping systems 

has been influenced by the presence of fining (or coarsening) 

upward and thinning (or thickening) upward successions (e.g. 

Ghibaudo, 1980; Link and Nilsen, 1980; Link and Welton, 1982), 

rather than by the external geometry of these deposits. This 

procedure may be subjective and lead to misinterpretations 

(Hiscott, 1981; Walker, 1984, 1992; Heller and Dickinson, 

1985). On the other hand, although recent submarine fans may 

provide entire systems to be studied, they are still poorly 

cored and dated. Thus, the geometrical characterization of 

turbidite systems using subsurface data can be a very 

efficient approach, especially if developed at the "oil-field 

scale". Oil fields· showing a large number of closely-spaced 

wells, a comprehensive production/pressure history, and 

extensive coring of the reservoirs permit a detailed geometry 

and facies characterization of the turbidite reservoirs. 

The main purpose of this thesis is the detailed 

characterization, essentially at the oil-field scale, of the 

internal stratigraphy, reservoir geometry, and facies 

associations of turbidite systems deposited in ancient 

immature passive margin basins. The study is mostly based on 

two turbidite systems, which were selected from a group of 

over 120 turbidite oil fields discovered by PETROBRAS (the 

Brazilian national oil company). Brazilian petroleum-bearing 

turbidites occur in Neocomian_ to Barremian, lacustrine rift 

basins, and in Albian to Miocene, marine passive margin 
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basins; most of these accumulations are distributed along the 

eastern Brazilian margin (Fig. 1.7). The turbidite systems 

discussed in this thesis were chosen in order to represent two 

types of turbidite reservoirs still poorly described in the 

literature, namely coarse-qrained channel-levee complexes, and 

coarse-qrained canyon fills. The selected oil fields are (Fig. 

1. 8) : 

(1) CARAPEBA AND PARGO FZELDS (CONZACZAN/SANTONZAN TO EARLY 

MAASTRZCBTZAN, OFFSHORE CAMPOS BASZN): coarse-qrained, non­

channelized turbidites fillinq a submarine canyon. 

(2) LAGOA PARDA FZELD (EARLY EOCENE, ONSHORE ESPIRZTO SANTO 

BASZN): coarse-qrained, channel-levee complexes, also fillinq 

a submarine canyon. 

Other important criteria for the selection of these oil 

fields include the large number of closely-spaced wells, the 

extensive coring of the reservoirs, the quality of the well 

logs, and the detailed production/pressure history. The three 

oil fields combined contain 162 wells, with spacing averaging 

200 - 500 m. These wells have a comprehensive suite of high­

quality well logs, including gamma-ray, spontaneous potential, 

resistivity, density, neutron, caliper, sonic, and dipmeter 

logs. The studied reservoirs were cored in 20 wells, 

permitting the description of a cumulative 901 m thick 



Fig. 1. 7 - Location map for the most important Brazilian 

sedimentary basins. Eastern Brazilian marginal basins are 

named. 
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Fig. 1. 8 - Generalized geological section for the eastern 

Brazilian marginal basins. Turbidites are highlighted in 

yellow. Geology of the different megasequences is largely 

supported on data from the following basins: continental pre­

rift megasequence Reconcavo basin; continental rift 

mega sequence Reconcavo and Campos basins; transi tiona! 

evaporitic megasequence - Sergipe-Alagoas and Campos basins; 

and marine transgressive and marine regressive megasequences -

Campos and Espirito Santo basins. 
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succession of rocks. 

1.3. THESIS LAYOUT 

Chapter 1 defines the scientific problems investigated in 

this research, and the criteria used to select the data base. 

Chapter 2 comprises an overview of the geology of the 

eastern Brazilian marginal basins, where the studied 

turbidites are located. The chapter discusses age, lateral 

distribution, thickness, and depositional environments of the 

sediments, and also major controlling factors on 

sedimentation, as tectonic setting, sea level fluctuations, 

sediment supply, and climate. Therefore, Chapter 2 represents 

an integrated view of the general geological setting of the 

studied turbidites, which is related to the Neocomian breakup 

of Gondwana, and the subsequent opening of the South Atlantic 

Ocean {Fig. 1.8). 

The two studied turbidite systems are described and 

interpreted separately, in chapters 3 {Carapeba and Pargo 

fields), and 4 {Lagoa Parda field). Each of these chapters 

follows the same organization; location and data base, general 

geological setting, facies characterization, high-resolution 

stratigraphy and reservoir geometry, and sedimentation 

evolution and controls. Readers who do not need the 

descriptive details and sedimentological interpretation of the 
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individual facies, and also the detailed stratigraphy and 

geometrical characterization of the reservoirs, will find a 

summary of these aspects, respectively in pages 152 {Carapeba 

and Pargo fields), and 268 {Lagoa Parda field). 

The main purpose of chapter 5 {synthesis) is to present 

a tentative depositional model for transgressive turbidites 

from immature passive margin basins. Chapter 5 also contains 

a comparative analysis of the two studied turbidite systems 

and widely-used submarine fan models {e.g. Mutti and Ricci­

Lucchi, 1972; Walker, 1978; Mutti, 1985), concepts derived 

from the study of modern submarine fans (e.g. Bouma et al., 

1985a; Weimer and Link, 1991a; and references therein), 

Exxon's sequence stratigraphy {e.g. Posamentier and Vail, 

1988; Van Wagoner et al., 1990; Vail et al., 1991), and an 

outcropping turbidite system showing the same age of the early 

Maastrichtian CarapebajPargo turbidite successions, but 

comprising similar facies to those of the early Eocene Lagoa 

Parda turbidite system {Almada basin; Bruhn and Moraes, 1989). 

This chapter also presents how the major contributions of this 

thesis can be applied to oil exploration and production from 

similar turbidite systems. 

Finally, chapter 6 {conclusions) summarizes the most 

important descriptive aspects, interpretations, and potential 

applications of this research. 



2. GEOLOGY OF THE EASTERN BRAZILIAN MARGINAL BASINS: 

AN OVERVIEW 

2.1. GENERAL GEOLOGICAL SETTING 

The eastern Brazilian marginal basins lie beneath the 

p lresent day coastal plain, continental shelf and slope of the 

~~stern portion of the South Atlantic Ocean. Their tectonic 

a nd sedimentary evolution is linked to the Neocomian breakup 

of Gondwana, and the subsequent opening of the south Atlantic 

Ocean (e.g. Asmus and Porto, 1972; Ponte and Asmus, 1978). 

Eight major eastern Brazilian marginal basins have been 

recognized in an area of about 650, ooo km2 , including the 

Klemme's (1980) Type III (intracontinental rift) Reconcavo 

basin, and also the Type III evolved into Type V (pull-apart, 

divergent/passive margin) basins of Pernambuco-Paraiba, 

Sergipe-Alagoas, Bahia Sul, Espirito Santo, Campos, Santos and 

Pelotas (Fig. 1.7). A large amount of geological information 

about the Sergipe-Alagoas, Reconcavo, Espirito Santo, Campos, 

and Santos basins has been collected by PETROBRAS (the 

Brazilian national oil company), particularly after 1968, when 

offshore exploration for hydrocarbons started. Over 12,000 
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wells have been drilled, and about 700,000 km of reflection 

seismic profiles have been obtained in these 5 basins, which 

contain 91 % of the total Brazilian oil-in-place. 

Since the early 1970's (e.g. Asmus and Ponte, 1973), four 

major tectonic and sedimentary stages have been recognized in 

the eastern Brazilian marginal basins: pre-rift, rift, proto­

oceanic, and continental margin. During the last 20 years, 

understanding of the stages has improved due to extensive 

petroleum exploration conducted by PETROBRAS. Comprehensive 

reviews of the geology of eastern Brazilian marginal basins 

have been provided by Ponte and Asmus (1978), Ponte et al. 

(1980), Ojeda (1982), Asmus and Baisch (1983), Bruhn et al. 

(1988), Chang et al. (1988, 1992), Guardado et al. (1990), and 

Figueiredo et al. (1993). 

The general late Jurassic to recent stratigraphy of the 

eastern Brazilian marginal basins can now be subdivided into 

six megasequences (Fig. 1.8): 

(1) continental pre-rift megasequence (late Jurassic to 

early Neocomian); 

(2) continental rift meqasequence (early Neocomian to 

early Aptian); 

(3) transitional evaporitic meqasequence (mid Aptian to 

early Albian); 

(4) shallow carbonate platform meqasequence (early to 

mid Albian); 



(S) marine transgressive megasequence (late Albian to 

early Tertiary); and, 

(6) marine regressive megasequence (early Tertiary to 

present). 
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These megasequences are bounded by regional 

unconformities that, in the case of the marine successions, 

may become correlative conformities basinwards (Fig. 1.8). The 

only exception is the boundary between the transitional 

evaporitic and the shallow carbonate platform megasequence, 

which so far appears to be gradational (e.g. Guardado et al., 

1990; Koutsoukos et al., 1991) . Each megasequence may be 

composed of one or several sequences [using this term as 

defined by Mitchum (1977), and Van Wagoner et al. (1988, 

1990)]. The age span for each megasequence may vary along the 

eastern Brazilian marginal basins, but significant differences 

are recorded only for the change from a marine transgressive 

to a marine regressive pattern of sedimentation. 

2.2. LITHOSTRATIGRAPHIC, CHRONOSTRATIGRAPHIC, AND 

BIOSTRATIGRAPHIC FRAMEWORK 

Several lithostratigraphic units have been formally 

recognized within the six major sedimentary megasequences of 

the eastern Brazilian marginal basins. Despite the widespread 
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distribution and striking facies similarities presented by 

these lithostratigraphic units, their formal names may change 

from one basin to other. In order to keep this overview clear 

and short, no specific stratigraphic names that make up the 

long (over 120) and complicated list of Mezosoic and Cenozoic 

Brazilian lithostratigraphic units will be mentioned. 

The formal biostratigraphy for the non-marine pre-rift, 

rift, and transitional megasequesences (Fig. 2.1) is based on 

studies of ostracods (11 zones, 26 subzones) and palynomorphs 

(11 zones) (e.g. Schaller, 1969; Viana et al., 1971; Moura, 

1987; Arai et al. 1989; Regali and Viana, 1989). These zones 

bear no similarities to the fauna and flora in early 

Cretaceous type-sections around the world. The difficulties in 

identifying stages of the standard international 

chronostratigraphy led to the formal definition of six local 

stages (Schaller, 1969; Viana et al., 1971): Dom Joao Stage 

including late(?) Jurassic sediments (pre-rift megasequence), 

and the Rio da Serra, Aratu, Buracica, Jiquia, and Alagoas 

stages, embracing successions from the Neocomian to early 

Albian (rift and transitional megasequences) (Fig. 2.1). Some 

attempts have been made to correlate the local Brazilian 

stages to the international standard stages (e.g. Arai et al. , 

1989; Regali and Viana, 1989), but the results obtained are 

still considered preliminary, requiring further investigation. 

Despite these uncertainties, the combined use of the ostracod 

subzones and palynomorph zones permits the breaking of the 



Fig. 2. 1 - Chronostratigraphy and biostratigraphy for the 

early cretaceous, non-marine successions of the eastern 

Brazilian marginal basins. Sources for the different columns 

are indicated at the bottom. 
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Neocomian to Aptian sedimentary succession into 

chronostratigraphic units with average duration of 1.0 m.y. 

{Fig. 2.1). 

The formal biostratigraphy for the three younger marine 

megasequences {Albian to recent) is supported by studies of 

planktonic calcareous nannofossils (52 zones), planktonic 

foraminifera {37 zones), and palynomorphs (31 zones) (e.g. 

Troelsen and Quadros, 1971; Noguti and Santos, 1972; Quadros 

and Gomide, 1972; Regali et al., 1974a, 1974b; Beurlen, 1982; 

Antunes, 1984, 1990a; Shimabukuro et al., 1985; Azevedo et 

al., 1987b). In contrast with the biozones defined for the 

non-marine megasequences, most of the marine biozones can be 

correlated with confidence to worldwide accepted 

biostratigraphic zonations (e.g. Martini, 1971; Sissingh, 

1977; Berggren et al., 1985; Caron, 1985). The calcareous 

nannofossil biozones are particularly useful, permitting the 

discrimination of chronostratigraphic units with an average 

duration of 2.2 m.y. Figures 2.2 and 2.3 present the Albian to 

recent chronostratigraphy and biostratigraphy for the Campos 

basin, which contains most of the marine biozones defined in 

the eastern Brazilian marginal basins. 

2.3. MAJOR CONTROLS ON MEGASEQUENCE DEVELOPMENT 

The eastern Brazilian marginal basins are typical 



Fig. 2. 2 - Chronostratigraphy and biostratigraphy for the 

marine, Albian to Maastrichtian successions of the campos 

basin. Sources for the different columns are indicated at the 

bottom. 
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Fig. 2. 3 - Chronostratigraphy and biostratigraphy for the 

marine, Tertiary successions of the Campos basin. Sources for 

the different columns are indicated at the bottom. 
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examples of passive margin basins, as characterized, for 

example, by McKenzie (1978); they ultimately represent the 

result of a succession of thermo-mecanical processes including 

continental rifting, crustal extension and rupture, and 

subsequent sea-floor spreading. Neocomian to Barremian 

mechanical (rift) subsidence, followed by Aptian to recent 

thermal-contraction subsidence (enhanced by flexural loading 

of sediments), were able to accommodate Mezosoic-Cenozoic 

sedimentary successions over 10,000 m thick. 

The integrated analysis of tectonic subsidence, eustatic 

sea level fluctuations, climate, and sediment supply is 

critical for the understanding of the evolution of the eastern 

Brazilian marginal basins. Chang and Kowsmann (1987), and 

Chang et al. (1988) provided a composite subsidence curve for 

the eastern Brazilian marginal basins (excluding the aborted 

rift of the RecOncavo basin), where they described the 

development of the Neocomian to recent stratigraphy in terms 

of the interaction of tectonic subsidence (extensional and 

thermal) and first-order eustatic sea level fluctuations (Fig. 

2. 4) • Their tectonic subsidence curve is theoretical, based on 

McKenzie's (1978) model. It describes the behavior of the 

lithosphere when extended by 100 % (B = 2.0) or thinned to 50 

% (y = 0.5), which represents a typical situation beyond the 

basin hinge-line, where the stratigraphic succession tends to 

be complete. The syn-rift tectonic subsidence curve was 

simplified, being considered linear (constant rate of about 



Fig. 2.4 - Composite subsidence curve and its relationships 

to the stratigraphic megasequences of the eastern Brazilian 

marginal basins (after Chang et al., 1988). 
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110mfm. y.) • The subsidence produced by thermal contraction 

(cooling) of the lithosphere follows an exponential decrease. 

Considering the rifting age (135 to 120 Ma), the subsidence is 

almost insignificant for the last 60 m.y. (Fig. 2.4). The 

first-order eustatic sea level fluctuations are described by 

the combined use of the curves published by Vail et al. 

(1977), and Pitman (1978), respectively for the time intervals 

before and after 85 Ma. Chang and Kowsmann (1987) insisted on 

using Pitman's (1978) curve, despite the fact that it embraces 

only the last 85 m.y., because it results directly from 

estimates of volumetric variations in the ocean basins. 

In the following sections of this chapter, the six major 

megasequences of the eastern Brazilian marginal basins will be 

described. Each megasequence will be characterized by age, 

lateral distribution, thickness, depositional environments, 

facies associations, and major controlling factors of 

sedimentation, including where possible, tectonic setting, sea 

level fluctuations, climate and sediment supply. The composite 

subsidence curve of figure 2.4 is particularly important for 

the description of the three marine megasequences. 

2.4. CONTINENTAL PRE-RIFT MEGASEQOENCE 

The continental pre-rift megasequence includes a late 

Jurassic, eastward prograding, succession of continental red 
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beds {fluvial, aeolian and shallow lacustrine sediments) 

{Netto, 1978; Bruhn and De Ros, 1987; Garcia et al., 1990), 

overlain by an early Neocomian, southward prograding, 

succession of fluvial, aeolian, and anoxic, shallow lacustrine 

deposits {Netto, 1974; Negreiros, 1990). These rocks overlie 

Precambrian igneous and low- to high-grade metamorphic rocks, 

and also scattered remnants of Paleozoic sedimentary rocks, 

within a large {> soo,ooo km2) intracratonic sag located to 

the north of the Espirito Santo basin {Fig. 1.7). 

Pre-rift sediments reach a maximum thickness of about 

1,200 min the southern RecOncavo basin, but they average less 

than 600 m. No evidence of syn-depositional faulting has been 

recorded in the pre-rift megasequence. Its thickness variation 

is believed to reflect differential subsidence in a basin 

developed by ductile deformation of the subcrustal 

lithosphere, a process that may indicate an early stage of 

rifting {Concei9ao et al., 1988). Also, Netto {1978) points 

out that the radical change in direction of progradation 

recorded by the early Neocomian pre-rift rocks seems to herald 

the onset of rifting between South America and Africa. 

2.5. CONTINENTAL RIFT MEGASEQUENCE 

Syn-rift sedimentation took place along the entire 

eastern Brazilian margin, in response to fault-controlled 
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subsidence related to the stretching of continental crust that 

preceeded the emplacement of oceanic crust. The continental 

rift megasequence contains a large and diverse group of 

siliciclastic, carbonate, and volcanic rocks, formed from 

early Neocomian to early Aptian. These rocks were emplaced in 

several depositional environments, including fresh-water to 

saline, deep to shallow lakes, and also deltas, alluvial 

plains and alluvial fans. 

Continental drift between South America and Africa 

started between 135 and 120 Ma, with most age determinations 

clustering around 125 Ma. These ages are estimated by the 

study of M-series paleomagnetic anomalies in the southern 

South Atlantic Ocean (e.g. Larson and Ladd, 1973; Rabinowitz 

and LaBrecque, 1979; Austin and Uchupi, 1982), by K-Ar dating 

of rift-related volcanic-sedimentary successions (Fodor et 

al., 1983; Mizusaki, 1986), and also by the recognition of the 

earliest marine sediments accumulated in the new-born South 

Atlantic basins (e.g. Ponte and Asmus, 1978; Koutsoukos et 

al., 1991). 

The continental rift megasequence typically accumulated 

in rapidly subsiding, asymmetric half-grabens, which are 

defined by antithetic- and synthetic normal faults involving 

the Precambrian basement (Fig. 1.8). These extensional faults 

commonly can be traced for tens of kilometers, and show 

cumulative throws of as much as 6,000 m. The rift-phase half­

grabens are typically a few tens of kilometers wide, NE-
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trending (roughly perpendicular to the main extension 

direction during the early Neocomian), and they may be 

separated by basement highs, NW-trending transfer faults, 

and/or accommodation zones. 

The composition and structural framework of the 

Precambrian basement exerted a large influence on the position 

and evolution of the eastern Brazilian rifts. The spatial 

distribution of Precambrian provinces with different 

rheological behavior (e.g. cratonic shield areas, polycyclic 

mobile belts and suture zones) was able to control the 

location and orientation of internal and basin-bounding faults 

(Cordani et al., 1984; Milani et al., 1988) • Extensional rift­

phase faults are preferentially NE-oriented, which is the 

major weakness trend present in the eastern Brazilian 

Precambrian basement. 

The rifting between South America and Africa had an 

important bifurcation at the latitude of 13°S (Fig. 1.7), that 

gave rise to two branches: (1) a 450-km long, northward 

trending branch (RecOncavo-Tucano rift), that terminates in an 

ENE-trending graben at its northern end (Jatoba rift); and, 

(2) a NE-trending branch that includes the Sergipe-Alagoas 

basin, and which subsequently became the continental margin of 

South America. The triangular east Brazilian microplate 

(Szatmari et al., 1985) is located between these two branches. 

It was detached from South America and rotated anticlockwise 

by the adjacent African continent during Neocomian and 



35 

Barremian times (local Rio da Serra, Aratu, and Buracica 

stages). As a consequence of this rotation, the easternmost 

rift branch started to develop as a left-lateral transform 

margin with northward-trending, en 6chelon pull-apart grabens 

(Milani et al., 1988). 

During the Neocomian and Barremian, the westernmost rift 

branch (RecOncavo-Tucano rift) was the major site of extension 

and subsidence: its southernmost portion, the Reconcavo basin 

(Fig. 1. 7) , contains a syn-rift sedimentary succession as 

thick as 6,000 m. However, by late Barremian and early Aptian 

times (local Jiquia and Alagoas stages), rifting was aborted 

in the Reconcavo-Tucano rift, and the east Brazilian 

microplate stopped its rotation and became part of the South 

American plate. Meanwhile, the major site of subsidence was 

transferred to the transform Sergipe-Alagoas basin, which had 

previously been undergoing transform motion, but evolved into 

a purely extensional passive margin basin (Milani et al. , 

1988). 

Active and passive rifting styles (Keen, 1985) can be 

recognized among the eastern Brazilian marginal basins. The 

northernmost basins (Pernambuco-Paraiba, Sergipe-Alagoas, 

RecOncavo, and Bahia Sul; Fig. 1.7) contain relatively thick 

pre-rift sediments and do not record volcanic rocks, 

indicating a passive rifting. Conversely, the southernmost 

basins (Espirito Santo, Campos, Santos, and Pelotas; Fig. 1.7) 

record no pre-rift sedimentation, but had a very active, 130-
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120m.y.-old basaltic volcanism (Mizusaki, 1986), typical of 

active rifting. 

During the early and mid Neocomian (local Rio da Serra 

Stage), a series of deep lakes developed in the northernmost 

eastern Brazilian rifts. They were filled mainly by a thick 

succession of dark-coloured organic-rich shales and turbidites 

(Fig. 1.8), and also by subordinate, marginal (shallower) 

oncoli tic calcarenites and ostracod coquinas (e.g. Bruhn, 

1985; Bruhn et al., 1985; Carozzi and Fonseca, 1989). At the 

end of the Rio da Serra Stage, deltas and closely-related 

turbidites and debris-flow deposits prograded over the 

shallowing lacustrine basins (Klein et al., 1972; caixeta, 

1988). The intense seismicity associated with syn-depositional 

faulting seemed to be able to liquefy and modify the original 

sedimentary structures of thick successions of siltstones and 

very-fine- to fine-grained sandstones (Raja Gabaglia, 1991). 

The Rec6ncavo basin contains up to 3,000 m of deep lacustrine 

sediments, accumulated at rates as high as 680 mm/1,000 yr. 

(Silva and Picarelli, 1990). Along the rapidly and extensively 

subsiding eastern margin of the Rec6ncavo basin a thick (up to 

2,000 m) wedge of conglomerates and sandstones was deposited 

by high-density turbidity currents and debris flows (Carozzi 

et al., 1976; Bruhn and Moraes, 1988) (Fig. 1.8). The 

sedimentation of this syntectonic, coarse-grained facies 

assemblage took place continuously from the early Neocomian up 

to the Barremian (Rio da Serra to Buracica local stages) • 
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Palynological studies suggest climatic modifications during 

the Rio da Serra Stage, from warm and humid to cold and arid 

(Regali, 1966). Ostracod studies agree with the 

sedimentological observations, and indicate deep water with 

low oxygen content for the early Rio da Serra Stage, and 

shallow and aerobic environments for the late Rio da Serra 

stage (Tolderer-Farmer et al., 1989; Silva and Picarelli, 

1990). 

In the southernmost Brazilian rifts, the Neocomian record 

(Rio da Serra and early Aratu stages) is restricted to 

alkaline basalts with thin intercalations of volcaniclastic 

and sedimentary rocks. Mizusaki (1986) recognized episodes of 

subaerial volcanism in the Campos basin, characterized by 

explosive red volcanic tuffs, and also subaqueous volcanism 

indicated by an association of basic lavas and lacustrine 

sediments. 

During the late Neocomian and early Barremian (local 

Aratu and Buracica stages) the northernmost lacustrine basins 

became even shallower, and recorded cyclic fluvial-deltaic 

sedimentation (Fig. 1.8) controlled by rapid base-level 

changes in response to climatic variations (Horschutz et al., 

1973; Anjos and Carozzi, 1988). Frequent flooding episodes are 

recorded by widely distributed beds of ostracod coquinas 

overlying delta plain facies. In the western RecOncavo basin, 

a fault-controlled sublacustrine canyon was eroded and filled 

with channelized turbidites (Fig. 1. 8) , contemporaneously with 
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sedimentation in adjacent shallower deltaic systems (Bueno, 

1987; Bruhn and Moraes, 1988) • The accumulation of thick 

deltaic sequences in the RecOncavo basin triggered the 

development of large shale diapirs, by the mobilization of 

late Rio da Serra muddy facies (Fig. 1.8). 

In the southernmost Brazilian rifts the volcanic events 

became less frequent, and the accumulation of volcaniclastic 

rocks interbedded with mudstones and carbonate rocks took 

place in shallow lakes during the Barremian and early Aptian 

(Bertani and Carozzi, 1985a, 1985b; Abrahao and Warme, 1990). 

In the Campos basin this lacustrine succession contains 

stevensite peloids and talc oolites, which characterize 

chemical precipitation in magnesium-rich alkaline lakes (Rehim 

et al., 1986). Bertani and Carozzi (1985a, 1985b) also 

recognize cyclic oscillations in lake salinity, as indicated 

by the interbedding of a high salinity (dolomite/evaporite 

flats and matrix-supported ostracod calcarenites) and a lower 

salinity (grain-supported pelecypod calcarenites) facies 

assemblage. At the edge of these lacustrine basins, and 

adjacent to intrabasinal active highs, a continuous coarser­

grained alluvial fan sedimentation took place (Fig. 1.8). 

The latest stages of rift sedimentation (late Barremian 

to early Aptian, or local Jiquia stage), record different 

facies assemblages along the eastern Brazilian marginal 

basins. In the Sergipe-Alagoas basin, sedimentation is 

characterized by a mixed siliclastic-carbonate succession, 
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comprising lacustrine pelecypod-carbonate banks associated 

with fan delta, fluvial-deltaic, and slope-basin deposits 

(Figueiredo, 1981). The aborted rift of the RecOncavo basin 

records a thick, sand-rich fluvial succession (Netto, 1978; 

Figueiredo et al., 1993) (Fig. 1.8). Farther south, 

sedimentation of coquina beds (bioaccumulated calcarenites and 

calcirudites composed of pelecypods, ostracods, and 

gastropods) became more important in the Campos basin. High 

energy, matrix-free coquinas tend to be found on 

syndepositional structural highs, while organic-rich marls and 

shales occupy adjacent lower areas (Dias et al., 1988) (Fig. 

1. 8) • 

Rift-phase mudstones and marls, ranging in age from early 

Neocomian to early Aptian (Rio da Serra to JiquiA stages) 

represent the most important hydrocarbon source rocks in 

Brazil (e.g. Estrella et al., 1984; Mello and Maxwell, 1990; 

Figueiredo et al., 1993). Organic geochemistry studies 

discriminate two lacustrine systems for the rift megasequence 

hydrocarbon source rocks: early Neocomian to early Aptian, 

deep, fresh-water lakes (Bahia Sul, RecOncavo, and Sergipe­

Alagoas basins), and late Neocomian, shallow, saline lakes 

(Campos and Espirito Santo basins) (Mello and Maxwell, 1990). 

2.6. TRANSITIONAL EVAPORITIC MEGASEQUENCE 
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The transitional evaporitic megasequence was deposited 

from mid Aptian to early Albian (local Alagoas stage). It 

spreads widely over the post-rift unconformity, which was an 

essentially flat-lying surface covering the tilted and block­

faulted rift megasequence (Fig. 1.8). 

Sedimentation in the transitional megasequence started 

with the accumulation of alluvial fan complexes derived from 

adjacent, faulted highlands (Azambuja et al., 1980; c&ndido 

and Wardlaw, 1985; Dias et al., 1988). These coarse-grained 

deposits are distally associated with lacustrine, finer 

clastic and carbonate facies (Fig. 1.8), including euxinic, 

saline, organic-rich shales (Mello and Maxwell, 1990), and 

stromatolitic and nodular limestones (Dias et al., 1988). 

Aptian shales of the transitional megasequence represent the 

second most important oil-source rock for the eastern 

Brazilian marginal basins, being particularly important in the 

Sergipe-Alagoas basin (Babinski and Santos, 1987; Mello and 

Maxwell, 1990) • The siliciclastic succession of the 

transitional megasequence has a maximum thickness of 50 m 

(aborted rift of RecOncavo basin) to 1,400 m (southern 

Sergipe-Alagoas basin). However, an impressive exception 

occurs at the northern Sergipe-Alagoas basin, where important 

faults were active during the entire Aptian. These faults 

allowed the development of a 5,000 m-thick succession, which 

includes the shallow water facies described above, and also 

turbidite aprons (Bruhn and Moraes, 1988; Abreu and Potter, 
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1990) 0 

A thick evaporitic succession overlies the basal clastic 

sediments of the transitional megasequence. The basal contact 

is mostly smooth, and gently dipping to the east (Fig. 1.8). 

Pereira et al. {1986) estimate an original (pre-halokinesis) 

thickness of up to 2, 500 m for the Santos basin evaporite 

succession, probably the thickest along the entire eastern 

Brazilian margin. These evaporites were deposited in a narrow 

evaporitic seaway (about 3,000 km long, and 400 km wide), 

developed in between South America and Africa, to the north of 

the Pelotas basin (Fig. 1.7), immediately before the opening 

of the South Atlantic Ocean (Leyden et al., 1976). Restricted 

sea-water incursions from the southern South Atlantic Ocean 

(Leyden et al., 1976) , and possibly also from the central 

North Atlantic Ocean (Koutsoukos et al., 1991), allowed the 

precipitation of a complete suite of evaporites (anhydrite, 

halite, sylvite, carnallite, and tachyhydrite) under hot, arid 

climatic conditions (e.g. Szatmari et al., 1979). 

The sedimentation of the transitional megasequence 

occurred simultaneously with the early stages of thermal 

subsidence along the eastern Brazilian margin (Fig. 2. 4) . 

However, evaporite accumulation rates are very high, commonly 

exceeding the combined effects of tectonic subsidence and sea­

level rise. For example, these rates may reach 1,000 cm/1,000 

yr. in the Zechstein basin, 100 cm/1,000 yr. in the 

Mediterranean basin, and 60 cm/1, ooo yr. in the Elk Point 
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basin, Canada (Kendall, 1984). On the other hand, the maximum 

rate of tectonic subsidence is around 25 cm/1,000 yr., which 

is achieved by the oceanic crust during early cooling stages 

(Sclater et al. 1971), and the maximum rate of sea-level rise 

due to volume variations in the mid-ocean ridges reach about 

1 cm/1,000 yr. (Pitman, 1978). Thus, evaporite sedimentation 

seems to be controlled essentially by high evaporation rates 

(climate) and restricted influx of brines (paleogeography) 

(Kendall, 1992). 

2.7. SHALLOW CARBONATE PLATFORM MEGASEQUENCE 

The establishment of truly marine conditions along the 

proto-South Atlantic Ocean took place gradually during the 

early Albian, as indicated by paleoecological and 

sedimentological studies (e.g. Spadini et al., 1988; 

Koutsoukos et al., 1991). Basin subsidence by crustal thermal 

contraction associated with a very important eustatic sea­

level rise during the early to mid Albian (Fig. 2.4) permitted 

the vertical aggradation of a thick {up to 2,500 m in the 

Santos basin) carbonate platform along the eastern Brazilian 

margin (Fig. 1.8). 

Immediately overlying the transitional evaporitic 

mega sequence is a succession of laminated carbonate mudstones, 

bioturbated pelletoidal mudstones, and subordinated oolitic 
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grainstones and fine-grained sandstones, recording the 

sedimentation on tidal flat-lagoon systems (Spadini et al., 

1988). However, with the evolution of the Albian carbonate 

ramp, higher-energy facies tended to accumulate 

preferentially, particularly oncolitic calcarenites. 

Elongated, NE-trending shoals are recognized in the Campos 

basin, which are composed mostly of grainstones and packstones 

containing oncolites, peloids, oolites, and rare bioclasts 

(Esteves et al., 1987; Spadini et al., 1988). Shoaling-upward 

cycles, starting with peloidal wackestones, and followed by 

oncoliticjoolitic packstones and oncoliticjoolitic grainstones 

represent very common facies associations recorded at the 

Santos (Carvalho et al., 1990) and Campos (Spadini et al., 

1988) basins. In between the shoals, lower-energy, finer­

grained carbonates, particularly peloidal calcisiltites, were 

deposited. On the other hand, in the most proximal 

(westernmost) portions of the basins, the deposition of 

siliciclastic, very coarse-grained fan deltas took place 

continuously during the early to mid Albian. This clastic 

wedge represents a continuation of the sedimentation of the 

marginal coarser facies recorded in the transitional 

megasequence (Fig. 1.8). 

During the Albian, the eastern Brazilian marginal basins 

started to undergo a generalized eastward (seaward) tilting, 

which induced the downslope creep of Aptian evaporites by 

gravitational instability (e.g. Dauzacker, 1981; Figueiredo 
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and Mohriak, 1984; Pereira et al., 1986). The salt flowage 

triggered the development of listric faults soling out on 

evaporite beds, rollover structures, and also salt pillows and 

diapirs, which define the typical structural style for the 

post-rift megasequences (Fig. 1.8). Such listric faults 

already influenced the sedimentation on the early to mid 

Albian carbonate platform, with the shallower carbonate facies 

(shoal calcarenites) tending to accumulate preferentially on 

faulted anticlines and rollover crests (Esteves et al., 1987). 

The Albian carbonate platform was mostly developed in 

shallow neritic (< 50 m) waters, as indicated by studies of 

planktonic foraminifera (e.g. Azevedo et al., 1987a; Dias­

Brito, 1987). However, its calcarenites are replaced seawards 

by calcilutites formed in average water depths of about 100 m, 

but never exceeding 300-400 m, as suggested by benthic 

foraminifera recovered by the DSDP Legs 26, 36 and 40 

(Scheibnevora, 1981). The climate during carbonate platform 

deposition was warm and arid, as recorded by the presence of 

xerophytic palynomorphs (Lima, 1983), oolites, peloids and 

micrite-coated grains (Leonard et al., 1981), and very 

negative oxygen isotopes ( &18o = -4 to -5 "-> (Rodrigues and 

Takaki, 1987; Spadini et al., 1988) • Also, the intense 

bioturbation, the light colour of carbonate grains, and the 

low organic carbon content of the finer-grained carbonates 

characterize the early to mid Albian sea as an oxygen-rich 

basin (Dias-Brito, 1987). Hypersalinity prevailed at that 



45 

time, as suggested by the poorly diversified and stunted biota 

(Dias-Brito, 1987; Spadini et al., 1988}, as also by high 

values of carbon isotopes (613c = +3 to +4 •> (Rodrigues and 

Takaki, 1987; Spadini et al., 1988). 

2.8. HARINB TRANSGRBSSIVB KBGASBQOBNCB 

During the late Albian the shallow carbonate platform 

started to be covered by an increasingly deep succession of 

calcilutites, marls, shales, and sandy and conglomeratic 

turbidites, which comprise the marine transgressive 

megasequence (Fig. 1.8). Marine transgressive sedimentation 

took place in response to the combined effects of thermal­

contraction subsidence (amplified by sedimentary loading) and 

a general tendency for eustatic sea level rise (Fig. 2.4), 

which allowed the accumulation of a sedimentary pile as thick 

as 2,400 m (Santos basin). The two turbidite systems detailed 

in this thesis are included in the marine transgress! ve 

megasequence; i.e. the coniacian/Santonian to early 

Maastrichtian carapeba/Pargo turbidite system (Campos basin), 

and the early Bocene Lagoa Parda turbidite system (Bspirito 

santo basin) (Fig. 1.8). 

Marine transgressive sedimentation started with the 

deposition of calcilutites and marls, mostly under deep 

neritic to upper bathyal (100 - 300 m) depths (e.g. Azevedo et 
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al., 1987a; Koutsoukos and Hart, 1990). The progressive sea 

level rise and the increasing water exchange between the South 

Atlantic and North Atlantic oceans lowered the salinity of the 

late Albian sea, allowing biotic diversity and abundance 

(Dias-Brito, 1987; Spadini et al., 1988). The establishment of 

a subtropical high pressure cell over the enlarged South 

Atlantic watermass (Parrish and Curtis, 1982) seems to have 

induced a very important climatic change during the late 

Albian and Cenomanian, from warm and dry to warm and humid 

conditions. This climatic transformation appears to have 

occurred through alternating dry and humid climatic cycles, as 

suggested by rhythmic interbeddings of calcilutites and marls 

(Spadini et al., 1988). Isotopic data for the early Albian to 

early Turonian succession of Campos basin (Rodrigues and 

Takaki, 1987; Spadini et al., 1988) show cS' 18o values increasing 

from -6.0 to -3.0 •· These suggest warm waters for the entire 

period, but also a trend of decreasing temperatures. Also, a 

sharp increase in the o13c values, from +4 to -2 •, indicates 

an enhanced continental runoff (12c-rich waters) due to the 

late Cenomanian/early Turonian wetter climate. 

The increasing sea level rise and the larger clastic 

supply by continental runoff suppressed carbonate 

sedimentation along the eastern Brazilian margin, whereas the 

transgressive megasequence became an essentially 

siliciclastic, muddy succession. In the late Turonian the 

South Atlantic Ocean was fully connected to the North Atlantic 



47 

and Indian oceans, with the establishment of environmental 

stability under truly oceanic conditions (Dias-Brito, 1987). 

Great biological diversity took place, including the 

development of a benthic foraminifera assemblage typical of 

lower bathyal ( 1, 000 to 2, 000 m) depths (Azevedo et al. , 

1987a; Koutsoukos and Hart, 1990). These very deep water 

depths are a function of large basement subsidence. For 

example, seismic data from the Santos basin show a total 

basement downwarping of about 12 km (at a position 200 km 

offshore); of this, little more than 2 km was accommodated by 

normal faulting (Hubbard, 1988). 

The marine transgressive megasequence is characterized by 

sediment starvation, due the combined effects of high 

composite subsidence (Fig. 2.4) and relatively low influx of 

terrigenous sediments. In the Campos basin undecompacted 

sedimentation rates are as low as 0.5 cm/1,000 yr. for the 

succession between 100 and 50 Ma (Mohriak et al., 1990). 

However, increasing salt tectonics created important low areas 

for the accumulation of turbidites. These were emplaced during 

shorter-term sea-level falls within the overall transgressive 

event (e.g. Figueiredo and Mohriak, 1984; Guardado et al., 

1990). 

Several turbidite systems are recognized within the 

transgressive marine megasequence. They can best be studied in 

the Campos basin, where over 900 wells and abundant high­

quality seismic data (113,000 km of 2-D seismic profiles, and 
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126,000 km of 3-D seismic profiles; Figueiredo and Martins, 

1990) permitted the detailed mapping of turbidite systems 

from the late Albian, late Cenomanian/early Turonian, 

Coniacian/Santonian, and Maastrichtian (e.g. Guardado et al., 

1990; Martins et al., 1990). Late Albian turbidites comprise 

sandy accumulations as thick as 100 m, spreaded over areas 

exceeding 200 km2 (CAndido, 1990b; Martins et al., 1990). On 

the other hand, the late Cenomanian/early Turonian, 

Coniacian/Santonian, and Maastrichtian systems tend to be 

confined to narrow(< 15 km), fault-controlled troughs which 

subsided differentially in response to halokinesis (Figueiredo 

and Mohriak, 1984; Becker et al., 1988; Candido, 1990a; 

Martins et al., 1990). The prolonged subsidence along these 

troughs allowed the accumulation of thick successions of 

coarse-grained turbidites, with a maximum thickness of 262 m 

being found in the Coniacian/Santonian system. 

Along the western margin of the Espirito Santo and Bahia 

Sul basins, several large (up to 25 km wide and 100 km long), 

deeply-incised submarine canyons were excavated after the 

Albian (Fig. 2.5). The position of these canyons was 

controlled by the reactivation of rift-phase faults involving 

the Precambrian basement. Each canyon records many phases of 

erosion and filling, largely influenced by sea level 

fluctuations (Antunes, 1984, 1990a, 1990b; Rangel, 1984; Bruhn 

and Moraes, 1989). These canyon-filling sections, which also 

make part of the transgressive megasequence, were deposited in 



Fig. 2.5 - Location map for the major late Cretaceous and 

early Tertiary submarine canyons in the Espirito santo and 

Bahia Sul basins. 
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deep neritic to upper bathyal (200 - 600 m) water depths 

(Azevedo, 1985; Bruhn and Moraes, 1989), from the 

Coniacian/Santonian to the early Eocene. Antunes (1990a) 

recognized at least 9 major phases of erosion within the 

Reg~ncia Canyon (Fig. 2.5), which can be correlated to some of 

the third-order sea level falls suggested by Haq et al. (1987, 

1988). 

During the late Cretaceous and early Tertiary, very 

important magmatic and tectonic activity took place in the 

southernmost eastern Brazilian marginal basins, and also in 

the adjacent craton. Recurrent magmatic activity, from the 

Coniacian to the Eocene, is recorded by alkali basalt 

intrusions and volcanic tuffs in the Santos, Campos, Espirito 

Santo and Bahia Sul basins (e.g. Ponte and Asmus, 1978; Asmus 

and Porto, 1980), and by alkaline rocks intruding the 

Precambrian craton onshore (Almeida, 1983). Large volcanic 

complexes were developed in the Espirito Santo and Bahia Sul 

basins (Fig. 2. 5). The reactivation of basement-attached 

faults led to the uplift (> 2, 000 m) of coastal mountain 

ranges in southeastern Brazil (e.g. the Serra do Mar and Serra 

da Mantiqueira; Fig. 1.7), which are supported essentially by 

Precambrian high-grade metamorphic rocks. The Serra do Mar 

became an important source of coarse-grained sediments not 

only for the proximal, shallow-water systems, but also for the 

widely-distributed, deep-water turbidite systems of the Santos 

and campos basins (e.g. Figueiredo and Mohriak, 1984; Guardado 
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et al., 1990). Macedo (1987) suggests that opposing isostatic 

forces may have kept the Serra do Mar uplifting during the 

development of the entire transgressive megasequence and part 

of the following regressive megasequence: the uplifting force 

was due to the load released by erosion onshore, and the 

downwarping force was produced by sediment load offshore. 

2.9. MARINE REGRESSIVE MEGASEQOENCE 

The marine regressive megasequence is composed of a group 

of synchronous depositional systems (strand plain, fluvial­

deltaic, fan delta, siliciclastic shelf, carbonate platform, 

slope, and deep-basin systems), typically displaying a 

progradational pattern (Fig. 1.8). This succession of rocks 

may attain maximum thickness exceeding 3, 600 m {campos basin) , 

and is mostly Miocene in age. 

The change from a bathyal, transgressive onlapping, to a 

shallowing, regressive offlapping style of sedimentation took 

place at different times along the eastern Brazilian margin. 

Starting in the Santos basin {late Turonian), the onset of the 

regressive megasequence became younger northwards; Paleocene 

in the Campos Basin, early Eocene in the Espfrito Santo basin, 

and late Eocene in the Sergipe-Alagoas basin. 

The development of the regressive megasequence was 

controlled by the combined effects of the pronounced first-
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order eustatic sea level fall following the late Cretaceous, 

the negligible rates of thermal subsidence in the basins that 

formed about 135-120 Ma (Fig. 2.4), and the increasing 

sediment supply (particularly from the uplifted Serra do Mar 

and Serra da Mantiqueira). Along the most proximal portions of 

the basins, the falling sea level was followed by intense 

erosion, which was sufficiently deep in the Campos basin to 

remove the coarser-grained, proximal facies of the 

transgressive megasequence. Differential sediment supply may 

explain the older age of the regressive megasequence in the 

northernmost eastern Brazilian marginal basins (Chang et al., 

1988); high coastal ranges similar to the Serra do Mar and 

Serra da Mantiqueira were not developed in areas north of the 

southern Espirito Santo basins (Fig. 1.7). A lower supply of 

sediment, from topographically lower and more distant areas, 

may explain why the widely distributed, coarse-grained 

turbidite systems of Santos and campos basins have not been 

found to the north, except for the canyon-confined, coarse­

grained turbidites of the Espirito Santo and Bahia Sul basins. 

The continuity of the halokinesis, particularly the 

collapse and evacuation of salt ridges, was responsible for 

the development of depressed catchment areas for turbidite 

systems (e.g. Figueiredo and Mohriak, 1984; Guardado et al., 

1990). Peres (1993) also believes that salt flowage would have 

been capable of increasing the outer shelf slope, triggering 

the development of high-density turbidity currents. However, 
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the most important turbidite systems of the regressive 

megasequence seem to be related to well-known sea level 

lowstands (e.g. Souza Cruz et al., 1987; Azambuja, 1990; 

Guardado et al., 1990; Carminatti and Scarton, 1991) • The 

exposure of large areas of the shelf during periods of sea­

level fall not only was responsible for removing large amount 

of sand from the shelf to basin, but also for carving several 

submarine canyons along the entire eastern Brazilian margin 

(Gamboa et al. , 1986; Antunes et al., 1988; Viana et al., 

1990; Cainelli, 1992; Carminatti and Scarton, 1991). Cainelli 

(1992) recognizes the importance of canyon-truncation of 

carbonate-rimmed shelves on creating pathways for turbidity 

currents. In the Sergipe-Alagoas basin, carbonate-rich 

turbidites and debris flows are related to canyons reaching 

only the upper slope or shelf edge, whereas sand-rich 

turbidites are associated with deeply-incised canyons into the 

shelf (Cainelli, 1992). 

In the Campos basin, three major turbidite systems are 

recognized in the regressive megasequence: mid Eocene, 

Oligocene, and Miocene (Guardado et al., 1990; Martins et al., 

1990}. Mid Eocene turbidites occur as thick, trough-confined 

sand bodies or younger, widely distributed blankets of coarse­

grained turbidites. cumulative isopach maps for the mid Eocene 

turbidites show maximum thickness exceeding 500 m (Martins et 

al., 1990}. Three type-! sequences (Van Wagoner et al., 1988} 

are recognized within the Oligocene succession of the campos 
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basin, with boundaries defined at about 35, 30, and 25 Ma 

(Carminatti and Scarton, 1991). Each one of these sequences is 

characterized by deep erosion on the shelf and slope, and the 

accumulation of lowstand fans on the continental rise and 

abyssal plain. Oligocene turbidites show cumulative thickness 

around 200m (Martins et al., 1990), and can be seismically 

traced for over 6,000 km2 (Peres, 1993). Miocene turbidites 

are still poorly known, but the available isopach maps suggest 

maximum thickness over 175 m, and a wide lateral distribution 

toward the northeastern portion of the basin, where present 

water depth exceeds 1,000 m (Martins et al., 1990). 



3. CABAPEBA AND fARGO liELDS, CAHPOS BASIN 

3.1. LOCATION AND DATA BASE 

The carapeba and Pargo fields are located in the 

northeastern Campos basin, offshore eastern Brazil, in an area 

with a present bathymetry of about 100 m. They comprise two 

independent oil accumulations, 55 to 75 km from the Brazilian 

coast (Fig. 3.1). 

The most important reservoirs of the Carapeba and Pargo 

fields are contained within a thick (up to 286 m) succession 

of late Cretaceous, coarse-grained turbidites, deposited in a 

150 km long, NW- to WNW-oriented canyon (Fig. 3.1). Subsidence 

along listric faults with different orientation and variable 

activity represented the major control on the variable 

orientation and width of the CarapebafPargo canyon and its 

successive filling sections (Fig. 3.2), which show lateral 

extent ranging from 1 to 12 km in the studied area. 

Pargo field was discovered in 1975 by the wildcat RJS-12, 

which was followed by the drilling of 12 step-out wells, and 

also 21 exploitation wells. The reservoirs cover an area of 10 

km2 (Fig. 3.3), and contain an original oil-in-place volume of 

55 



Fig. 3.1 - Net sand map for the Coniacian to Maastrichtian, 

coarse-grained turbidites of the northern Campos basin (after 

Martins et al., 1990). 
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Fig. 3.2 - Typical geological cross section for the Carapeba 

field, showing the Coniacian/Santonian (CRP/PG-S3 to CRP/PG­

S6) and early Maastrichtian (CRP/PG-S7 and CRP/PG-S8), coarse­

grained turbidite successions. Section is transverse to the 

CarapebafPargo fault-controlled canyon. Datum is the 

radioactive S/C log marker (approximate boundary between 

Santonian and Campanian). Several radioactive log markers are 

correlated within the late Cenomanian/early Turonian (CT), 

Coniacian/Santonian (C/S-1, C/S-2, and C/S-3), and 

Maastrichtian (M-1 and M-2) mudstone successions. The 

uppermost turbidite succession (CRP/PG-S8) dates from the 

early Maastrichtian, but there is no log response that can be 

correlated to the boundary between early and late 

Maastrichtian. Well logs used to construct the section: gamma­

ray, resistivity, and density. Vertical scale = 5.8 x 

horizontal scale. 



s 

. . .... M-1 ......... . 
~ 

S/C 

Early Maastrichtian 

CRP/PG - 58: W 
CRP/PG - 57: V 

CRP- 8 

Coniacian/Santonian 

l~~ CRP/PG - 56: CRP/PG- 55: 
CRP/PG- S4: 

1- t I CRP/PG- 53: 

0, R, S, T 
M,N,O,P 
D, E, F, G, H, I, J, K, L 
c 

CRP- 3D 

--
ZZ1 

' ' ' ' ' ._ __ ,- 260 

CRP- 11 RJS - 221 

~ 

~t 
2-----S: 

@)® l 
~ -~ 

_r ~ 

:=-­
.?-- 3000 

1------.J...___,_ 
""::==-- 3200 -

~ 
\ CARAPEBA FIELD CITr 
' ' 
' 

'- ---' ' 

Skm 

PARGO FIELD 
----- -----,, 

' 
' ·- ' ' '-- .. ' 

\\ 
f 

·;;;-

_? 
' < 

< 

57 

CRP- 14 RJS- 19::A CRP- 6 N 
· -~,~----~M~I~D_E_O~C_E_N~E----~----~--~~~~=) [~_ ~ 

l, EARLY PALEOCENE Gamma-rayis: ~ 
LATE MAASTRICHTIAN -e tReoistivity lag 

"-$ 
~-----7LA~=TE~~~AA~S~T~R~IC~H~T~IA7~N--------------} 

~~ _ EARLYM_AASTRICHTIAN ___ ..... . .. ~ ~~~~-~/"~"~~1 1:"'y"'la"'g.;;_M~-l~- :;::--:;;;·""· =· ·:;::· ;=;;;·. 

· -'\: CAMPANIAN if 

? 
~ 
[~ ~ 

~ ~~~;;;;;;;;;;;~ c= ~ ?:[ -;:- -~-~df~===::=J 
- G ~ S:: 

;:i~~~' ==-===========~~ k ~-y ®:: ~ L CAMPOS-
~ @ CONIACIAN/SANTONIA~ -~> 1~ 

, ~--- -.3: -------5- t MACAE 
-:::;:=- ~ ~ . 3200 --->" FORMATION 

- ' Late Cenomanian/early Turonian ~ 
~ turbidites (Namorado Sandstone) ~ 

{ LATE CENOMANIAN/EARLY TURONIAN ~~ 
~~ .~ 
-sj LATE ALBIAN J 
~ <:._ 

"""" i-

~-

t MARINE REGRESSIVE MEGASEClUENCE 

<" 

= 
200m 

t MARINE_TRANSGRESSIVE MEGASEQUENCE----

100 

0 

0 1 2 km 
BRUHN (1993) 

CRP/PG- S8 
.... _CRP/PG- S7 
~ '" " "' '" ""' "'" 

= 
- - . . - . . - . . . - . . . . - . . . 

ICRP/PG - S5 ® 

RP/PG ·· 

® 

- 3200 -

... CONIACIAN/SANTONIAN ... .. .... . 

LATE CENOMANIAN/EARLY TURONIAN 

LATE ALBIAN 

- 3200 -



Fig. 3.3 -Location map of wells and detailed geological cross 

sections in the Carapeba and Fargo fields. Four of these cross 

sections are reproduced in figures 3.21 to 3.24. Dashed lines 

indicate the maximum areal extent of oil accumulations in both 

fields. 
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34 x 106 m3 (214 million bbl), and ultimate recoverable 

reserves of 10 x 106 m3 (63 million bbl) (Becker et al., 1988). 

The 21 producing wells have a typical spacing of 400 to 500 m. 

The reservoirs were cored in four wells (PG-4, PG-27A, RJS-52, 

and RJS-228; Fig. 3.3), which permit the study of a cumulative 

155 m thick succession of rocks. 

Carapeba field was discovered in 1982 by the wildcat RJS-

193A. Subsequent drilling of 18 step-out- and 35 exploitation 

wells permitted the mapping of a giant oil accumulation, 

covering 35 km2 (Fig. 3.3). Carapeba field contains an 

original oil-in-place volume of 99 x 106 m3 (620 million bbl), 

and ultimate recoverable reserves of 29 x 106 m3 (182 million 

bbl) (Horschutz et al., 1992). There are 36 oil-producing 

wells in Carapeba, drilled with an average spacing of 500 to 

700 m. A total of 422 m of rocks were recovered from 9 cored 

wells (CRP-SA, CRP-6, CRP-7A, CRP-8, CRP-9, CRP-11, CRP-14, 

RJS-193A, and RJS-224; Fig. 3.3). 

Carapeba and Parga oil accumulations occur mostly in 

different reservoirs, and both fields present distinct 

oil/water contacts, respectively 3,025 and 3,039 m below sea 

level. However, their reservoirs are part of the same 

turbidite system, where several sandstone bodies or even 

individual turbidites can be traced up to 20 km, from the 

western portion of Carapeba to the eastern boundaries of Parga 

(Fig. 3.4). The present configuration of the oil accumulations 

was defined not only by the facies distribution within the 



Fig. 3. 4 - Geological cross section longitudinal to the 

carapebafPargo canyon. Datum is the base of the widely 

distributed K sandstone. S-1, S/C, M-1 and M-3 are radioactive 

(mudstone) log markers. S/C indicates the approximate boundary 

between Santonian and Campanian. The uppermost turbidite 

succession (CRP/PG-SS) dates from the early Maastrichtian, but 

there is no well log response that can be correlated to the 

boundary between early and late Maastrichtian. Arrows (fu) 

indicate major fining upward successions as defined by density 

logs. Well logs used to construct the section: gamma-ray, 

resistivity, and density. Vertical scale = 14 x horizontal 

scale. 
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turbidite system, but also by a fault system reactivated 

during the Maastrichtian and early Tertiary. These faults had 

a limited influence on the sedimentation of the late 

Cretaceous reservoir sandstones. 

The turbidite system sampled in the Carapeba and Pargo 

fields was studied along a 20-km-long, 8-km-wide area, where 

92 wells were drilled between 1973 and 1987 (Fig. 3.3). These 

wells present a comprehensive suite of high-quality well-logs, 

including gamma-ray, resistivity, density, neutron, caliper, 

sonic, and dipmeter logs. The facies defined in the 13 cored 

wells can be calibrated with well log responses, and hence 

recognized in the non-cored wells. 

Unpublished biostratigraphic reports from the Research 

Center of PETROBRAS are available for 15 wells: calcareous 

nannofossil zones for the wells CRP-11, CRP-14, PG-2, PG-3, 

PG-4, PG-27A, RJS-12, RJS-52, RJS-145A, RJS-193A, RJS-209, 

RJS-221, RJS-222, RJS-228, and RJS-282A; palynomorph zones for 

the wells PG-2, RJS-145A, RJS-193A, RJS-209, RJS-221, and RJS-

222; and foraminifera zones for the wells RJS-12, RJS-52, RJS-

145A, and RJS-193A (Fig. 3.3). 

Seismic profiles do not form part of the data set for 

this study. Because of the large thickness of amalgamated 

coarse-grained rocks, and also their great burial depth (2,900 

to 3,350 m), seismic data still do not achieve sufficient 

resolution for high-resolution stratigraphic analysis and 

detailed geometrical characterization of the late cretaceous 
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turbidite successions in the Campos basin. Nevertheless, 

seismic data published by Figueiredo and Mohriak (1984), Dias 

et al. (1990), Figueiredo and Martins (1990), Guardado et al. 

(1990), and Mohriak et al. (1990) helped to place the studied 

fields in a regional geological context. 

Detailed descriptions of the development of the Carapeba 

and Pargo fields, including the breaking of the reservoir 

succession into distinct oil-producing zones, are presented by 

Becker et al. (1988), Tigre et al. (1988), candide (1990a), 

and Horschutz et al. (1992). 

A few sedimentological and petrographic studies have been 

made of the Carapeba and Pargo reservoirs, including those by 

Moraes (1985), Freitas (1987), Becker et al. (1988), and Bruhn 

and Moraes (1988). This study is the first to provide an 

integrated description of the late Cretaceous turbidite system 

present in both fields, embracing also the non-oil-bearing 

turbidites. 

3.2. GENERAL GEOLOGICAL SETTING 

3.2.1. stratigraphy 

The Carapeba and Pargo reservoirs consist of sandy and 

conglomeratic turbidites, which make part of the marine 

transgressive megasequence recognized throughout the eastern 
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Brazilian marginal basins (Fig. 1.8). These mostly coarse­

grained rocks are included in the Carapebus Member of the 

Campos Formation, which comprises not only the Coniacian/ 

Santonian and Maastrichtian turbidites of the marine 

transgressive megasequence, but also the Eocene, Oligocene and 

Miocene counterparts of the marine regressive megasequence. 

The mudstones that occur interbedded with the coarser­

grained facies of the Carapebus Member are formally named 

Ubatuba Member of the Campos Formation. Calcareous nannofossil 

studies of the mudstones of the Ubatuba Member (Fig. 2. 2) 

allow the recognition of two major turbidite successions in 

the Carapeba/Pargo system (Fig. 3.4): (1) a Coniacian/ 

Santonian succession, up to 262 m thick, and (2) an early 

Maastrichtian sucession, with a maximum thickness of only 24 

m. These coarse-grained successions are separated by an up to 

24 m thick, campanian mudstone package. 

The Coniacian/Santonian and Maastrichtian coarse-grained 

turbidites of the campos basin are largely confined to NNW to 

WNW-oriented troughs, which were established mostly in base­

of-slope settings. At least four major sites for turbidite 

deposition have been recognized in the basin, with the 

northernmost of them being identified only by its westernmost 

marginal portion (Fig. 3 .1). The CarapebafPargo turbidite 

system is located along the best defined trend of turbidite 

deposition (Fig. 3.1). The troughs containing late Cretaceous 

turbidites were eroded into Coniacian/Santonian mudstones of 
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the Campos Formation, or even deeper, into late Cenomanian/ 

early Turonian marls and mudstones of the Maca~ Formation 

(Fig. 3.2). The Coniacian/Santonian turbidite succession may 

overlie a regional unconformity (Fig. 3.4), which is related 

to the erosion of late Turonian sediments. This unconformity 

was carved stratigraphically deeper along the late Cretaceous 

troughs, but it can be largely recognized in the Campos basin, 

even outside these large erosional features. 

Early and late Maastrichtian, and early Paleocene 

mudstones overlie the early Maastrichtian coarse-grained 

succession in the Carapeba and Pargo fields (Fig. 3.4). They 

represent the uppermost section of the marine transgressive 

megasequence in the Campos basin. 

The basal part of the marine regressive megasequence is 

represented in the studied area by late mid Eocene mudstones 

and sandstones, which were deposited over a widespread 

unconformity (Fig. 1.8). A large amount of erosion is related 

to this unconformity, which was responsible for eliminating 

the entire record of the proximal, shallower facies of the 

Coniacian to early Paleocene portion of the marine 

transgressive megasequence. Fig. 3.1 shows the westernmost 

limit of occurrence of the late Cretaceous rocks of the Campos 

Formation. 

3.2.2. Tectonics and magmatism 
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A dense system of listric normal faults influenced 

sedimentation in the Campos basin from the early Albian 

onwards (e.g. Figueiredo and Mohriak, 1984; Esteves at al., 

1987; Peres, 1993). They also controlled the development of 

the large troughs that contain coarse-grained, late Cretaceous 

turbidites (Fig. 3.1). Some of the faults that exerted major 

influence on the sedimentation along the carapeba/Pargo trough 

are shown in figure 3. 2. These faults sole out on Aptian 

evaporitic beds of the transitional megasequence (Fig. 1.8), 

and their establishment as well as episodic reactivation seem 

to be related to evaporite flowage (Figueiredo and Mohriak, 

1984; Guardado et al., 1990). A detailed map for the basement­

detached, post-rift fault system is provided by Guardado et 

al. ( 1990, their figure 39) • Most of these faults strike 

northeast, as basement-attached, rift-phase faults. However, 

subordinate modes of N-, NW-, or even E-W trending faults can 

be recognized. 

In contrast to the offshore area, the tectonism operating 

in the adjacent, onshore Precambrian craton was characterized 

by NE-trending faults that deeply penetrated the basement. The 

continuous reactivation of these faults led to the uplift 

(over 2,000 m) of a coastal mountain range (the Serra do Mar; 

Fig. 1.7), and also to the opening of a series of elongated 

pull-apart basins filled with up to 850 m of late Cretaceous 

(?)and Tertiary sediments (Melo et al., 1985; Marques, 1990). 

Recurrent magmatic activity from the Coniacian to the 
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Eocene is recorded in the Campos basin, particularly in its 

southernmost portion, where alkali basalts and volcaniclastic 

rocks cover an area of more than 10, 000 km2 (Dias et al. , 

1990). A laterally restricted, 96 m thick basalt intrusion was 

drilled about 20 km southeast of the Pargo field, along the 

CarapebafPargo trough. This volcanic intrusion is surrounded 

by Coniacian/Santonian rocks, which comprise a 150 m thick 

turbidite succession. Alkaline intrusions, also recurrent from 

the Coniacian to the Eocene, are recorded in the adjacent, 

onshore Precambrian craton (Almeida, 1983). 

3.2.3. Paleoenvironment 

The fauna described from the Coniacian/Santonian and 

Maastrichtian mudstones of the Campos Formation is very 

diversified, and is typical of open oceanic environments. 

Agglutinated benthic foraminifera characteristic of bathyal 

environments have been described in the CarapebafPargo area 

(Azevedo et al., 1987a). 

A mid to lower bathyal (500 - 2,000 m) association of 

benthic foraminifera has been described in the 

Coniacian/Santonian mudstones. It includes the following 

genera and species: Bathysiphon, Gavelinella beccariformis, 

Gyroidinoides, Haplaphragmoides, Glomospira corona, Glomospira 

charoides, Trochammina globigeriformis, Ammodiscus, Rzeakina 

epigona, Lenticulina, Gaudryina, Hormosina, Dorothia bulleta, 
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Cyclammina cancellata, Spiroplectamina, and Quinqueloculina 

lamarkina. 

The Maastrichtian mudstones contain a lower bathyal 

(1,000 - 2,000 m) association, including the following genera 

and species: Bathysiphon, Ammodiscus, Haplaphragmoides, 

Trochammina globigeriniformis, Spiroplectammina, Glomospira 

charoides, and Cyclammina cancellata. 

Paleobathymetric maps presented by Azevedo et al. (1987a) 

suggest paleodepths between 1,000 and 1,500 m for the 

Carapeba/Pargo area during the Coniacian/Santonian and 

Maastrichtian. These estimates differ from the deep neritic to 

upper bathyal (100 - 300 m) environment indicated for the late 

Cenomanian/early Turonian marls and mudstones, which underlie 

the Coniacian/Santonian turbidites along most of the studied 

area. 

Organic geochemistry studies of the Coniacian to early 

Paleocene mudstones in the Campos basin have measured low 

values for total organic carbon content (typically less than 

1 % by weight), which suggest deposition in a highly 

oxygenated environment (Guardado et al., 1990). 

Palynomorph studies suggest a warm and humid climate for 

Coniacian to Maastrichtian time (Lima, 1983), which is also 

indicated by the common occurrence of plant debris in the 

cores of the Carapeba and Pargo fields. These local 

observations agree with global paleoclimatic reconstructions, 

which suggest a relatively warm and humid climate for the 
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campos basin during most of the late cretaceous (e.g. Parrish 

and curtis, 1982; Parrish et al., 1982). 

3.3. FACIES CHARACTERIZATION 

The description of 577 m of core recovered from 13 wells 

(Fig. 3.3) permitted the recognition of five major facies in 

the Coniacian/Santonian, Campanian and early Maastrichtian 

successions of the Carapeba and Parga fields. These facies 

were distinguished chiefly on the basis of texture, physical 

sedimentary structures, bioturbation, and soft-sediment 

deformation. The facies are given the following names: 

(1) Facies CRP/PG-P1: UNSTRATIFIED, GRADED CONGLOMERATES 

AND SANDSTONES; 

(2) Facies CRP/PG-P2: STRATIFIED SANDSTONES; 

(3) Facies CRP/PG-P3: BIOTURBATED MUDSTONES; 

(4) Facies CRP/PG-P4: DEFORMED, INTERBEDDED MUDSTONES AND 

PINE-GRAINED SANDSTONES; 

(5) Facies CRP/PG-PS: DISORGANIZED, INTRACLASTIC 

MUDSTONES AND SANDSTONES. 

The abbreviations CRP and PG come from the names ~a~ape~a 

and Rargo respectively, and also have been used by PETROBRAS 

to designate most of the wells drilled in these two fields. 
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The facies identified in the Carapeba and Pargo fields are 

named CRP/PG-Fl to CRP/PG-F5, in order to differentiate them 

from those described in the Lagoa Parda field (LP; Chapter 4). 

Figures 3.5 and 3.6 present the facies distribution in 

three extensively cored wells, which were selected in order to 

illustrate most of the facies recognized in the CarapebajPargo 

turbidite system. CRP/PG-Fl (unstratified, graded 

conglomerates and sandstones) is by far the volumetrically 

most important among all of the sandstone-bearing facies 

(CRP/PG-Fl, CRP/PG-F2, CRP/PG-F4, and CRP/PG-F5), comprising 

95 % of the cores of these rocks. 

Readers who do not need the descriptive details, 

sedimentoloqical interpretation, well loq response, and 

reservoir properties of each of the five facies can proceed to 

section 3.4 (Biqh-resolution stratiqraphy and reservoir 

qeometry) or section 3.5 (Sedimentation evolution and 

controls). 

3.3.1. Facies CRP/PG-F1: unstratified, qraded conqlomerates 

and sandstones 

Description: 

CRP/PG-Fl includes essentially unstratified 

conglomerates, conglomeratic sandstones, and very-coarse- to 

medium-grained sanstones (Fig. 3.7), which typically comprise 

normally graded beds ranging in thickness from 0.5 to 12 m 
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LEGEND OF UTHOLOGY, SEDIMENTARY STRUCTURES, TRACE FOSSILS, AND OTHER 

SYMBOLS USED IN FIGURES 3.5, 3.6, 4.6, 4.7, AND 5.7: 

Lithology 

-Mudstone 

t;.;.:;±] Siltstone 

Sedimentary structures 

~ 
L.:......:..J 

[2] . . 

Unstratified 

Parallel-stratification 

1:. · . ·. ·1 Medium- to very fine-grained sandstone 

1·. · . •j Very coarse- to coarse-grained sandstone 

f;o ~ ~oj Pebble- to granule-rich conglomerate 

fi>~~§ Boulder- to cobble-rich conglomerate 

- lntraclastic mudstone 

1~~1 Ripple cross-stratification 

r.:::::::J 
~ Dish structure 

Pillar structure 

1-I'L. I Flame structure 

Median grain-size: p = pebble, g = granule, vc = very coarse sand, c = coarse sand, 

m = medium sand, f =.fine sand, vf = very fine sand, s = silt, c = clay 

Dominant trace fossils 

Zo = Zoophycos 

He = Helminthopsis 

Th = Tha/assinoides 

PI = Planolites 

Op = Ophiomorpha 

Other svmbols 

~ Boulder- to cobble-sized, mud intraclasts 

§ Pebble- to granule-sized, mud intraclasts 

~ Lenticular, discontinuous conglomerates 

Sharp contact 

- Erosional contact 

--"-'- Loaded contact 

-? Poorly-defined contact 

~ w '- Contact disrupted by fluid escape 

~ Slumps 

fJ Burrows 



Fig. 3.5 -Typical facies and respective well log responses of 

the CarapebafPargo turbidite system. Explanation of symbols 

used in this figure is provided in page 70. 
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Fig. 3.6- Typical facies and respective well log responses of 

the CarapebafPargo turbidite system. Explanation of symbols 

used in this figure is provided in page 70. 
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Fig. 3.7 - FACIES CRP/PG-Fl: Unstratified conglomerates and 

sandstones. 

(a) Pebble- to granule-rich conglomerate (pebble diameter < 1 

em). Turbidite P2; well CRP-11; depth: 3,016.8 m. 

(b) Very coarse-grained sandstone. Turbidite Q1; well CRP-11; 

depth: 2,995.0 m. 

(c) Coarse-grained sandstone with pillar structures (p) . 

Sediment comprising pillars is coarser-grained and better­

sorted. Turbidite R1; well CRP-11; depth: 2,986.5 m. 

(d) Medium-grained sandstone with pillar structures (p). 

Sediment comprising pillars is coarser-grained and better­

sorted. Turbidite K4; well PG-4; depth: 3,034.8 m. 
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(Figs. 3.5, 3.6, 3.8, 3.9 and 3.10). Most of the cored graded 

beds are 2 to 4 m thick, starting at the base with 

conglomeratic sandstones or very coarse-grained sandstones, 

and qrading upward to coarse- and medium-grained sandstones. 

CRP/PG-F1 also includes thin (mostly < 1 m) interbeddings of 

bioturbated mudstones, which are similar to the mudstones 

described for the facies CRP /PG-F3. A few qraded beds of 

CRP/PG-F1 are capped by thin (< 1 m) parallel- and ripple 

cross-stratified, fine- to very fine-grained sandstones and 

siltstones (Fig. 3.10). 

The conglomerates recorded in CRP/PG-F1 are 0.1 to 3.5 m 

thick, and are characterized by a gravel content of at least 

30 %, which includes granules and pebbles up to 2 em diameter 

(Fig. 3. 7a) • Conglomeratic sandstones contain 5 to 30 % 

granules and small pebbles(< 1 em), supported by a matrix of 

very-coarse- to coarse-grained sand. They tend to be thicker 

than the conglomerates, with a maximum of 6 m. Most of the 

graded beds consist of very coarse- to medium-grained 

sandstones, characterized by a gravel content smaller than 5 

% (Figs. 3.7b, 3.7c and 3.7d). Mudstone and marl intraclasts, 

typically 1- 3 em diameter (but sometimes exceeding 10 em), 

are found in a few graded beds, preferentially in their 

uppermost part (medium to coarse-grained sandstones) (Fig. 

3. 8) • 

The rocks that comprise CRP/PG-F1 are also characterized 

by poor sorting (a1 = 1.3 - 1.7; Folk and ward, 1957); 



Fig. 3. 8 - PACXBS CRP /PG-P1: Sandstone composed of three 

amalgamated turbidites; their bases are indicated by E2, E3, 

and K4. The lowermost turbidite (K2; at least 7.5 m thick) 

shows a gradation from granule-rich conglomerate to medium­

grained sandstone. Zones strongly cemented by calcite are 

indicated by c. Turbidite K3 (1.3 m thick) comprises very 

coarse- to coarse-grained sandstone. Turbidite K4 ( 8. 0 m 

thick) shows a continuous gradation from conglomeratic 

sandstone to finely-laminated mudstone (m). Most of turbidite 

K4 is composed of medium- to fine-grained sandstone showing 

pillar (p) and stress pillar (s) structures, and also large 

(up to 30 em diameter) mudstone and marl intraclasts (i). 

Sandstone K; well PG-4; depth: 3,029.1 - 3,046.4 m. 
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Fig. 3.9 - FACZES CRP/PG-F1 AND CRP/PG-F4: Sandstone composed 

of two amalgamated turbidites {their bases are indicated by Q1 

and Q3) , which overlies a 4. 8 m succession of deformed 

mudstones and thin-bedded sandstones. Turbidite Q1 {6.2 m 

thick) comprises a gradation from unstratified, conglomeratic 

sandstone to parallel-laminated, medium-grained sandstone. 

Zones strongly cemented by calcite are indicated by c. 

Turbidite Q3 {1.6 m thick) is composed of unstratified coarse­

to medium-grained sandstone with mud intraclasts, and 

parallel-stratified, fine-grained sandstone. The contact 

between Q1 and Q3 is loaded. The mudstones show convoluted 

sand injection structures. Well CRP-11; depth: 2,988.8 

3,001.1 m. 
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Fig. 3.10 - FACIES CRP/PG-Fl: Individual turbidite J3 (7 m 

thick) composed of (from bottom to top) : unstratified, 

granule-rich conglomerate to medium-grained sandstone; 

parallel-stratified, fine-grained sandstone (p); ripple cross­

stratified, very fine-grained sandstone (r); parallel­

laminated siltstone (s); and blocky mudstone (m). Dish 

structures (d) occur in a zone strongly cemented by calcite, 

which is located in the upper part of the unstratified 

sandstone (medium-grained sand). Well PG-4; depth: 3,048.0-

3,055.0 m. 
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subangular to angular grains (Powers, 1953); and low mud 

matrix content {2 - 5 % for conglomerates and conglomeratic 

sandstones, and 4 - 8 % for very coarse- to medium-grained 

sandstones). 

The contacts between graded beds and underlying mudstones 

are typically sharp (e.g. Fig. 3.9), but they may be deformed 

by loading, including the development of flame structures 

(Fig. 3 .11a) and centimeter-sized, ball-and-pillow structures. 

The graded beds capped by stratified, finer-grained sandstones 

and siltstones may grade continuously to mudstones (Fig. 

3.10), or be truncated by the coarser-grained base of the next 

graded bed (Fig. 3 .11b) • However, the most common case is 

represented by graded beds containing unstratified, coarse- to 

medium-grained sandstones at the top, which are truncated by 

the subsequent graded bed, or present a sharp contact with the 

overlying mudstones {Figs. 3.5 and 3.6). The amalgamation of 

successive graded beds results in the development of sandstone 

packages up to 78 m thick without interbedded mudstones (Fig. 

3 0 4) 0 

The graded beds of CRP/PG-F1 are almost exclusively 

normally graded (Figs. 3.5 and 3.6). Two types of normal 

grading are recognized: content grading and coarse-tail 

grading {Middleton, 1967). Content grading, characterized by 

the upward reduction of the mean grain size, occurs 

preferentially in graded beds starting at the base with very­

coarse grained sandstone. The graded beds containing 



Fig. 3.11- FACIES CRP/PG-Fl: (a) Inverse grading from coarse­

grained sandstone to granule-rich conglomerate in a basal zone 

up to 5 em thick. Flame structure occurs at the loaded contact 

with underlying mudstone. Turbidite R3; well CRP-14; depth: 

3,017.4 m. 

(b) Loaded contact between unstratified, very coarse-grained 

sandstone, and thin (4 em thick), ripple cross-stratified, 

fine-grained sandstone. Contact between turbidites 04 and 05; 

well CRP-14; depth: 3,048.0 m. 
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conglomerates and conglomeratic sandstones typically show 

coarse-tail grading in their lowermost portions, where the 

size (and proportion) of the coarsest grains (gravel grade) 

diminishes upwards, while the rest of the population remains 

roughly constant. Very few examples of inverse grading were 

recognized; where present, there is a gradation from coarse­

grained sandstone to conglomerate in a basal zone up to 5 em 

thick (Fig. 3 .11a). Inverse grading occurs at the base of 

graded beds that become normally graded upwards (e.g. 

sandstone R3; Fig. 3.6). 

Fluid escape structures are very common in this facies, 

including mostly pillar and dish structures (Figs. 3.12 and 

3.13). Flat to strongly concave-upward dish structures tend to 

be abundant in graded beds that are thicker than 3 m, , and 

contain a high proportion of poorly-sorted very coarse-grained 

and conglomeratic sandstones (Figs. 3.12 and 3.13a). Pillar 

structures are more widespread than dish structures, occurring 

both in the coarser- and finer-grained portions of the graded 

beds (Fig. 3.7c, 3.7d, 3.8, 3.12, and 3.13b). They range from 

small (< 2 em wide) pillars located between the upward-curving 

margins of dish structures (Fig. 3.12) to large (up to 3 em 

wide and 30 em long) vertical or steeply inclined fluid escape 

channels (Figs. 3.8 and 3.13b). The longer (> 10 em) pillar 

structures occur preferentially in better-sorted medium- to 

coarse-grained sandstones (Fig. 3. 8) • The sediments comprising 

the pillars are composed of coarser sand grains and have a 



Fig. 3.12 -FACIES CRP/PG-Fl: Granule-rich conglomerates, and 

very coarse- to coarse-grained sandstones containing abundant 

fluid escape structures. The larger-scale picture shows that 

fluid escape structures may affect two juxtaposed turbidites 

(N3 and N4). Well CRP-14; depth: 3,062.0- 3,065.8 m. 
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Fig. 3.13 - FACIES CRP/PG-Fl: Fluid escape structures. 

(a) Very coarse-grained sandstone with dish structures (4). 

Turbidite N4; well CRP-11; depth: 3,024.0 m. 

(b) Coarse-grained sandstone with pillars (p) strongly 

cemented by calcite. Differential cementation by calcite is 

also observed in the surrounding, undisturbed sediment. 

Turbidite 05; well CRP-14; depth 3,048.0 m. 
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much lower mud content than the surrounding undisturbed 

sediments (Figs. 3. 7c and 3. 7d). "Stress" pillars (Lowe, 

1975), characterized by sets of narrow, irregularly-shaped, 

light-coloured streaks of sand also have been recognized (Fig. 

3. 8) • 

Petrographic studies of typical rocks of the facies 

CRP/PG-F1 {Freitas, 1987; Becker et al., 1988; Moraes, 1989) 

have described the framework of sandstones and conglomerates 

as composed mainly of quartz (monocrystalline and 

polycrystalline grains), feldspar (chiefly microcline, with 

subordinate plagioclase, orthoclase and perthite), and 

fragments of quartzo-feldspathic, high grade metamorphic 

rocks. The average content of quartz (Q), feldspars {F) and 

lithic fragments (L) vary according to the grain size 

distribution (Freitas, 1987): Q54F32L14 for conglomerates, 

conglomeratic sandstones, and very coarse-grained sandstones; 

Q56F34L10 for coarse-grained sandstones; and Q56F37L07 for medium­

grained sanstones. According to McBride's {1963) 

classification, these are arkoses and lithic arkoses, which 

suggest a continental block provenance (Dickinson and Suczek, 

1979). 

Accessory components are represented by sand-sized mud 

intraclasts, biotite, muscovite, bioclasts (planktonic and 

benthic foraminifera, pelecypods, coccoliths, and radiolaria), 

glauconite, garnet, tourmaline, zircon, and epidote. Except 

for the mud intraclasts {up to 30 %), the accessory minerals 
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represent less than 1 % of the rocks. There is less than 10 % 

of sand-sized mud intraclasts in the conglomerates and 

sandstones, with the exception of the uppermost graded beds 

cored in the Pargo field (sandstones L, M, N, o, and P; Fig. 

3. 4) , which have a mud intraclast content averaging 20 % 

(range 15- 30 %) (Becker et al., 1988). 

The diagenetic mineral assemblage includes mostly 

opal/microquartz and calcite cements, and also very 

subordinate (< 1 %) amounts of quartz, feldspar, anatase and 

pyrite cement (Freitas, 1987; Becker et al., 1988; Moraes, 

1989). The opal and microquartz cements were formed by the 

silicification of mud intraclasts, which have undergone strong 

mechanical compaction, thus producing large amounts (up to 30 

%) of compaction matrix in the uppermost sandstones beds of 

the Pargo field. The calcite cement content averages 5 %, but 

may reach 32 % (Freitas, 1987). Intense cementation by calcite 

is more common along the contacts between the conglomerates or 

sandstones and the interbedded mudstones (Fig. 3.9). However, 

zones with strong calcite cementation (up to 30 em thick) also 

may occur within graded beds, usually showing sub-spherical 

shapes (Figs. 3.8). These restricted, randomly distributed 

calcite-rich zones represent remnants of an original 

widespread calcite cement, which was partially dissolved by 

organic acids in deep burial conditions (Moraes, 1989). 

Interpretation: 
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The thick, unstratified, coarse-grained graded beds of 

CRP/PG-F1 probably were formed by the rapid deposition of 

suspended load carried by high-concentration (or high-density, 

> 1.1 gfcm3) turbidity currents (Kuenen and Migliorini, 1950; 

Middleton, 1967, 1970; Lowe, 1982). Concentration has a 

bearing on flow velocity (as demonstrated experimentally by 

Middleton, 1966a, 196Gb), and therefore competence on basin 

slopes. High-density turbidity currents would be able to 

transport coarse-grained sediments on both steep and gentle 

slopes (Lowe, 1982). 

Except for a very crude stratification suggested by 

concentrations of dish structures in some conglomeratic and 

very coarse-grained sandstones (Figs. 3.12 and 3.13a), the 

only organization displayed by CRP /PG-F1 is grading. This 

localized crude stratification is probably related to 

different rates of deposition from the suspended load. Thus, 

the deposition of CRP/PG-F1 took place mostly at high 

suspended-load fallout rates, which did not allow a sufficient 

time for the development of bed traction (Walker, 1978; Lowe, 

1982) . 

Normal grading is well-defined throughout most of the 

turbidites of the CarapebafPargo turbidite system. Two types 

of grading are recognized: distribution grading, suggesting 

that late-stage turbulence may have retarded deposition of the 

finer grains (coarse- to medium-grained sand); and coarse-tail 

grading, indicating that at least the coarser fraction of the 
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sediment cloud (very coarse-grained sand, granules and small 

pebbles) may have settled as a non-turbulent suspension 

(Middleton, 1967). The thin (< 5 em) inverse-graded deposits 

at the base of a few graded beds (Fig. 3.11a) record the very 

localized development of traction carpets (Hein, 1982; Lowe, 

1982), where concentrated mixtures of coarse sediments are 

maintained at the base of the turbidity current by grain 

collisions (dispersive pressure; Bagnold, 1956). 

The higher content of sand-sized mud intraclasts in some 

thinner-bedded and more distal turbidites in the Pargo field 

(sandstones L, M, N, o, and P; Fig. 3.4) suggests a trend of 

dilution in the high-density turbidity currents responsible 

for the deposition of the graded beds of CRP/PG-F1. Fragments 

of mudstones and marls eroded from the margins and bottom of 

the trough where the turbidites are confined were incorporated 

into the flows and gradually broken into smaller pieces. These 

finer muddy grains would better survive abrasion in turbidity 

currents of lower concentration, but still dense enough to 

transport granules and very coarse-grained sand. On the other 

hand, the larger pebble- to boulder-sized mud and marl 

intraclasts found in the uppermost part of some graded beds 

(Fig. 3.8) probably were derived from the erosion and collapse 

of the canyon margins, and were deposited within a very short 

distance. These large intraclasts could eventually be 

incorporated into the deposits of the same turbidity current 

that induced canyon wall collapse. 
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Fluid escape structures (dish and pillar structures; 

Figs. 3.12 and 3.13) were generated by the expulsion of fluids 

from the rapidly deposited turbidites (Lowe and LoPiccolo, 

1974; Lowe, 1975; Hein, 1982). They are particularly abundant 

in the thicker (> 3 m) graded beds, where a larger volume of 

water permeated through unstable, loosely-packed sediments. 

The dominance of dish structures over pillars in some graded 

beds suggests the presence of a crude stratification in these 

rocks (Figs. 3.12 and 3.13a), which made the escaping fluid 

follow a tortuous pathway. On the other hand, the exclusive 

development of long pillars (Fig. 3.8) characterizes a very 

homogeneous fabric, which allowed quick, vertical dewatering. 

The absence of fluid escape structures in the uppermost 

portion of some graded beds, both in unstratified- and 

stratified sandstones, suggests that dewatering may have taken 

place simultaneously with sedimentation. However, fluid escape 

structures affecting two juxtaposed depositional units also 

have been identified, indicating that dewatering may have 

occurred during and after the deposition of some graded beds 

(Fig. 3 . 12) • 

3.3.2. Facies CRP/PG-F2: stratified sandstones 

Description: 

CRP/PG-F2 comprises thin-bedded, parallel- and ripple 

cross-stratified, fine- to very fine-grained sandstones and 
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siltstones (Fig. 3.14), which occur interbedded with 

bioturbated mudstones (Fig. 3.5). Most of the sandstone beds 

are thinner than 10 em, but thicker (up to 80 em) successions 

also can be recognized. Their basal and top contacts with the 

interbedded mudstones are typically sharp (Fig. 3.14). 

The fine- and very fine-grained sandstones in this facies 

are characterized by poor sorting (a1 > 1.2), relatively high 

silt (> 10 %) and clay (> 5 %) content, and intense calcite 

cementation(> 10 %). The common occurrence of sand-sized mud 

intraclasts, organic matter, and mica flakes help to define 

the sandstone stratification. Convolute lamination is largely 

found in parallel- and cross-laminated sandstones (Fig. 

3 .14c). Petrographic studies of the fine-grained sandstones in 

the Carapeba field indicate an average composition of Q64F33L03 

(Freitas, 1987). 

Bioturbation is common in the sandstones of CRP/PG-F2, 

but is not as pervasive as in the interbedded mudstones. 

Resting (Conichnus ?) and escape trace fossils occur in the 

uppermost portion of the sandstones (Fig. 3.14d), along the 

contacts with mudstones. Also Thalassinoides and Planolites 

may be found in the top portion of sandstones or in the 

interior of siltstones (Fig. 3.14c). 

Interpretation: 

CRP/PG-F2 contains Bouma's (1962) divisions, mainly T~~' 

T~, Ted (Fig. 3.14a), and Tc (Fig. 3.14d). They were probably 



Fig. 3.14 - FACXES CRP/PG-F2: Stratified sandstones. 

(a) Ripple cross-stratified, fine-grained sandstone (c), and 

parallel-laminated siltstone (4) (Ted turbidite) overlying 

bioturbated mudstone containg Zoophycos (Zo). Well PG-4; 

depth: 3,021.5 m. 

(b) Parallel- and ripple cross-laminated siltstone. Well RJS-

228; depth: 3,059.5 m. 

(c) Fine-grained sandstone with convolute lamination, overlain 

by parallel-laminated siltstone. Bioturbation by 

Thalassinoides (Th) and Planolites (Pl) in the top portion of 

the sandstone, and in the siltstone. Well RJS-228; depth: 

3,046.4 m. 

(d) Ripple cross-stratified, fine-grained sandstone overlain 

by bioturbated mudstone. Escape (e) and resting (r) trace 

fossils occur in the top portion of the sandstone. Well RJS-

228; depth: 3,067.4 m. 
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deposited by low-density turbidity currents (Lowe, 1982), with 

slow deceleration permitting the transfer of sediment from 

suspended to bed load, followed by traction sedimentation of 

the Bouma Tb (parallel-laminated) and Tc (ripple cross­

laminated; Figs. 3.14a and 3.14d) divisions (Walker, 1965). 

The overlying parallel-laminated, silty Td division (Fig. 

3.14a) reflects the effects of some traction or near-bed shear 

sorting during deposition, and the laminated to homogeneous, 

muddy Te division is formed by direct suspension sedimentation 

of the finest sediment transported by the turbidity current 

(Walker, 1965) • 

Low-density turbidity currents may continue as residual 

currents following the deposition of the coarse-grained load 

of high-density turbidity currents (Lowe, 1982). The resulting 

low-density turbidity current would be able to deposit its 

finer load immediately above coarser-grained turbidites (Fig. 

3.10), or to bypass areas of high-density turbidity current 

sedimentation. 

3.3.3. Facies CRP/PG-Fl: bioturbated mudstones 

Description: 

CRP/PG-F3 embraces a group of fine-grained rocks, 

including mainly mudstones (silt/clay ratio between 1/3 and 

2/3) and siltstones, and also subordinate shales. Most of 

these rocks are light to dark greenish-gray, but the siltier 



91 

deposits contain more calcite and are paler in colour. The 

most important feature exhibited by this facies is the 

pervasive bioturbation (Fig. 3.15). The degree of bioturbation 

ranges between 30 and 90 % by volume in most of the cores. 

The trace fossil assemblage is largely dominated by the 

ichnogenus Zoophycos, characterized by delicate and well­

preserved, 1 to 8 mm wide, mostly horizontal to gently 

inclined spreiten structures (Figs. 3.16 to 3.18). The 

Zoophycos-making organisms seem to be the first colonizers of 

the fine-grained sediments in the Carapeba and Pargo areas. 

The Zoophycos ichnogenus is extremely abundant in the entire 

Coniacian/ santonian and Campanian successions, and is recorded 

in most of the early Maastrichtian cores. 

Helmintbopsis is the second most widespread ichnogenus. 

The distribution of its tiny, vermicularly-tangled dark fills 

is mostly patchy (Fig. 3.16a). Helminthopsis-makers occupied 

mainly unburrowed muddy facies (Fig. 3 .16a and 3 .17a), but 

also frequently reburrowed Zoophycos (Fig. 3.17b) and 

Thalassinoides (Fig. 3.18a) traces. 

Thalassinoides is a widespread ichnogenus, but almost 

always subordinate to Zoophycos and Helminthopsis. However, 

the colonization by Thalassinoides is particularly pervasive 

in the some intervals in the uppermost Santonian, Campanian 

lnd early Maastrichtian successions (Fig. 3.18). Two major 

:ypes of Thalassinoides are recognized: (1) robust, mud-filled 

:ypes that are frequently reburrowed by Helmintbopsis (Fig. 



Fig. 3.15 - I'ACXBS CRP /PG-1'3 AKD CRP/PG-1'5: Bioturbated 

mudstones and thin-bedded, disorganized intraclastic 

sandstones (is). The intraclastic sandstones show sharp basal 

contacts,. and poorly-defined upper contacts due to the intense 

bioturbation. 8/C is, a clay-rich, dark mudstone, located at 

the boundary between Santonian and Campanian; it makes a high­

radioactivity well log marker, which can be correlated across 

most of the study area. Well CRP-11; depth: 2,961.0 - 2,966.0 

m. 
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Fig. 3.16 - FACIES CRP/PG-F3: Bioturbated mudstones. 

(a) Zoophycos (Zo); Helminthopsis (Be); mud-filled 

Thalassinoides (Th) reburrowed by Zoophycos; mud-filled 

Planolites (Pl); and shell fragments of Inoceramus (In). Well 

CRP-14; depth: 2,989.4 m. 

(b) Zoophycos (Zo); mud-filled Chondrites (Ch); and shell 

fragments of Inoceramus (In). Well CRP-14; depth: 2,986.6 m. 
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Fig. 3.17 - FACIES CRP/PG-F3: Bioturbated mudstones. 

{a) Zoophycos {Zo); and Helminthopsis {Be). Well CRP-14; 

depth: 3,046.9 m. 

{b) Zoophycos, in places reburrowed by Helminthopsis {Zo, Be); 

and mud-filled Planolites {Pl). Well CRP-14; depth: 3,022.6 m. 
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Fig. 3.18 - FACXES CRP/PG-F3: Bioturbated mudstones. 

(a) Zoophycos (Zo); Helminthopsis (Be); robust, mud-filled 

Thalassinoides (Th) reburrowed by Helminthopsis; mud-filled 

Planolites (Pl); Skolithos (Sk); and Arenicolites (Ar). Well 

CRP-14; depth: 2,999.5 m. 

(b) Zoophycos (Zo; first colonizers); two generations of 

Thalassinoides (Th), i.e. a finer sand-filled suite at the 

base, and a coarser sand-filled suite at the top; and sand­

filled Planolites (Pl). Well CRP-11; depth: 2,970.7 m. 
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3.18a); and (2) 1 to 2 em diameter burrows, filled with very 

fine- to very coarse-grained sand, reburrowing thin (< 3 mm) 

Zoophycos spreiten (Fig. 3.18b). 

The ichnogenus Planolites also may be important, 

particularly in some Thalassinoides-rich horizons. It 

comprises mainly mud-filled tubes (Figs. 3.16a, 3.17b, and 

3.18a), with subordinate sand-filled forms (Fig. 3.18b). 

Chondrites occurs in very localized thin-bedded (< 20 em 

thick), dark gray to black mudstones, which may produce high 

radioactivity/low resistivity well-log markers (e.g. marker 

S-1; Fig. 3.4). Chondrites usually represents the only trace 

fossil in these rocks, but a few Zoophycos and Helminthopsis 

may also be preserved (Fig. 3.16b). 

Much less common traces are Palaeophycus, Anconichnus, 

Skolithos (mud-filled, vertical shafts; Fig. 3 .18a), 

Arenicolites (mud-filled, J-shaped and U-shaped shafts; Fig. 

3.18a), Terebellina, and poorly-structured Asterosoma. 

The mineralogical composition of the fine-grained rocks 

of CRP/PG-F3, expressed in terms of major components, is 

presented in tables 3.1 and 3. 2. The variations in the 

contents of clay minerals (all types together), quartz, K­

feldspar, plagioclase, and calcite are primarily a function of 

the facies sampled. The coarser-grained facies (siltstones) 

tend to be poorer in clay minerals and richer in quartz, 

feldspars, and calcite; the finer-grained facies (shales) 

contain a higher content of clay minerals and lower proportion 
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Table 3.1 - Mineralogical composition of the fine-grained 
rocks of the facies CRP/PG-P38

• 

DXSTRXBUTXOH RANGE, % (AVERAGE, %) 

MAJOR COMPONENTS COHXACXAN/SAHTONXAH XAASTRXCHTXAH 

Clay minerals 30 - 50 (37) 25 - 40 (33) 

Quartz 15 - 35 (25) 20 - 35 (26) 

K-Feldspar 5 - 15 (8) 5 - 10 (9) 

Plagioclase 10 - 25 (14) 10 - 30 (16) 

Calcite 10 - 20 (13) 0 - 15 (8) 

a Based on 22 X-ray diffraction analysis (16 samples of Coniacian/ 
Santonian rocks, 6 samples of Maastrichtian rocks). Source: Anjos et al. 
(1991). 

Table 3.2 - Clay mineralogy of the fine-grained rocks of the 
facies CRP/PG-P3a. 

DXSTRXBUTXOH RANGE, % (AVERAGE, %) 

MAJOR COMPONENTS CONXACXAN/SAHTONXAN XAASTRXCHTXAN 

Illite/smectite 35 - 60 (47) 55 - 65 (60) 
interlayeringsb 

Illite 25 - 40 (33) 25 - 30 (28) 

Chlorite 10 - 35 (18) 10 - 15 (12) 

Kaolinite ~ 5 ~ 5 

a Based on 22 X-ray diffraction analysis (16 samples of Coniacian/ 
Santonian rocks, 6 samples of Maastrichtian rocks). Source: Anjos et al. 
(1991). 

b Ordered interlayering& in the Coniacian/Santonian succession, with 
illite content of 75 to 85 %. Both ordered and random illite/smectite 
interlayering& occur in the Maastrichtian succession, with average 
illite content of 75 - 85 %, and 55 - 60 %, respectively. 
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of quartz, feldspars and calcite. The intensity of 

bioturbation, particularly by Thalassinoides, also may 

influence the mineralogical composition of the mudstones (this 

term will be used henceforth to designate all rocks of CRP/PG­

F3), by concentrating coarser quartz and feldspar-rich grains 

(Fig. 3.18b). 

The contents of clay minerals, quartz, and feldspars are 

very similar for the Coniacian/Santonian and Maastrichtian 

successions (Table 3.1). However, important contrasts exist in 

the amounts of calcite (Table 3.1) and different types of clay 

minerals (Table 3. 2). The Maastrichtian mudstones show a 

higher mean calcite content probably due to the common 

occurrence of shell fragments of Inoceramus, which are 

typically under 1 em long, but may exceed 10 em (Fig. 3.16). 

The lower content of illite/smectite mixed layers, and the 

higher proportions of nonmixed-layered illite and chlorite 

suggest that the Coniacian/Santonian mudstones are 

diagenetically more mature than the Maastrichtian 

counterparts. Illite and chlorite have been considered common 

products of the thermally-induced diagenesis of illite/ 

smectite interlayerings (e.g. Hower et al., 1976; Boles and 

Franks, 1979). The occurrence of random interlayerings of 

illite/smectite only in the Maastrichtian mudstones also 

indicates that these younger rocks are not as diagenetically 

mature as the Coniacian/Santonian mudstones. 

A few thin (< 20 em) horizons of CRP/PG-F3 mudstones show 
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a reddish-brown colour due to high (> 20 %) content of 

siderite and rhodochrocite; this colour contrasts with the 

gray colour shown by most of the CRP/PG-F3 rocks. 

Interpretation: 

CRP/PG-F3 documents the sedimentary processes operating 

in the Campos basin during most of the time from the Coniacian 

to the early Paleocene (between 88.5 and 65 Ma). These fine­

grained rocks suggest low sedimentation rates (< 0.5 cm/1,000 

yr.; Mohriak et al., 1990) in a relatively quiet environment, 

with these conditions being episodically disturbed by high- to 

low-density turbidity currents carrying coarser-grained 

sediments. The mudstones contain a relatively abundant, 

benthic foraminifera fauna typical of mid to lower bathyal 

(1,000- 1,500 m) depositional settings (Azevedo, 1987a). 

The ubiquitous presence of Zoophycos places the entire 

facies CRP/PG-F3 within the Seilacher's (1964, 1967) Zoophycos 

ichnofacies, which is thought to represent outer neritic to 

bathyal depths. Although there are reported occurrences of the 

Zoophycos ichnofacies in shallower-water environments, they 

are restricted to Paleozoic rocks (e.g. Osgood and Szmuc, 

1972; Marintsch and Finks, 1982). Shallow-water Zoophycos 

ichnofacies is uncommon in Mesozoic rocks and virtually absent 

in Cenozoic rocks (Ekdale, 1988). Bromley (1990) speculates 

that the booming of Thalassinoides after the beginning of the 

Mesozoic may have displaced Zoophycos to deeper environments. 
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Surveys of trace fossils in sediments as old as Cretaceous 

have been conducted in several DSDP sites, which have found 

Zoophycos as the most distinctive trace fossil in water depths 

greater than 2,000 m (Ekdale, 1977). 

It has been pointed out in the literature that trace 

fossil assemblages are influenced less by bathymetry than by 

variations in environmental factors (e.g. temperature, light 

penetration, wave or current energy, sedimentation rate, 

sediment grain size, and oxygen and food supply); these may in 

turn may be related to bathymetric trends (e.g. Frey and 

Seilacher, 1980; Ekdale, 1985, 1988; Pemberton et al., 1992). 

According to a growing body of evidence, the Zoophycos 

ichnofacies would indicate quiet-water, offshore settings 

(probably below storm wave base) , rather than deep water 

environments (Frey and Seilacher, 1980; Ekdale and Lewis, 

1991). In these quiet settings the muddy or muddy sand 

substrate is commonly rich in organic matter, but deficient in 

oxygen (Frey and Seilacher, 1980; Savrda and Bottjer, 1986; 

Ekdale and Mason, 1988). 

Crosscutting relationships recorded in the trace fossil 

assemblage of CRP/PG-F3 permit the recognition of an important 

tiering pattern (Bromley and Ekdale, 1986) in some of the 

uppermost Santonian, Campanian, and Maastrichtian mudstones 

(Figs. 3.17b and 3.18b). There are up to four tiers, not all 

of them always preserved in the same core. From the shallowest 

to the deepest tier, they are: (1) Zoophycos (spreiten 
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structures typically 2-3 nun thick), (2) Helminthopsis, (3) 

Thalassinoides, and (? 4) Planolites. The Helminthopsis tier 

apparently overlapped considerably with the Thalassinoides 

tier, because mutual overprinting of these two ichnogenera is 

common. Planolites is a relatively restricted ichnogenus, thus 

its position in the tiering succession above should be 

considered tentative. Like Zoophycos and Helminthopsis, 

Thalassinoides and Planolites also have been found in bathyal 

or abyssal sediments (e.g. Hayward, 1976; Ekdale, 1977; 

Wetzel and Werner, 

Planolites tend to 

1981). However, Thalassinoides and 

occur in better-oxygenated seafloors 

(Savrda and Bottjer, 1986; Bromley, 1990). Thus, the sequence 

of emplacement of burrows described above would characterize 

a trend of gradual increase in bottom-water oxygenation, from 

the Coniacian/lowermost Santonian to the uppermost Santonian/ 

Campanian/Maastrichtian. This trend of increasing oxygenation 

would agree with the low content of total organic carbon (< 1 

%) preserved in most of the late Turonian to early Paleocene 

successions in the Campos basin (Guardado et al., 1990). 

The absence of surface traces (resting and crawling 

traces) in CRP/PG-F3 may have resulted from the action of 

frequent and erosive turbidity currents (more likely during 

the Coniacian/Santonian). Deep deposit-feeder structures 

(Zoophycos, Helminthopsis) and mid-tier deposit-feeder 

structures (Thalassinoides) probably had better chances for 

surviving the erosion by turbidity currents. Also the very 
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restricted occurrence of relatively permanent dwelling burrows 

of suspension feeders (e.g. Skolithos and Arenicolites), may 

have been induced by the high frequency of turbidity currents 

or, as suggested by D'Alessandro et al. {1986), by the lack of 

bottom currents transporting a continuous supply of suspended 

food across the ocean floor. 

3.3.4. Facies CRP/PG-F4: deformed, interbedded mudstones 

and thin-bedded sandstones 

Description: 

CRP/PG-F4 comprises contorted, folded, or simply 

overturned interbeddings of coherent bioturbated mudstones and 

thin-bedded, fine-grained sandstones {Figs. 3.9 and 3.19). The 

soft-sediment deformation is the only feature used to 

differentiate CRP/PG-F4 from the facies CRP/PG-F2 and CRP/PG­

F3. 

The deformed rocks of CRP/PG-F4 make irregularly-shaped 

packages, mostly thinner than 1m (but up to 3m thick), which 

are preserved within undeformed successions of mudstones or in 

between coarse-grained turbidites. 

Mudstones largely dominate over 

sandstones in the deformed successions 

the 

{Fig. 

thin-bedded 

3.9). The 

sandstones may still display the original stratification (Fig. 

3.19a), but more commonly the stratification is masked by the 

intense disruption of the original fabric and the abundant 



Fig. 3. 19 - FACIES CRP /PG-1'4: Deformed inter beddings of 

mudstones and thin-bedded sandstones. 

(a) Deformed bioturbated mudstones and parallel-stratified, 

fine-grained sandstone. Convoluted sand injections (i) and 

carbonaceous plant fragments (c) occur in the mudstones. Well 

CRP-11; depth: 2,999.5 m. 

(b) Deformed bioturbated mudstones and medium-grained 

sandstone. The sandstone is strongly cemented by calcite and 

contain squeezed mud intraclasts (m). Convoluted sand 

injections (i) occur in the lower mudstone. Well PG-27A; 

depth: 3,032.7 m. 
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calcite cementation (Fig. 3.19b). Convoluted sand-injection 

structures, and squeezed, mud and organic matter intraclasts 

also are characteristic features of CRP/PG-F4 (Figs. 3.9 and 

3. 19) • 

Interpretation: 

The common occurrence of deformed fine-grained facies 

underlying undeformed, coarse-grained turbidites may suggest 

the effects of the overloading by these thick, suddenly 

emplaced deposits. In this case, the unstable, fluid-saturated 

fine-grained sediments would have suffered deformation in 

situ, at the bottom of the CarapebafPargo trough. On the other 

hand, the deformed strata surrounded by undisturbed mudstones 

may have originated as slides or slumps, possibly triggered by 

gravitational instability along the faulted margins of the 

trough or by cyclic andfor isolated earthquake shakings (e.g. 

Allen, 1986; Raja Gabaglia, 1991). 

3.3.5. Facies CRP/PG-FS: disorganized, intraclastic mudstones 

and sandstones 

Description: 

CRP/PG-F5 includes disorganized, intraclastic mudstones 

and sandstones, which contain cobble- to granule-sized mud 

intraclasts (mostly pebbles) and subordinate pebble- to 

granule-sized clasts of organic matter dispersed in a matrix 
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with variable content of mud and sand (Figs. 3.15 and 3.20). 

The content of mud in the matrix typically exceeds 20 %, and 

the gravel-sized intraclasts may comprise up to 50 % of the 

rocks. Cementation by calcite is very intense in the rocks 

containing a larger proportion of sand in the matrix (Figs. 

3.15 and 3.20b). 

CRP/PG-F5 typically comprises beds thinner than 1 m (e.g. 

Fig. 3.15), but thicker (up to 5 m) deposits have been 

recognized. Relatively few beds of disorganized, intraclastic 

mudstones and sandstones were cored in the Carapeba and Pargo 

fields; e.g. only three thin (<1 m) beds were recognized in a 

86 m thick cored section in the well CRP-11. They occur 

preferentially interbedded with the bioturbated mudstones of 

the facies CRP/PG-F3, showing sharp basal contacts, and 

poorly-defined upper contacts due to the common bioturbation 

(Fig. 3.15). 

Interpretation: 

The random dispersion of large mud intraclasts in a 

poorly-sorted muddy and sandy matrix suggests that this facies 

was deposited from debris flows. The strength and buoyancy of 

the muddy and sandy matrix would have supported the larger 

clasts during a mostly laminar flow, with very little fluid 

mixing (Middleton and Hampton, 1973). The matrix usually 

presents an elevated pore pressure that diminishes the 

frictional resistance to flow (Pierson, 1981). Debris flows 



Fig. 3.20- FACIES CRP/PG-FS: Disorganized, intraclastic 

mudstones and sandstones. 

(a) Pebble- to granule-sized mud intraclasts dispersed in a 

matrix of mud-rich, fine-grained sandstone. Well PG-27A; 

depth: 3,047.3 m. 

(b) Pebble-sized mud intraclasts dispersed in a calcite­

cemented matrix of very coarse-grained sand. Well CRP-11; 

depth: 2,964.8 m. 
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move in response to deformation in a basal zone of high shear 

stress, and deposition takes place almost instantaneously when 

the bed shear stress drops to a value lower than the yield 

strength (Middleton and Hampton, 1973; Lowe, 1982). The 

resulting deposits are characterized by a chiefly disorganized 

fabric as in the facies CRP/PG-FS. 

3.3.6. Well log response 

The facies described in the CarapebajPargo turbidite 

system each have typical well log responses, particularly in 

the gamma-ray, resistivity, and density logs. These responses 

can be characterized by the distribution of absolute values 

(Table 3.3) or by log patterns. The recognition of well log 

responses permitted the mapping of different facies in areas 

of the Carapeba and Parga fields lacking core control. 

The conglomerates and sandstones of facies CRP/PG-Fl 

present very uniform values in the gamma-ray log (Table 3.3), 

defining a typical boxy pattern (Figs. 3.4, 3.5, and 3.6). The 

mud intraclasts, even in large proportions, do not increase 

significantly the gamma-ray log response, because of the 

intense silicification (with removal of most of potassium). 

The density log, however, is very sensitive to the grain-size 

and sorting variations presented by the graded beds. It 

displays upward-decreasing density values that indicate the 

conspicuous normal grading and upward improvement in sorting 
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Table 3.3 - Typical well-loq radioactivity, resistivity and 
density readinqs for the facies defined in the 
Carapeba/Parqo turbidite system•. 

FACIES RADIOACTIVITY RESISTIVITY DENSITY 
(API) (n.m) (q/cm3 ) 

CRP/PG-Fl 45 - 55 1 - 2 2.25 - 2.55 

Coarse- to 2.25 - 2.30 
medium-grained 
sandstones 

Very coarse- 2.30 - 2.35 
grained 
sandstones 

Conglomerates/ 2.35 - 2.55 
conglomeratic 
sandstones 

CRP/PG-F2 60 - 85 4 - 8 2.40 - 2.50 

CRP/PG-F3 

Coniacian/ 85 - 100 5 - 6 2.53 - 2.56 
Santonian 

Campanian/early 100 - 115 4 - 5 2.53 - 2.56 
Maastrichtian/ 
lowermost late 
Maastrichtian 

uppermost late 115 - 130 4 - 5c 2.55 - 2.58 
Maastrichtianb 

early Paleoceneb 115 - 130 3 - 4 2.46 - 2.49 

CRP/PG-F5 60 - 75 3 - 4 2.40 - 2.45 

8 Well-log readings for CRP/PG-Fl and CRP/PG-F2 include only the 
conglomerate and sandstone values. Their mudstone responses are included 
in the CRP/PG-F3 distribution. Values for CRP/PG-F4 are the same for 

b CRP/PG-F2 (sandstones) and CRP/PG-F3 (mudstones). 
Included in CRP/PG-F3, but without core control. 

c Most of values constant around 5 n.m. 
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(Figs. 3.5 and 3.6). Table 3.3 presents the typical density 

values for the facies that comprise the graded beds. These 

values should be taken as approximate, considering that most 

of the graded beds comprise a continuous gradation of many of 

the facies above. 

Most of the graded beds are characterized in the density 

logs by: (1) an abrupt increase in density at the coarser­

grained, base of the bed (where it truncates the finer-grained 

top of an underlying bed); and (2) a following gradational 

density decrease, characterizing normal grading and upward 

improvement in sorting (Figs. 3.5 and 3.6). The sandy 

successions of the CarapebafPargo turbidite system seem 

texturally monotonous on the gamma-ray log response, but they 

represent the multiple stacking of texturally-variable 

turbidites. The density logs of the Carapeba and Pargo fields 

permit not only the mapping of the vertical and lateral 

textural variations presented by their reservoirs, but also 

characterize a unique situation where individual graded beds 

(or individual turbidites) can be correlated in the subsurface 

for up to 20 km. 

Calcite cementation or concentrations of large mud and 

marl intraclasts tend to increase the rock density (e.g. 

turbidites K2 and K4 in Fig. 3.5), leading to possible 

misinterpretation of coarser-grained facies (or the basal 

portion of a graded bed) in non-cored wells. Situations such 

as the examples in figure 3.5 occur in about 5 % of cored 
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graded beds. However, calcite-rich horizons tend to be 

laterally discontinuous, and rarely can be correlated between 

two adjacent wells. 

The thin-bedded sandstones of facies CRP/PG-F2, and the 

facies CRP/PG-F5 have higher radioactivity and resistivity 

than the sandstones of CRP/PG-F1, because of their higher 

contents of muddy matrix and calcite cement, respectively. 

Well log patterns are difficult to define for these rocks due 

to the small bed thickness. The thickest (5 m) debris flow 

deposit recorded in the Pargo field displays a blocky log 

pattern. 

The well log responses for the mudstones of the Campos 

Formation (including CRP/PG-F3; Table 3.3) permit the mapping 

of successions with 

paleontology data (e.g. 

different ages in wells without 

Fig. 3. 4) . The well logs of the 

Maastrichtian and early Paleocene mudstones define general 

trends of upward increasing radioactivity and decreasing 

resistivity, which illustrates the general muddier-upward 

character of the marine transgressive megasequence in the 

Campos basin (Fig. 3.4). Thin(< 1m) horizons richer in clay 

minerals may comprise high radioactivity well log markers, 

wich can be correlated for significant portions of the study 

area. Good examples are provided by the markers S-1 

(Santonian), S/C (boundary between Santonian and Campanian), 

and M-1 and M-3 (Maastrichtian) (Fig. 3.4). 

CRP/PG-F4 displays on well-logs the same responses as its 
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undeformed equivalents (CRP/PG-F2 and CRP/PG-F3) (Table 3.3). 

Thicker deformed successions tend to show serrate patterns on 

well-logs. 

3.3.7. Reservoir properties 

CRP/PG-F1 contains all of the oil-producing rocks in the 

Carapeba and Pargo fields. The sandstones of CRP/PG-F2, 

CRP/PG-F4 and CRP/PG-F5 do not form reservoir rocks because 

their higher mud and calcite cement contents do not allow 

permeabilities to exceed 1 mo. Table 3.4 shows the porosity 

and permeability distribution according to the different 

reservoir rocks of CRP/PG-F1. 

The porosity and permeability of the Carapeba and Pargo 

reservoirs are relatively high, despite their great burial 

depth (2,900 to 3,350 m). The excellent reservoir quality at 

such depths can be explained by a combination of factors 

including: (1) late burial or little time of residence at 

great depths (Bruhn, 1990) ; (2) an important phase of 

generation of secondary porosity in the diagenetic evolution 

of the reservoirs, through the dissolution of a large amount 

of calcite cement by organic acids derived from late 

Cretaceous shales (Moraes, 1989); and (3) early oil migration 

from underlying early Cretaceous source rocks, preserving a 

significant portion of the diagenetically enhanced porosity 

(Moraes, 1989). 



Table 3.4 - Porosity and permeability characterization of 
the carapeba and Pargo field reservoirs•. 

TYPICAL DISTRIBUTION RANGEb 
(AVERAGE)c 
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FACIES POROSITY (%) PERMEABILITY (mD) 

Conglomerates and 15 - 20 100 - 800 
conglomeratic sandstones {17) {308) 

Very coarse-grained 18 - 22 300 - 1,000 
sandstones (19) {698) 

Coarse-grained 19 - 23 100 - 900 
sandstones {20) ( 491) 

Medium-grained 20 - 25 100 - 900 
sandstones {23) (438) 

Calcite-rich < 10 < 50 
faciesd 

Intraclast-rich 15 - 22 < 100 
faciese {19) (43) 

8 Based on 747 measurements of porosity and permeability in rock plugs 
collected from cores at an average distance of 30 to 40 em. Source: 
PETROBRAS. 

b It includes at least 75 % of measured values for each facies. 
c Arithmetic mean for porosity, and geometric mean for permeability. 
d All facies, but with a calcite cement content > 10 %. 
e All facies, but with a mud intraclast content > 15 %. 

Remnants of calcite cement and mechanically compacted mud 

intraclasts may reduce significantly the porosity and 

permeability of the Carapeba and Pargo reservoirs. In the 

zones intensely cemented by calcite (e.g. Fig. 3.8) the 

porosity and permeability are less than 10 % and 10 mD, 

respectively. The squeezed, silicified mud intraclasts are 
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particularly efficient in reducing the permeability of the 

reservoirs; in rocks with intraclast content higher than 15 % 

the permeability never exceeds 100 mD. Mud intraclasts also 

introduce significant amounts of microporosity (pores < 2 ~m) 

in the reservoirs, which retain non-mobile water and reduce 

the rock resistivity. There are oil-producing intervals in the 

Carapeba field with average resistivity of only 2. 5 n.m 

(Candido, 1990a). However, calcite- and intraclast-rich 

horizons have a relatively restricted occurrence in the 

CarapebafPargo turbidite succession, with the variations in 

the porosity and permeability of the reservoirs being 

primarily justified by syndepositional textural parameters. 

Better sorting favours higher porosities, as shown by the 

finer-grained facies (coarse- and medium-grained sandstones; 

Table 3.4). On the other hand, coarser-grained facies 

(conglomerates, conglomeratic sandstones, and very coarse­

grained sandstones) tend to present larger pore throats, which 

favour high permeabilities (Table 3.4). The combination of 

sorting and grain-size in the very coarse-grained sandstones 

makes them the best reservoirs of the Carapeba and Fargo 

fields (Table 3.4). 

3.4. HIGH-RESOLUTION STRATIGRAPHY AND RESERVOIR GEOMETRY 

3.4.1. Geological cross sections and basis for correlation 
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The detailed stratigraphic analysis and the geometrical 

characterization of the Carapeba and Pargo turbidites were 

largely based on 20 geological sections, which include almost 

all of the wells drilled in these two fields (Fig. 3.3). 

Nine sections were constructed for Pargo field, using the 

base of the widely distributed sandstone K as the datum (Fig. 

3.4). This datum is very convenient because of its proximity 

to most of the oil-bearing turbidites in the field (sandstones 

F toN; Fig. 3.4). 

The eleven sections for Carapeba field were constructed 

with a different datum, the radioactive S/C log marker 

(approximate boundary between the Santonian and Campanian 

stages; Fig. 3.2). This was because most of the oil 

accumulations are concentrated in the uppermost sandstones 

(sandstones M toW; Fig. 3.2) and many of the wells drilled in 

Carapeba did not reach sandstone K. 

Gamma-ray, density and resistivity well logs were used to 

construct the sections. Gamma-ray logs are particularly 

efficient in the separation of sandstones from mudstones, and 

in the definition of trends in sandstone thickness variation. 

Density logs permit the individualization of turbidites making 

part of the same, composite sandstone body, and the 

recognition of lateral and vertical trends of grain size 

distribution. Resistivity logs are important for the mapping 

of different mudstone packages. 

A total of 23 sandstone bodies, composed of the coarse-
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grained, graded beds of facies CRP/PG-F1, were defined and 

mapped on the basis of purely descriptive features such as the 

continuity of interbedded mudstones, or the significant 

changes in grain size distribution within sandy successions. 

These sandstone bodies comprise the most important elements 

for detailed correlation within the thick, sand-rich turbidite 

succession of the Carapeba and Parga fields. The Coniacian/ 

Santonian succession comprises 21 sandstone bodies, named A to 

U {from the oldest to the youngest), and the early 

Maastrichtian succcession includes the sandstones V and W 

(Fig. 3.4). Each of the sandstones A toW comprises a single 

graded bed, or up to 18 amalgamated turbidites. Individual 

turbidites were numbered; e.g. turbidites K1, K2, K3, and K4 

form sandstone Kin the well PG-4 (Fig. 3.5). 

The sandstones A to W, and most of their component 

individual turbidites (coarse-grained, graded beds of the 

facies CRP /PG-F1) were correlated. throughout the geological 

sections located in figure 3.3. The sandstones A to H were not 

cored, thus their interpretation and mapping is supported only 

by well logs. Four sections are reproduced in figures 3.21 to 

3. 24, which illustrate the major textural and thickness 

variations, and also the detailed stratigraphic relationships 

recognized within the CarapebajPargo turbidite system. 

The cross sections presented in figures 3.2 and 3.4 are 

simplified, i.e. they show the distribution of sandstones A to 

w, but they do not display the correlation of individual 



Fig. 3. 21 - Geological cross section longitudinal to the 

CarapebajPargo canyon, typical of the Parga field. Section 

shows the easternmost terminations of most of the CRP/PG-S5, 

CRP/PG-S6, and CRP/PG-SS sandstones, and emphasizes the great 

continuity of sandstones and interbedded mudstones of CRP/PG­

F4. A relatively thick (5 m) debris flow deposit is recognized 

in the well PG-27A. Datum is the base of the widely 

distributed K sandstone. S-1, SfC, M-1 and M-3 are 

radioactive (mudstone) log markers. S/C indicates the 

approximate boundary between Santonian and Campanian. The 

uppermost turbidite succession (CRP/PG-SS) dates from the 

early Maastrichtian, but there is no well log response that 

can be correlated to the boundary between early and late . 

Maastrichtian. Arrows (fu) indicate major fining upward 

successions as defined by density logs. Well logs used to 

construct the section: gamma-ray, resistivity, and density. 

Vertical scale = 2.5 x horizontal scale. Section location is 

shown in figure 3.3. 





Fig. 3.22 Geological cross section transverse to the 

CarapebafPargo canyon, typical of the Pargo field. Section 

shows the northern margin of the canyon, which was eroded into 

Coniacian/Santonian and late Cenomanian/early Turonian fine­

grained rocks. The uppermost, thinner sandstones (L, M, N, and 

0) may comprise compensation arrangements. Datum is the base 

of the widely distributed K sandstone. S-1 and M-3 are 

radioactive (mudstone) log markers. The uppermost turbidite 

succession {CRP/PG-SS) dates from the early Maastrichtian, but 

there is no well log response that can be correlated to the 

boundary between early and late Maastrichtian. Well logs used 

to construct the section: gamma-ray, resistivity, and dens i ty. 

Vertical scale = 2.5 x horizontal scale. Section location is 

shown in figure 3.3. 





Fig. 3. 23 - Geological cross section longitudinal to the 

CarapebajPargo canyon, typical of the Carapeba field. Section 

shows the generalized eastward thinning of successions CRP /PG­

S4 to CRP/PG-S8. Local erosion surfaces are recognized between 

successions CRP/PG-S4 and CRP/PG-S5, and CRP/PG-S7 and CRP/PG­

S8, respectively. Datum is the radioactive S/C (mudstone) log 

marker (approximate boundary between Santonian and Campanian). 

M-1 and M-2 are radioactive (mudstone) log markers. The 

uppermost turbidite succession (CRP/PG-S8) dates from the 

early Maastrichtian, but there is no well log response that 

can be correlated to the boundary between early and late 

Maastrichtian. Arrows (fu) indicate major fining upward 

successions as defined by density logs. Well logs used to 

construct the section: gamma-ray, resistivity, and density. 

Vertical scale = 4 x horizontal scale. Section location is 

shown in figure 3.3. 





Fig. 3.24 Geological cross section transverse to the 

CarapebafPargo canyon, typical of the Carapeba field. Section 

shows the strong fault control on the sedimentation of CRP/PG­

S3 and CRP/PG-S4 along the southern margin of the canyon. 

Datum is the radioactive S/C (mudstone) log marker 

(approximate boundary between Santonian and Campanian). M-1, 

C/T-1, and C/T-2 are radioactive log markers. Well logs used 

to construct the section: gamma-ray, resistivity, and density. 

Vertical scale = 4 x horizontal scale. Section location is 

shown in figure 3.3. 
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turbidites that form these sandstones. Figure 3.2 includes a 

cross section located in the Carapeba field, which is 

tranverse to the Carapeba/Pargo canyon; this section 

illustrates the important fault control on the lateral 

distribution of the Carapeba/Pargo turbidites. Figure 3.4 is 

oriented longitudinally to the Carapeba/Pargo canyon, and has 

almost the entire length of the study area. Figure 3. 4 

provides an integrated view of the stratigraphic relationships 

recognized in the studied fields. 

3.4.2. Characterization of facies successions 

The Coniacian/Santonian and early Maastrichtian turbidite 

successions may be subdivided into eight facies successions, 

chiefly on the basis of striking changes in the vertical 

trends of grain size distribution (e.g. density logs in Fig. 

3.4), and also by different trends in sandstone thickness 

variation, distinct areas of occurrence, and stratigraphic 

relationships (including regional unconformities and local 

erosion surfaces). These eight facies successions are named 

CRP/PG-Sl to CRP/PG-S8, with the letter S indicating 

succession (Table 3.5). 

The Carapeba/Pargo turbidite system is included in the 

marine transgressive megasequence, which is characterized by 

onlapping, deepening-upward and muddier-upward (Fig. 3. 4) 

sedimentation throughout the eastern Brazilian marginal basins 
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Table 3.5 -Facies successions of the Carapeba/Parqo turbidite 
system (as characterized only by the CRP/PG-F1 
coarse-grained turbidites). 

SUCCESSION SANDSTONE MAXIMUM TURBIDITES 
BODIES THICKNESS NUMBER8 AVERAGE THICKNESS 

(m) (m) 

EARLY MAASTRICHTIAN 

CRP/PG - S8 w 10 14 2.2 

CRP/PG - S7 v 14 7 2.3 

CONIACIAN/SANTONIAN 

CRP/PG - S6 u 8 4 1.9 
T 4 2 2.1 
s 9 5 2.4 
R 11 5 2.5 
Q 15 6 2.7 

CRP/PG - S5 p 16 18 - 21 2.3 
0 17 6 2.9 
N 20 8 - 9 3.3 
M 53 19 - 22 3.8 

CRP/PG - S4 L 16 20 - 23 2.3 
K 17 5 3.6 
J 15 5 3.7 
I 5 1 3.7 
H 6 1 3.5 
G 17 3 - 4 5.8 
F 39 7 - 8 6.4 
E 12 1 7.1 
D 29 4 - 5 6.6 

CRP/PG - S3 c 56 10 - 11 6.2 

CRP/PG - S2 B 51 13 - 15 4.4 

CRP/PG - S1 A 74 17 - 18 4.4 

CARAPEBA/PARGO 286b 181 - 198 3.7 
TURBIDITE SYSTEM 

8 A range of numbers is indicated for: ( 1) most of the non-cored or poorly­
cored sandstones( and (2) the very discontinuous sandstones, which show 

bcommon compensat~on arrangements. 
The maximum recorded thicK.ness (well RJS-320A; Fig. 3.24) is smaller than 
the sum of the maximum thickness for each succession, due to common 
erosion and compensation arrangements. 
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(e.g. Chang et al., 1988; Guardado et al., 1990). The 

successions CRP/PG-S1 to CRP/PG-S8 were stacked in an overall 

retrogradational pattern, recording the backfilling of the 

WNW-oriented Carapeba/Pargo canyon (Fig. 3.4). 

Facies succession CRP/PG-81 

CRP/PG-S1 is composed of sandstone A, which is restricted 

to the easternmost portion of the Pargo field. It is recorded 

in only three wells (Fig. 3.25), and its distribution is 

controlled by a NE-trending fault (Figs. 3.4 and 3.25). 

CRP /PG-S1 always overlies Coniacian/ Santonian mudstones of the 

Campos Formation, contrasting with the successions CRP/PG-S2 

to CRP/PG-S5, which in places overlie the late Cenomanian/ 

early Turonian marls and mudstones of the Macae Formation. 

This suggests that the accommodation space (Jervey, 1988) for 

the accumulation of CRP/PG-S1 was provided not only by 

erosion, but also by subsidence along the fault that defines 

its westernmost limit of occurrence (Fig. 3.4). 

CRP/PG-S1 is composed of up to 18 amalgamated turbidites, 

which display a typical blocky pattern on the gamma-ray logs 

(Fig. 3.4). These turbidites do not show trends of grain size 

and bed thickness distribution, and their geometry is poorly 

defined because of the very limited well control (Fig. 3.25). 

Facies succession CRP/PG-82 

CRP/PG-S2 comprises sandstone B (Fig. 3.4). It is more 



Fig. 3.25 - Net sand map for succession CRP/PG-Sl. 
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widely distributed than CRP/PG-51 in the studied area, but it 

is restricted to the Fargo field (Figs. 3.4 and 3.26). CRP/FG-

52 unconformably overlies late Cenomanian/early Turonian marls 

of the Macae Formation in its westernmost area of occurrence, 

and Coniacianf5antonianmudstones in eastern Fargo field (Fig. 

3. 4) • 

CRP/FG-52 contains up to 15 turbidites, typically forming 

a fining upward succession (e.g. density log for well FG-80 in 

Fig. 3.4). These turbidites are confined in a narrow, 1.0 to 

1.8 km wide trough (Fig. 3.26). 

Facies succession CRP/PG-S3 

CRF/FG-S3 is formed by sandstone c, occurring along the 

entire area of study (Figs. 3.4 and 3.27). It overlies the 

regional unconformity between the late Cenomanian/early 

Turonian and the Coniacian/Santonian in the Carapeba field and 

in the western Pargo field, and Coniacian/Santonian mudstones 

in the eastern Fargo field (Figs. 3.4 and 3.21). 

CRF/FG-S3 comprises up to 11 amalgamated turbidites, 

making a typical fining upward succession (e.g. density logs 

for wells FG-80 and CRF-25 in Fig. 3.4). They were deposited 

in an elongated, 1.0 to 2.5 km wide trough (Fig. 3.27), with 

margins that may be defined by faults (Figs. 3.2 and 3.24) or 

by deep erosion of late Cenomanian/early Turonian marls and 

Coniacian/Santonian mudstones (Figs. 3.2 and 3.22). 

Very few mudstones are interbedded with the turbidites of 



Fig. 3.26 - Net sand map for succession CRP/PG-S2. 
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Fig. 3.27 - Net sand map for succession CRP/PG-SJ. 
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succession CRP/PG-S3, suggesting lack of time for their 

accumulation, and/or erosion of these finer-grained facies by 

high-density turbidity currents. Minor erosion at the base of 

individual turbidites is common, but together the individual 

turbidites comprise non-channelized sandstone bodies, which 

can be widely correlated in the studied area (Figs. 3.4, 3.21, 

and 3. 22). The lateral extent of these deposits was controlled 

by the variable width of the CarapebafPargo canyon, which in 

turn was shaped by the combined effects of subsidence along 

listric normal faults and erosion by high density turbidity 

currents. 

Facies succession CRP/PG-84 

CRP/PG-S4 is the thickest (up to 125 m) facies succession 

(Fig. 3. 28), comprising sandstones D to L (Table 3. 5, and 

Figs. 3.2 and 3.4). It overlies CRP/PG-S3 along most of the 

study area, and is partially eroded by CRP/PG-S5 in the 

westernmost part of Carapeba field (compare wells CRP-4D and 

CRP-370 in Fig. 3.23). 

The net sand maps for the sandstones D, F, and K (Figs. 

3.29, 3.30, and 3.31, respectively) illustrate how the lateral 

extent of CRP/PG-4 was gradually increasing with time. The 

lowermost deposits of CRP/PG-4 (sandstone D) occupied an 

elongated, 1.2 to 3.1 km wide trough (Fig. 3.29). The younger 

sandstone F shows a wider distribution, extending farther to 

the west of Carapeba and reaching widths between 1.7 and 5.3 



Fig. 3.28 - Net sand map for succession CRP/PG-S4. 
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Fig. 3.29 - Net sand map for sandstone D. 
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Fig. 3.30 - Net sand map for sandstone F. 
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Fig. 3.31 - Net sand map for sandstone K. 
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km (Fig. 3.30). Sandstone K, one of the uppermost sandstones 

of CRP/PG-4 (Fig. 3.2), is the most widespread of the entire 

succession, with a lateral extent typically exceeding 6 km in 

the studied area (Figs. 3.2, 3.22, and 3.31). This tendency of 

increasing lateral extent reflects the decreasing tectonic 

(faulting) control on the preferential location for turbidite 

deposition. 

The net sand maps for CRP/PG-S4 and its sandstones D, F, 

and K (Figs. 3.28 to 3.31), also show asymmetrical subsidence 

along the CarapebafPargo canyon during the accumulation of 

CRP/PG-S4. Higher rates of subsidence and sedimentation are 

recorded closer to the strongly-faulted southern margins of 

the canyon, where the isopachs show larger values and closer 

spacing. Figures 3.2 and 3.24 illustrate some of the very 

active faults that defined the southern boundaries of the 

CarapebafPargo canyon, whereas figure 3.22 shows the more 

reduced effects of faulting on the northernmost distribution 

of the CRP/PG-S4 sandstones in the Pargo field. 

The coarse-grained turbidites of CRP/PG-S4 form an 

overall fining upward trend (e.g. density logs for wells RJS-

52 and RJS-222 in Fig. 3.4). They also become finer-grained 

down canyon, as illustrated by the grain-size distribution in 

the turbidite E1 (sandstone E; Fig. 3.32). These upward- and 

eastward-fining trends are defined by a decrease in proportion 

of gravel and very coarse-grained sand, and an increase in 

proportion of coarse- to medium-grained sand. However, even 



Fig. 3.32 - Isopach map for turbidite El. Textural lateral 

variation was mapped on the basis of density log responses 

(Table 3.3). 
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the uppermost sandstones of CRP/PG-S4 are rarely composed of 

fine-grained sand. 

A closer analysis of the general fining-upward trend 

presented by CRP/PG-S4 reveals a cyclic stacking of at least 

seven thinner, fining-upward sucessions. They are represented, 

from the bottom to the top, by the sandstones 0, E, F, G to I, 

J, K and L (e.g. density log for well PG-80, Fig. 3.4; and 

cores of well PG-4, Fig. 3.5). Each of these smaller-scale 

successions comprises one to six amalgamated turbidites. 

Relatively important mudstone accumulation and erosion took 

place in between the deposition of some of the smaller-scale 

successions, particularly closer to the CarapebajPargo trough 

margins. For example, up to 23 m of mudstones and thin-bedded 

sandstones were preserved between the sandstones F and J in 

the Pargo field, at the proximity of the trough southern 

margin (well PG-130, Fig. 3.22). 

The average turbidite thickness calculated for sandstones 

o to L characterizes the entire CRP/PG-S4 as a thinning-upward 

succession (Table 3.5). The turbidites (and sandstone bodies) 

of sandstone L are not only finer-grained and thinner-bedded, 

but also laterally restricted. They comprise smaller, lobate 

deposits, which were deposited preferentially in between two 

previously-deposited lobes, or on the thinner flanks of 

underlying lobes (Figs. 3.21, 3.22, and 3.23). The term lobe 

is used exclusively to describe the geometry of L sandstone 

bodies; i.e. as having curved or rounded projections in plan 
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view, and mounded cross section, with flat or concave upward 

base, and convex upward top. The geometrical configuration 

resulting from the tendency of some turbidites to smooth the 

subtle relief produced by previously-deposited lobate deposits 

is referred here as a compensation arrangement. Compensation 

arrangements can be recognized by "compensation cycles" (Mutti 

and Sonnino, 1981) in areas lacking laterally continuous 

outcrop or well control; they comprise superimposed, small­

scale thickenning-upward successions, each containing few (< 

10) turbidite beds. 

Detailed correlations show that all of the sandstones of 

CRP/PG-S4 form non-channelized reservoir rocks. Their lateral 

extent was controlled by fault activity and the resulting 

variable width of the CarapebafPargo trough (sandstones D to 

I; Figs. 3.2 and 3.24), by the volume of individual turbidity 

currents (sandstone L; Figs. 3.21 to 3.23), or by both factors 

(sandstones J and K; Figs. 3.2, 3.22 and 3.24). 

Facies succession CRP/PG-SS 

CRP/PG-S5 is the second thickest (up to 85 m) succession 

of the Carapeba I Pargo turbidite system (Fig. 3 . 3 3) , comprising 

sandstones M to P (Table 3. 5 and Fig. 3. 4) . Its base is 

defined by a local erosion surface in the westernmost part of 

Carapeba field, which becomes a correlative, non-erosive 

surface toward Pargo field (Figs. 3.4 and 3.23). This basal 

discontinuity is related to local erosion of the entire 



Fig. 3.33 - Net sand map for succession CRP/PG-SS. 
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sandstone L and part of sandstone K along the deepest portions 

of the CarapebajPargo canyon (Figs. 3.4 and 3.23). 

Some of the faults that controlled the distribution of 

the underlying CRP/PG-S4 became inactive during sedimentation 

of CRP /PG-S5 (e.g. Fig. 3. 24) ; this sucession eventually 

overlies late Cenomanian/early Turonian marls and mudstones, 

and Coniacian/Santonian mudstones along the southern margin of 

the Carapeba/Pargo canyon (Fig. 3.24). CRP/PG-S5 does not have 

the same downstream, eastward extension as CRP /PG-S4, but 

occupies a much larger trough (up to 12 km; Figs. 3.1 and 

3.33). 

The coarse-grained turbidites of CRP/PG-S5 comprise a 

fining-upward and fining-eastward sucession, similar to 

CRP/PG-S4. These turbidites have a well-defined vertical trend 

of decreasing grain size, which is recognized in cores (e.g. 

Fig. 3.6) or indicated by density logs (e.g. well RJS-222 in 

Fig. 3.4). This trend can be easily differentiated from that 

defined by CRP/PG-S4 along most of the Carapeba field. 

However, their separation in the westernmost Carapeba field 

and in the Pargo field is not as easy because of the stacking 

of relatively homogeneous coarser-grained deposits westward, 

and the juxtaposition of only thinner and finer-grained 

turbidites eastward (compare the wells CRP-25, RJS-222, and 

RJS-52 in Fig. 3.4). CRP/PG-S5 also can be subdivided into at 

least two smaller-scale fining-upward successions, which are 

represented by the sandstones M (19 to 22 turbidites), and N 
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to P (32 to 36 turbidites) (e.g. density log for the well CRP-

14 in Fig. 3.23). 

CRP/PG-SS thins upward, as indicated by the upward 

decreasing in the average turbidite thickness for the 

sandstones M toP (Table 3.5), and also becomes thinner down 

canyon (Figs. 3. 4, 3. 21, 3. 23, and 3. 33) • The geological 

sections for the Carapeba field show that sandstones 0 and P 

are typically finer-grained, thinner, and laterally more 

restricted than the sandstones M and N, commonly presenting 

compensation arrangements (Figs. 3.2 and 3.23). In Pargo 

field, CRP/PG-SS is represented almost exclusively by the 

finer-grained, thinner (terminal) portions of the sandstones 

M and N, which also may comprise compensation arrangements 

(Fig. 3.22). 

Most of the reservoir rocks of CRP/PG-SS present a non­

channelized geometry; this geometry can be established because 

of the closely-spaced well control (Figs. 3. 21 to 3. 24). 

However, some of the lowermost turbidites of sandstone M 

(turbidites M1 to M6) may be filling channels eroded into the 

uppermost part of CRP/PG-S4 (e.g. wells CRP-24, CRP-25 and 

CRP-40 in Fig. 3.23). The 25-m-isopach curve for the Sandstone 

M defines three major trends of channelling, and embraces all 

of the areas where sandstone L (CRP/PG-S4) was partially or 

totally eroded (Fig. 3.34). 

The lateral extent of the CRP /PG-SS sandstone bodies 

seems much less controlled by faulting, and more influenced by 



Fig. 3.34 - Net sand map for sandstone M. 
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the volume and frequency of turbidity currents than in the 

underlying successions. 

Facies succession CRP/PG-86 

CRP/PG-56 contains sandstones Q to U (Table 3.5, and Fig. 

3.4). The main criterion for the separation of CRP/PG-56 from 

the underlying CRP/PG-S5 succession is its distinct sandstone 

thickness distribution (Fig. 3.4 and 3.23). The lowermost 

sandstone bodies of CRP/PG-S6 (sandstones Q and R), besides 

being thicker than the uppermost sandstone bodies of CRP/PG-S5 

(sandstone P), also have a wider areal distribution (Fig. 

3.2). However, CRP/PG-S6 shows a much more limited 

distribution than that of the CRP/PG-S5 succession (compare 

Figs. 3.33 and 3.35). Except for 2 turbidites that reached the 

westernmost end of the Pargo field (wells PG-27A and RJ5-52; 

Fig. 3.21), CRP/PG-56 is restricted to an area up to 7.3 km 

wide in the Carapeba field (Fig. 3.35). 

Net sand maps for sandstones Q, R, and s (Figs. 3.36, 

3.37, and 3.38) show a gradual reduction in areal distribution 

of the turbidites in CRP/PG-S6. CRP/PG-S6 turbidites typically 

comprise non-channelized sandstone bodies (e.g. Figs. 3.2 and 

3.23), with the uppermost sandstones (sandstones s, T and U; 

e.g. Fig. 3.38) showing a lobate geometry. The lateral 

distribution of the CRP/PG-S6 turbidites seems primarily 

defined by the volume of individual turbidity currents, which 

gradually decreased during the sedimentation of this 



Fig. 3.35 - Net sand map for succession CRP/PG-S6. 
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Fig. 3.36 - Net sand map for sandstone Q. 
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Fig. 3.37 - Net sand map for sandstone R. 
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Fig. 3.38 - Net sand map for sandstone s. 
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succession. The comparison between figures 3. 32 and 3. 39 

stresses the influence of basin confinement on the geometry of 

individual turbidites. 

CRP/PG-S6, like successions CRP/PG-S4 and CRP/PG-S5, is 

characterized by an upward and eastward decrease in grain size 

and bed thickness (Figs. 3.4, 3.23, and 3.39, and Table 3.5). 

The lateral variation in grain size presented by individual 

turbidites is illustrated in figure 3.39. 

Facies succession CRP/PG-87 

CRP/PG-S7 comprises a group of seven turbidites 

collectively named sandstone V (Fig. 3.4). Some of these 

turbidites may lie on the regional unconformity between the 

Campanian and the early Maastrichtian (e.g. turbidite Vl in 

Fig. 3.24). 

The individual turbidites of CRP/PG-S7 comprise non­

channelized sandstone bodies, most of them with limited 

lateral distribution (Figs. 3.2, 3.23, and 3.24). The net sand 

map for the entire succession (Fig. 3. 40) shows greater 

isopachs in the southwestern part of Carapeba field, which 

suggest higher subsidence in this area, possibly related to 

fault reactivation during the early Maastrichtian. 

CRP/PG-S7 may comprise fining upward successions in the 

areas with thicker stacking of turbidites (e.g. density log 

for well CRP-25 in Fig. 3.23). 



Fig. 3.39 - Isopach map for turbidite S2. Textural lateral 

variation was mapped on the basis of density log responses 

(Table 3.3). 
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Fig. 3.40 - Net sand map for succession CRP/PG-S7. 
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Facies succession CRP/PG-FS 

CRP/PG-SS includes 14, non-channelized early 

Maastrichtian turbidites, collectively named sandstone W (Fig. 

3.23). It seems to truncate CRP/PG-S7 in the western Carapeba 

field, but also overlies the regional unconformity between the 

Campanian and early Maastrichtian along most of its area of 

occurrence (Fig. 3.23). 

CRP/PG-SS shows wider distribution than CRP/PG-S7. It is 

thicker in Carapeba field, but thinner deposits are present in 

Pargo field (Fig. 3.41). One of the lowermost CRP/PG-SS 

turbidites, up to 5 m thick, can be correlated throughout 

Carapeba field into the western end of Pargo field (turbidite 

W3; Figs. 3. 21 and 3. 2 3) . A few thin-bedded turbidites, 

possibly early Maastrichtian in age, were recognized in the 

eastern part of Pargo field (turbidites W1, W2, and W6; Figs. 

3.21 and 3.22). They were tentatively included in CRP/PG-SS, 

but their limited distribution makes their correlation with 

the early Maastrichtian succession of Carapeba field very 

difficult. 

The density logs for the thicker occurrences of CRP /PG-SS 

suggest a fining upward trend for this succession (e.g. 

density log for well CRP-25 in Fig. 3.23), like that recorded 

for CRP/PG-S7. 

3.4.3. Recurrence intervals of successions and individual 

turbidites 



Fig. 3.41 - Net sand map for succession CRP/PG-SS. 
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The Coniacian/Santonian successions (CRP/PG-S1 to CRP/PG­

S6} are included in the calcareous nannofossil zone 

Marthasterites furcatus (Azevedo et al., 1987b}, which has 

been correlated in the campos basin to the entire time span of 

the Coniacian and Santonian stages (5.5 m.y., between 88.5 to 

83 Ma; Fig. 3.42}. The early Maastrichtian successions 

(CRP/PG-S7 and CRP/PG-SS} make part of the zone Tetralithus 

trifidus (Azevedo et al., 1987b}, which has a time span of 0.8 

m.y. (between 73 and 72.2 Ma; Fig. 3.42}. Considering the time 

constraint provided by these two biozones, it can be estimated 

an average time span of o. 9 m. y. for each of the six 

Coniacian/Santonian successions, and 0.4 m.y. for each of the 

two early Maastrichtian successions. The estimate for the 

Coniacian/Santonian successions should be taken as a maximum 

value, because an up to 28 m thick succession of 

Coniacian/ Santonian mudstones is preserved below CRP /PG-Sl 

(Fig. 3.42}; the time span and original thickness of these 

mudstones can not be precised. 

The average recurrence intervals for individual 

turbidites are 31,000 to 34, ooo years for the Coniacian/ 

Santonian successions altogether (160 - 177 turbidites/5.5 

m.y.), and 38,000 years for the early Maastrichtian 

successions {21 turbiditesjo.s m.y.). The shortest recurrence 

interval estimated for the studied turbidites is about 15,000 

years, which is presented by the CRP/PG-SS turbidites (up to 

58 turbidites/0.9 m.y.). 



Fig. 3.42 - Comparison between the global sea-level curve of 

Haq et al. (1988) and the chronostratigraphy, biostratigraphy, 

and lithostratigraphy of the marine transgressive megasequence 

in the Carapeba/Pargo area. Only the section between the 

uppermost part of the Albian and the lowermost part of the 

Paleocene is represented. campanian mudstones do not contain 

the worldwide index fossil (foraminifera) Globotruncana 

calcarata (Caron, 1985); a time span of 2 m.y. was assigned 

for the missing late campanian succession, which is equivalent 

to the time span suggested for the Globotruncana calcarata 

zone by Haq et al. (1988). Biozones recognized in the late 

Cretaceous successions of the eastern Brazilian marginal 

basins are traditionally tied to the chronostragraphic column 

proposed by Harland et al. ( 1982) • The chronostratigraphy 

presented by Harland et al. (1982) and Haq et al. (1988) show 

differences of 0.1 to 1.5 m.y. in the time boundaries assigned 

for the different late Cretaceous stages. 
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3.5. SEDIMENTATION EVOLUTION AND CONTROLS 

3.5.1. The qeneral picture 

The CarapebafPargo turbidite system is composed of five 

major facies: unstratified, graded conglomerates and very 

coarse- to medium-grained sandstones deposited by high-density 

turbidity currents {CRP/PG-F1); stratified, mostly fine­

grained sandstones deposited by low-density turbidity currents 

(CRP/PG-F2); bioturbated mudstones (Zoophycos ichnofacies), 

containing a benthic foraminifera fauna typical of mid to 

lower bathyal (1,000- 1,500 m) depositional settings (CRP/PG­

F3); interbedded mudstones and fine-grained sandstones 

deformed by slides and slumps, or due to overloading by 

suddenly emplaced, thick, coarse-grained turbidites (CRP/PG­

F4); and disorganized, intraclastic mudstones and sandstones 

deposited by debris flows (CRP/PG-F5). CRP/PG-F1 is by far the 

volumetrically most important among all of the sandstone­

bearing facies, comprising 95 % of the cores of these rocks. 

This coarser-grained facies also contains all of the oil­

producing rocks in the Carapeba and Pargo fields, with average 

porosities and permeabilities exceeding 17 % and 300 mD, 

respectively. 

The CarapebajPargo turbidite system was built up by 181 

to 198 coarse-grained turbidites (Table 3.5), mostly 2 to 4 m 

thick (range 0.5- 12m), which typically form non-channelized 
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sandstone bodies. The entire turbidite system can be 

subdivided into six Coniacian/Santonian facies successions 

(CRP/PG-Sl to CRP/PG-S6) and two early Maastrichtian facies 

successions (CRP/PG-S7 and CRP/PG-SS), mainly on the basis of 

the distinct trends of grain size and bed thickness in the 

unstratified, graded conglomerates and sandstones (Fig. 3.4 

and Table 3.6). Some of these successions may also be bounded 

by regional unconformities or local erosion surfaces (Table 

3.6, and Figs. 3.2 and 3.4). 

The facies successions have maximum preserved thickness 

varying from 27 to 140 m (including sandstones and interbedded 

mudstones), and individually contain 7 to 58 turbidites. Most 

of the successions (CRP/PG-S2 to CRP/PG-SS) have well-defined, 

fining-upward and fining-downstream (eastward) trends in grain 

size distribution (Fig. 3.4). Successions CRP/PG-S4 to CRP/PG­

S6 also show well-defined variation trends in sandstone 

thickness and lateral distribution: younger or more distal 

sandstones become thinner-bedded and more discontinuous (Fig. 

3. 4) • 

The successions have average durations of 0.9 m.y. 

(CRP/PG-S1 to CRP/PG-S6) and 0.4 m.y. (CRP/PG-S7 and CRP/PG­

SS). 

The CarapebajPargo turbidite system is included in the 

marine transgressive megasequence, which is characterized by 

onlapping, deepening-upward sedimentation throughout the 

eastern Brazilian marginal basins (e.g. Chang et al., 1988; 
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Table 3. 6 Area of occurrence and bounding discontinuities of 
the coarse-grained, turbidite successions of the 
Carapeba and Parqo fields. 

SUCCESSIONS AREA OP OCCURRENCE / BOUNDING DISCONTINUITIES 

EARLY MAASTRICHTIAN 

CRP/PG-SS 

CRP/PG-S7 

It occurs throughout the Carapeba field and in the 
westernmost end of the Pargo field. It is separated from 
CRP/PG-S7 mostly by the larger area of occurrence of its 
lowermost sandstone, and also possibly by a local erosion 
surface. However, CRP/PG-S8 overlies tfie regional unconformity 
between the Campanian and the early Maastrichtian along most 
of its area of occurrence. 

Restricted only to the western carapeba field. At the base, 
it is bounded by the regional unconformity between the 
Campanian and the early Maastrichtian. 

CONIACIAN/SANTONIAN 

CRP/PG-S6 It occurs throughout the Carapeba field, and in 
westernmost part of the Pargo field. CRP/PG-S6 is 
differentiated from CRP/PG-S5 chiefly on the basis 
distinct trends in bed thickness distribution. 

the 

of their 

CRP/PG-S5 

CRP/PG-S4 

CRP/PG-S3 

CRP/PG-S2 

It occurs in both fields, but is much thinner in the Pargo 
field. At the base, CRP/PG-S5 is bounded by an erosion 
surface that cuts out at least 25 m of the upper portion of 
CRP/PG-S4 in the westernmost Carapeba field, but can not be 
recognized in the Pargo field. Consequently the separation 
between CRP/PG-S5 and~RP/PG-S4 is made chiefy on the basis of 
their distinct trends in grain size and bed ~hickness 
distribution. CRP/PG-S5 may overlie the regional unconformity 
between late Cenomanian/early Turonian and Coniacian/Santonian 
in some areas along the soutnern margin of the Carapeba/Pargo 
canyon. 

It occurs along the entire studied area. It is separated 
from CRP/PG-S3 ma1nly by its distinct trend in grain size and 
bed thickness distriout1on. CRP/PG-S4 may overlie the regional 
unconformity between late Cenomanian/early Turonian ana 
Coniacian/Santonian in some areas along the southern margin of 
the Carapeba/Pargo canyon. 

It occurs along the entire studied area. It overlies the 
regional unconformity between the late Cenomanian/early 
Turonian and Coniacian/Santonian alon9 most of its area of 
occurrence, but also truncates Coniac1an/Santonian mudstones 
in the eas~ern Pargo field. 

Restricted to the Pargo field; it overlies late CenomanianL 
early Turonian marls ana mudstones in the westernmost area of 
occurrencel and Coniacian/Santonian mudstones in eastern Pargo 
field. It s bounded at the top by Coniacian/Santonian 
mudstones or CRP/PG-S3 sandstones. 

CRP /PG-Sl Restricted to the easternmost part of Pargo field. It is 
bounded at the base and top by Coniacian/Santonian mudstones. 



155 

Guardado et al., 1990). The successions CRP/PG-51 to CRP/PG-58 

were stacked in an overall retrogradational pattern, recording 

the backfilling of the WNW-oriented CarapebafPargo canyon 

(Fig. 3. 4) • 

The interaction of subsidence along listric faults and 

deep erosion by high density turbidity currents shaped the 

Carapeba/Pargo canyon, which became gradually larger from the 

Coniacian/Santonian to the early Maastrichtian (Fig. 3 .2). 

Individual successions show lateral distribution (along 

strike) ranging from 1 to 12 km. This distribution is largely 

a function of variable fault activity, but is also controlled 

by the volume of individual turbidity currents (Fig. 3.2). 

Three major questions emerge from the scenario depicted 

above. They concern: (1) the provenance of the thick (up to 

286 m} package of texturally and compositionally immature, 

coarse-grained turbidites; (2) the development of individual 

facies successions; and ( 3) the overall retrogradational 

stacking of turbidite successions. These three questions will 

be addressed in the following sections. 

3.5.2. source of sediments 

The coarse-grained turbidites of Carapeba and Pargo 

fields are characterized by poorly-sorted, subangular to 

angular grains, composed largely (40-50 %) of feldspar, and 

feldspar-rich rock fragments. Their source rock is represented 
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by upper Proterozoic igneous and high-rank metamorphic rocks, 

including mostly granites, granulites, and migmatites, which 

form the coastal mountain range of the Serra do Mar (Fig. 

1. 7). 

The climate along the southeastern Brazilian coastal 

areas was humid and warm during the late Cretaceous (e.g. 

Parrish and curtis, 1982; Lima, 1983). These climatic 

conditions would eliminate by chemical weathering most of the 

feldspathic grains made available at the source area, unless 

the bedrock topography were characterized by steep slopes 

(e.g. Folk, 1974; Basu, 1985). In a source area characterized 

by rugged topography, the commonly vigorous (and erosive) 

streams would decrease the residence time of feldspathic 

grains in soil profiles, and also cut more deeply through 

fresh bedrock. Consequently, a large amount of feldspar-rich, 

coarse-grained and angular sediments would be made available 

for sedimentation. 

Steep slopes in the cratonic area adjacent to the Campos 

basin could have been produced by continued fault reactivation 

and relative uplift of Precambrian rocks during the late 

Cretaceous. This tectonic scenario is suggested by recurrent 

intrusions of alkaline rocks from Coniacian to Eocene (Ponte 

and Asmus, 1978; Almeida, 1983), and development of rhombic 

grabens filled with up to 850 m of late Cretaceous (?) and 

Tertiary sediments (Melo et al., 1985; Marques, 1990). In the 

neighbouring Santos basin (Fig. 1. 7), the late cretaceous 
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tectonic uplift and concomitant high sediment input were able 

to surpass the effects of the generalized tendency for sea 

level rise, with the development of a thick and coarse­

grained, regressive succession from the late Turonian onwards 

(Pereira et al., 1986; Macedo, 1987). 

The compositional and textural immaturity of the 

carapeba/Pargo turbidite system also implies that the 

sediments derived from rapidly uplifted, faulted highlands 

were not submitted to prolonged abrasion (if any) in a 

transi tiona!, high-energy deposi tiona! setting such as a 

beach, shoreface, or wave-dominated delta. The hypothesis of 

fan deltas directly feeding a relatively narrow, faulted shelf 

is appealing. However, it remains a speculation because of 

post-early Paleocene erosion of the shallower-water deposits 

equivalent in time to the late Cretaceous turbidites. The 

entire late Cretaceous Campos Formation is restricted to 

trough-confined, coarse-grained turbidites, and bathyal 

mudstones. 

3.5.3. Development of turbidite successions 

Major controls on turbidite sedimentation 

The accumulation of turbidite successions is controlled 

by the complex interaction of three major factors; sea level 

fluctuation, tectonic setting and activity, and type and rate 

of sediment supply (e.g. Stow et al., 1985; Mutti and Normark, 
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1987; Pickering et al., 1989). These controls are by no means 

independent; for instance, significant tectonically-induced 

uplift made available texturally and compositionally immature 

sediments to be resedimented in the CarapebajPargo area. It is 

very difficult to isolate the effects of one of these 

variables, and most attempts are based on assumptions 

regarding the magnitude and rate of the other two variables 

{Burton et al., 1987). 

Recent literature has highlighted the influence of sea 

level fluctuations on the development of turbidite systems 

(e.g. Mutti, 1985; Mutti and Normark, 1987; Posamentier and 

Vail, 1988; Vail et al., 1991; Walker, 1992). This emphasis is 

supported by a growing body of evidence that turbidites tend 

to accumulate preferentially during global or regional sea 

level falls {e.g. Piper and Normark, 1983; Bouma et al., 1989; 

Feeley et al., 1990; Nelson, 1990; Nelson and Maldonado, 1990; 

Weimer, 1990). During sea level falls, the coastal 

depositional systems tend to prograde over the shelf, moving 

sediment depocenters closer to the shelf/slope break. The 

higher rates of sedimentation at this location stimulate slope 

failures {e.g. slides and slumps; Coleman et al., 1983), and 

also may increase the amount of sediment to be remobilized by 

earthquakes {Kastens, 1984; Piper et. al., 1988; Adams, 1989) 

and storm waves {Dengler et al., 1984; Lee and Edwards, 1986). 

All of these processes may generate turbidity currents. Canyon 

initiation and development also is augmented during lowstand 
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(e.g. Suter and Berryhill, 1985; Carlson and Karl, 1988), 

mainly by retrogressive slumps (Coleman et al., 1983; Farre et 

al. , 1983; Goodwin and Prior, 1989) . In the case of pre­

existing canyons, the shift in coastal depocenters would 

favour the capture by these canyons of sediments in fluvial/ 

deltaic systems and transported by alongshore currents. 

Increased sediment bypassing of the shelf, resulting in 

turbidity currents, would enlarge the canyons (Shepard, 1981) 

and lead to the building of submarine fans on the basin floor 

(Posamentier et al., 1991). 

Tectonics influence turbidite sedimentation mainly by 

controlling basin size and shape, bottom gradients, type and 

rate of sediment supply, and local relative sea level changes 

(e.g. Stow et al., 1985; Mutti and Normark, 1987; Pickering et 

al., 1989). Tectonics may increase sediment supply by 

increasing rates of uplift and denudation in the hinterland, 

by establishing fault-controlled, narrower coastal plains and 

shelves, and by steepening continental margin gradients. Also 

important are the earthquake-induced faults, which may almost 

instantaneously modify relief by tens of meters (or more)' and 

trigger large turbidity currents. 

Global sea level curves 

Sedimentation of the CarapebafPargo turbidite system 

(Coniacian/Santonian to early Maastrichtian) took place during 

a prominent first-order, eustatic sea level rise during 
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Mesozoic time {Vail et al., 1977, p.84). Pitman {1978) 

estimates that sea level was 350 m higher than at present in 

the Santonian {85 Ma; Fig. 2.4), largely due to the rapid 

expansion of the mid-oceanic ridge system {increasing in the 

spreading rate) from 110 to 85 Ma. The overall tendency for 

sea level rise during the late Cretaceous was punctuated by 

third-order sea level falls {Haq et al., 1987, 1988; Fig. 

3.42), but none of them was able to shift the coastal onlap 

sufficiently to induce shallow water sedimentation in the 

CarapebajPargo area. From the late Cenomanian to the early 

Paleocene, sedimentation in the study area always took place 

in upper bathyal or deeper environments (e.g. Azevedo et al., 

1987a; Guardado et al., 1990). 

The biostratigraphic units defined for the Coniacian/ 

Santonian Campos basin do not have sufficient resolution to 

allow correlations between global sea level curves {e.g. Haq 

et al., 1987, 1988) and the facies sucessions of the 

CarapebajPargo turbidite system {Fig. 3.42). Also, global sea 

level curves do not show a comparable number of third-order 

sea level falls in the Coniacian/Santonian and early 

Maastrichtian to explain the number of turbidite successions 

in the study area {Fig. 3.42). However, the effects of two 

important eustatic sea level falls, respectively in the late 

Turonian {90-89 Ma) and late Campanian {75-74 Ma) (Fig. 3.42) 

seem to be recognizable in the eastern Brazilian marginal 

basins. 
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The Turonian sea level fall is related to a widespread 

unconformity, identified in many basins around the world (e.g. 

North America Western Interior, Weimer, 1984; U.S.A. Atlantic 

Margin, Poag and Schlee, 1984; Arabian Peninsula, Harris et 

al., 1984; and offshore western Africa, Seiglie and Baker, 

1984). In the Campos basin, the 90- 89 Ma sea level fall 

moved the turbidite depocenters seaward, and the canyons in 

the study area were submitted to erosion by increasingly 

frequent and powerful turbidity currents. Erosion also took 

place along most of the westernmost and shallower portions of 

the Campos basin, induced by processes still poorly 

understood. This erosion produced a widespread unconformity, 

which cuts out the sedimentary record of the late Turonian in 

large areas of the basin. This unconformity is underlain by 

deep neritic to upper bathyal (100 - 300 m) late Cenomanian/ 

early Turonian marls and mudstones, and is overlain mainly by 

mid to lower bathyal (1,000 - 1,500 m) Coniacian/Santonian 

mudstones. However, along the CarapebajPargo trough this 

unconformity may be truncated by coarse-grained turbidites 

(successions CRP/PG-S2 to CRP/PG-S6; Figs. 3.2, 3.4, 3.22, and 

3.24). 

The 75 - 74 Ma sea level fall apparently did not have the 

same absolute fall magnitude as the 90 - 89 Ma sea level 

event, but it is also widely recognized (e.g. Fondecave-Wallez 

et al., 1990; Olsson, 1991). In the Campos basin the Campanian 

sedimentary record is very thin (a maximum of only 24 m in the 
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study area; Fig. 3.4). This has been attributed to very low 

sedimentation rates following a widespread transgression 

(Azevedo et al., 1987a) (Fig. 3.42). However, important 

erosion of Campanian and even older sediments is indicated by: 

{1) the absence of the worldwide index fossil (foraminifera) 

Globotruncana calcarata {Caron, 1985) in the Campos basin 

{Guardado et al., 1990); and {2) the occurrence of the early 

Maastrichtian Tetralithus trifidus (calcareous nannofossil) 

zone directly overlying the Albian Nannoconus truitti truitti 

zone in a large area {> 1, 300 km2 ) of the southern Campos 

basin (Richter, 1987). This erosion and related unconformity 

was probably produced by turbidity currents developed during 

the 75 74 Ma sea level fall. The early Maastrichtian 

successions CRP /PG-S7 and CRP /PG-S8 overlie this unconformity, 

as observed for other time-equivalent, canyon-fill (turbidite) 

successions in the Esp1rito Santo and Bahia Sul basins (e.g. 

Bruhn and Moraes, 1989). 

From the ideas presented above it can be concluded that 

global sea level curves do not support or deny the 

interpretation that succession development in the study area 

was controlled by eustatic sea level fluctuations. The sea 

level curves of Haq et al. ( 1987, 1988) do not show a 

comparable number of third-order sea level falls in the 

Coniacian/Santonian and early Maastrichtian to be correlated 

to the number of (0.4 - 0.9 m.y. duration) CarapebajPargo 

turbidite successions {Fig. 3.42). However, the unconformities 
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that define (at least locally) the base of the entire 

Coniacian/Santonian and early Maastrichtian turbidite 

successions may be correlated to important sea level falls, 

respectively at 90- 89 and 75- 74 Ma (Fig. 3.42). 

Tectonics 

During the long term sea level rise of the late 

Cretaceous (Fig. 2.4), the Campos basin also experienced a 

generalized eastward (seaward) tilting in response to the 

combined effects of thermal-contraction subsidence and 

sedimentary loading (Mohriak et al., 1990). Seismic profiles 

published by Guardado et al. (1990, their figure 5), and 

Mohriak et al. (1990, their figures 3 and 4) show a gentle 

flexure of the basement across a coastal hinge line located 

close to the present limit of occurrence of late Cretaceous 

rocks (Fig. 3.1). The boundary between the shallow carbonate 

platform megasequence and the marine transgressive 

megasequence was tilted down to the east by up to 0.2° (at the 

position of the study area) from mid Albian to early 

Paleocene; this represents an average increase of 0.006°/m.y. 

in the paleogradient of the late Cretaceous Campos basin. 

Geohistory curves presented by Mohriak et al. (1990, p. 128-

129) permit the estimation of regional tectonic subsidence 

rates of 1.8 - 2.0 cm/1,000 yr. for the time period between 95 

and 65 Ma (late Cretaceous). 

The generalized tectonic tilting induced downslope creep 
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of Aptian evaporites by gravitational instability (Figueiredo 

and Mohriak, 1984). Salt flowage favoured the development of 

listric faults soling out on evaporite beds, some of them 

responsible for defining the boundaries of the CarapebafPargo 

canyon and its filling section (e.g. Figs. 1.8, 3.2 and 3.24). 

Variable subsidence rates along these smaller-scale tectonic 

features are estimated in three cases described below. 

(1) The fault that defines the westernmost occurrence of 

succession CRP/PG-S1 (Sandstone A; Fig. 3.4) was able to 

accommodate a 112 m thick package of Coniacian/ Santonian 

mudstones and coarse-grained turbidites. This is a minimum 

figure, because erosion by high density turbidity currents 

probably took place along the downthrown block. Considering 
( 

the average duration of the Coniacian/Santonian successions 

(0.9 m.y.), the average subsidence rate along this fault would 

have been at least 12.4 cm/1,000 yr. 

(2) Figure 3.24 illustrates fault-controlled turbidite 

sedimentation along the southern margin of the CarapebafPargo 

canyon. A cumulative throw of 221 m is recorded for the fault 

located between the wells CRP-420 and RJS-320A, which was 

created during the combined times for sedimentation of the 

late Cenomanian/early Turonian marls and mudstones of the 

Macae Formation, the entire succession CRP/PG-S3, and most of 

succession CRP/PG-S4 (sandstones D to J). This displacement 

can be calculated by comparing the structural position of the 

unconformity between the late Albian and late Cenomanian/early 
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Turonian successions on both sides of the fault. The well RJS-

320A records a 145 m thick succession (136 m of coarse-grained 

turbidites; sandstones C to J), which is absent in the well 

CRP-420, and also a succession of late Cenomanian/early 

Turonian marls and mudstones, which is 11 m thicker than its 

counterpart in the hanging wall (well RJS-145A). From these 

numbers it can be inferred that the fault-controlled 

subsidence was able to accommodate not only the 145 m thick 

turbidite succession, but also at least 11 m of late 

Cenomanian/ early Turonian marls and mudstones. Considering the 

average duration of the successions CRP/PG-S3 and CRP/PG-S4 

(0.9 m.y. each), the average subsidence rate along this fault 

would have been at least 8.1 emf 1, 000 yr. in Coniacian/ 

Santonian times. 

(3) Figure 3.2 shows three faults also located in the 

southern margin of the CarapebafPargo trough. Their throws are 

28, 60, and 108 m, respectively, from south to north. Well 

RJS-221 records a 167 m thick (144 m of turbidites) succession 

(all of the succession CRP/PG-S4 and most of the succession 

CRP/PG-S5), which is absent in well CRP-30 (Fig. 3.2). In this 

case, the local tectonic subsidence was not able to 

accommodate by itself the entire turbidite succession. The 

remaining necessary space (59 m), was probably created by the 

erosion of Coniacian/Santonian mudstones by high density 

turbidity currents. This erosion is indicated by the much 

thinner record of Coniacian/Santonian mudstones and the 
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absence of the markers C/S-1 and C/S-2 in well RJS-221. 

considering the average duration for the successions CRP /PG-S4 

and CRP/PG-S5 (0.9 m.y. each), the average subsidence rate 

along the fault between wells CRP-11 and RJS-221 (Fig. 3.2) 

would have been about 6.0 cm/1,000 yr. 

In the CarapebafPargo area, subsidence rates along local 

faults seem to have decreased during the sedimentation of the 

Coniacian/Santonian turbidite successions (from 12.4 to 6.0 

cm/1,000 yr.). Fault control on the lateral distribution of 

the sandstone bodies also diminished (Fig. 3. 2, and also 

compare the net sand maps for the successions CRP/PG-S2 to 

CRP/PG-S6; Figs. 3.26, 3.27, 3.28, 3.33, and 3.35). Some 

degree of fault reactivation during the early Maastrichtian 

could be suggested for the time of deposition of CRP/PG-S7 and 

CRP/PG-S8, particularly in the southwestern part of Carapeba 

field (Figs. 3.40 and 3.41). However, the magnitude of this 

early Maastrichtian, fault-controlled subsidence would be very 

small compared with the Coniacian/Santonian subsidence. This 

decreasing trend of local tectonic activity probably reflects 

diminishing rates in evaporite flowage in those portions of 

the Campos basin presently under water depths less than 200 m 

(Fig. 3.1). 

Despite the exponentially decreasing rates of thermal 

contraction subsidence in the basin (Fig. 2. 4), important 

uplift and sediment input persisted in the basin margin and 

Precambrian source area, which led to the development of the 
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regressive marine megasequence from the mid Eocene onwards 

(Chang et al., 1988; Guardado et al, 1990; Fig. 1.8). Macedo 

(1987) suggests that opposing isostatic forces may have kept 

the Serra do Mar uplifting during the development of the 

transgressive and regressive megasequences: an uplifting force 

due to load release by erosion onshore, and a downwarping 

force produced by sediment load offshore. 

Development of the carapeba/Parqo turbidite successions 

Two major hypotheses are presented here to explain the 

development of successions CRP/PG-S1 to CRP/PG-S8. The first 

possibility, mostly autocyclic, considers the development of 

successions by switching depocenters of feeding deltas or fan­

deltas along the basin margin. The second scenario, 

essentially allocyclic, considers the development of 

successions by the interaction of (a) tectonics, (b) sediment 

supply, and (c) sea level fluctuations. Both autocyclic and 

allocyclic hypotheses are essentially qualitative and 

tentative due to the limitations of the data base; the study 

area comprises only a 20 km-long portion of a system at least 

150 km-long, and there is a lack of preservation in the Campos 

basin of the late Cretaceous, shallower-water sedimentary 

record. 

Autocyclic hypothesis: According to a mostly autocyclic 

hypothesis, the establishment of a new succession would take 

place following the migration of deltas or fan deltas toward 
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a position where their coarse-grained sediments would be 

remobilized and then resedimented preferentially in the 

CarapebafPargo canyon. Conversely, the building of a 

succession would stop with the switching away of the feeding 

depositional systems. This hypothesis is not totally 

autocyclic, because in the high relief, rapidly uplifting 

margin of the late Cretaceous Campos basin the establishment 

and migration of coastal depositional systems probably had a 

strong tectonic control. 

The well-defined fining- and thinning-upward character 

exhibited by most of the turbidite successions (e.g. Fig. 3.4) 

could be related to the gradual withdrawal of deltajfan delta 

depocenters. During this time, the amount and rate of 

accumulation of coarser-grained sediments in areas more 

susceptible to failure would decrease, with turbidity currents 

becoming less frequent and finer-grained. Eventually this 

process could lead to the interruption of turbidite 

sedimentation in the CarapebajPargo canyon, which would then 

be blanketed by mudstones. This interpretation would imply 

that the deposition of individual successions would have taken 

place during time intervals shorter than the previously 

estimated 0.4 to 0.9 m.y. Conversely, coarsening- or 

thickening-upward successions also should be expected as a 

result of the gradual return of the feeding depositional 

systems. Thus, the absence of coarsening- or thickening-upward 

successions in the CarapebafPargo turbidite system would 



169 

represent a major problem with respect to a purely autocyclic 

control on the development of the studied successions. 

Fining upward and thinning upward sucessions have been 

interpreted as the result of lateral migration andjor 

abandonment of channels (e.g. Mutti and Ghibaudo, 1972; 

Walker, 1978; Link and Nilsen, 1980; Link and Welton, 1982). 

However, closely-spaced well control and detailed correlations 

show that most of the Carapeba/Pargo turbidites comprise non­

channelized (tabular or lobate) sandstone bodies. It follows 

that channel filling or channel migration are unlikely to have 

been responsible for the fining- and thinning-upward 

successions recorded in the CarapebajPargo turbidite system. 

Allocyclic hypothesis: During the late Cretaceous, the 

Campos basin was still an immature passive margin basin, 

recording important uplift in the adjacent hinterland and 

along its faulted margin, which was probably characterized by 

a narrow and steep shelf. In this setting, the effects of sea 

level fluctuations on moving clastic depocenters landward and 

seaward across the shelf would be minor, with the source areas 

remaining relatively close to the shelf/slope break even 

during highstands. Additionally, the interpretation of 

succession development purely controlled by third-order, 

eustatic sea level falls has problems regarding their required 

0.4 - 0.9 m.y. reccurrence. Growth and melting of continental 

ice masses is the only well-known mechanism that can induce 
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eustatic sea level to change at rates exceeding 1 cm/1,000 yr. 

{up to 1,000 cm/1,000 yr.), and with a magnitude of tens of 

meters {up to 150-200 m) {e.g. Pitman, 1978; Pitman and 

Golovchenko, 1983; Revelle, 1990). However, there is an 

important gap in the glacial record between the Triassic and 

early Tertiary {Eyles and Eyles, 1992), and the Cretaceous 

possibly comprised the warmest interval in Earth history 

{Barron 1983; Frakes and Francis, 1990). Following glacio­

eustasy, variations in the volume of the mid-ocean ridges 

{acceleration of the sea-floor spreading rate) represent the 

most important mechanism for eustasy, but it can account for 

maximum rates of only 0.67 cm/1,000 yr. {Pitman, 1978). 

Tectonic activity in the late Cretaceous Campos basin 

probably exerted an important control on sediment supply {as 

discussed in section 3.5.2) and sea level fluctuations. In 

large portions of the Campos basin, deep neritic to upper 

bathyal {100 - 300m) late Cenomanian/early Turonian marls and 

mudstones are unconformably overlain by mid to lower bathyal 

{1,000 - 1,500 m) Coniacian/Santonian mudstones {Azevedo et 

al., 1987a). This large increase in depth {at least 700 m) 

took place in less than 2 m.y. {minimum rate of 35 cm/1,000 

yr.) , and probably results from the effects of the first­

order, {eustatic) late Cretaceous sea level rise, amplified by 

tectonic subsidence. 

The scenario described above suggests the interpretation 

that tectonically-controlled sediment supply at the basin 
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margin would have represented the most important control on 

the development of carapeba/Pargo turbidite successions. In 

this context, the deposition of each succession would have 

followed a relatively abrupt increase in sediment supply 

through delta/fan delta systems, which in turn would have 

responded to phases of fault reactivation and/or increasing 

upflift in the ancestral Serra do Mar. These pulses of 

increasing sediment supply would have been able to shift 

coastal depocenters seaward, and possibly to induce short­

term, relative sea level falls. However, the change from an 

overall transgressive setting to a regressive regime took 

place in the Campos basin only after the early Paleocene (e.g. 

Chang et al., 1988; Guardado et al., 1990). 

An essentially allocyclic explanation for the fining- and 

thinning-upward successions of the CarapebajPargo turbidites 

is very difficult to define. A possible explanation, albeit 

purely theoretical, would consider these successions as 

produced by slope failures (and related turbidity currents) 

that were gradually less frequent and involved finer-grained 

material, as a result of decreasing tectonically- and 

climatically-controlled sediment supply, and related change 

from relative lowstand to rising sea level conditions 

(inducing landward shift of coarse-grained depocenters). In 

this context, the decreasing sediment supply via delta/fan 

delta systems would have resulted from the progressive erosion 

of uplifted continental blocks and following slope reduction 
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in the source area. Consequently, the amount and rate of 

accumulation 

susceptible 

of coarser-grained sediments in 

to failure would have decreased. 

areas more 

This trend 

experienced successive interruptions by tectonic reactivations 

(or climatic fluctuations), which effects included there­

establishment of steeper slopes in the source area, the 

development of delta/fan delta systems capable of carrying 

larger amounts of coarse-grained sediments at the basin 

margin, and eventually the development of canyon-fill, 

turbidite successions. 

Variations in sediment supply along the Campos basin 

margin also could have been influenced by climatic variations, 

considering the large average duration of the CarapebajPargo 

turbidite successions. A mostly warm and humid paleoclimate is 

interpreted for the eastern Brazilian coast during the late 

Cretaceous (e.g. Parrish and Curtis, 1982; Lima, 1983), but it 

is very probable that climatic fluctuations (e.g. Milankovitch 

cyclicity; Imbrie and Imbrie, 1980) took place from the 

Coniacian to the Maastrichtian. In this context, periods of 

higher seasonal precipitation would induce higher denudation 

rates in the source area, and related higher rates of sediment 

supply to the basin margin. For example, in areas with high 

seasonal precipitation the erosion rates may be twice as much 

those in semi-arid areas with the same relief (Stow et al., 

1985) • 

The magnitude of the tectonic reactivations or relative 
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sea level falls required to develop the successions CRP/PG-S1 

to CRP/PG-S8 would not have to be very large, considering that 

the CarapebajPargo turbidite system is thick (due to 

structural confinement), but not volumetrically impressive. 

The total volume of coarse-grained turbidites along the 150 km 

long CarapebafPargo canyon (Fig. 3.1) is less than 200 km3 

(individual turbidites averaging < 1 km3 ) • There are many 

examples of individual turbidites exceeding 100 km3 (e.g. 

Elmore et al., 1979; Ricci Lucchi and Valmori, 1980; Mutti et 

al., 1984; Piper et al., 1988), and also turbidite systems 

developed in equivalent or smaller time span exceeding 500 km3 

(e.g. Droz and Bellaiche, 1985; Damuth et al., 1988; Weimer, 

1989, 1990; Azambuja, 1990; Martins et al., 1990; Peres, 

1993). Additionally, the recurrence intervals for the studied 

turbidites (15,000 to 38,000 years) are very large, 

considering that earthquakes of magnitude sufficient to cause 

large-scale turbidity currents (M
5 

> 7; Seguret et al., 1984; 

Piper et al., 1988) may occur in passive continental margins 

every few hundred years (Basham and Adams, 1983). 

3.5.4. Retrogradational stacking 

As considered for the development of individual 

successions, autocyclic and allocyclic controls also could be 

proposed to explain the overall retrogradational stacking and 

the well-defined fining- and thinning-upward successions 
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recorded by the CarapebafPargo turbidite system. 

Autocyclic hypothesis: The gradual switching away of a 

feeding delta/fan delta system could represent a possible 

autocyclic control on the fining- and thinning-upward trends 

presented by the carapebafPargo turbidite successions (as 

discussed in the previous section). However, this autocyclic 

control could not account by itself for the overall deepening­

upward sedimentation indicated by the benthic foraminifera 

found in the interbedded mudstones (Azevedo et al., 1987a). 

Based on the offset termination of the various turbidite 

successions (Fig. 3.4), a minimum retrogradation of 20 km can 

be estimated for the CarapebafPargo turbidite system. Thus, 

the feeding depositional system would have to retrograde at 

least 20 km (considering a constant basin gradient) , in order 

to induce the general retrogradational stacking presented by 

the turbidite successions (Fig. 3.4). Such landward shifting 

would hardly take place by a purely autocyclic mechanism, 

considering the high relief, fault-controlled margin of the 

late Cretaceous Campos basin. 

Allocyclic hypothesis: In this context, the backfilling 

of the Carapeba/Pargo canyon would represent the effects of 

the generalized, long-term sea level rise recorded in the 

Campos basin, which gradually would have moved the coastal 

depocenters landward. As a result, the amount and rate of 

accumulation of coarser-grained sediments in sites more 

susceptible to failure (e.g. shelf/slope break) would 
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decrease), with turbidity currents becoming less frequent, 

smaller, and finer-grained. Middleton and Neal (1989) 

demonstrated experimentally that turbidite thickness and 

lateral extent (or travel distance of turbidity currents) can 

be related to the original volume and concentration of the 

turbidity currents, their speed, and the settling velocity of 

the grains transported by them. All other things being equal, 

larger turbidity currents would travel longer distances. It 

follows that the long-term trend of sea level rise likely 

would result in deposition from turbidity currents in 

successively shorter distances from their point of initiation. 

Thus, the depocenters of coarse-grained turbidites would tend 

to migrate upcanyon, giving rise to retrogradational 

successions. 

It is important to point out that, regardless of the 

influence of sea level fluctuations, turbidite sedimentation 

' within a canyon would take place only if there is a 

significant reduction in the gradient of the canyon floor, 

causing the turbidity currents to decelerate. Therefore, the 

hypothesis for retrogradational stacking presented above 

requires that the increase in basin floor gradient by thermal 

contraction and sediment load be minimal; otherwise, the 

increasing gradient would result in turbidite accumulation in 

the same position, or even farther basinward, bypassing the 

study area. Passive margin basins are characterized by a 

series of half-grabens stepping-down seaward; however, the 
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common rotation of blocks along listric faults may reduce (or 

even reverse) basin floor gradient in many of these fault­

bounded basin segments (e.g. Fig. 1. 8) . Typical seismic 

profiles of the Campos basin (e.g. Guardado et al., 1990, 

their figure 5) show throughout the marine transgressive 

megasequence a steeper profile for the most proximal, 60 km­

wide part of the basin. Beyond this point, including the 

Carapeba/Pargo area, a much more gentle profile (flat or even 

dipping landward) is presented. Another cause for local 

decrease in basin floor gradient is related to the creep and 

withdrawal of underlying evaporite beds. It has been suggested 

(Figueiredo and Mohriak, 1984; Guardado et al., 1990) that 

salt flowage favoured the development of the listric faults 

(including those that bound the CarapebafPargo canyon) and 

also formed depresssions capable of impounding turbidites. 

The drop in sea-level recorded in the late Campanian (75 

74 Ma; Fig. 3.42) along with possible shorter-lived, 

relative sea level falls, would have allowed only shorter­

distance, seaward shifts of the preferential sites for 

turbidite accumulation. As a result, the CarapebafPargo 

turbidites and associated mudstones formed a muddier- and 

deepening-upward succession, characterized by a general 

retrogradational stacking. 

As discussed in the previous section, tectonically 

(and/or climatically)-controlled increase in sediment supply, 

and possibly related third-order, shorter-lived sea level 
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falls may have defined preferential times for accumulation of 

coarse-grained turbidites in the Campos basin. However, the 

general transgressive setting of the late Cretaceous kept 

these sediments restrained to canyons. Even thin ( < 1 m) 

turbidite beds are mostly (> 95 %) composed of conglomerates 

to medium-grained sandstones (Figs. 3.5 and 3.6), suggesting 

that turbidity currents carrying finer-grained sediments may 

have bypassed the CarapebafPargo canyon. However, their sandy 

load, if any, would have been deposited in areas with present 

bathymetry exceeding 1,000 m (Fig. 3.1); these areas are very 

difficult to drill, and little is known about possible 

turbidite deposition there. 

3.5.5. conclusions 

The late Cretaceous CarapebafPargo turbidite successions 

are included in the marine transgressive megasequence, which 

is characterized by onlapping, deepening- and muddier-upward 

sedimentation throughout the eastern Brazilian marginal 

basins. 

Eight coarse-grained turbidite successions, with 0.4 -

o. 9 m. y. durations, were developed mostly in response to 

phases of relatively abrupt increase in sediment supply via 

delta/ fan delta systems, which in turn responded to fault 

reactivation andfor increasing upflift in the ancestral Serra 

do Mar. These pulses of increasing sediment supply would have 
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been able to shift coastal depocenters seaward across a narrow 

and steep shelf, and possibly to induce short-term, relative 

sea-level falls. 

Progressive erosion of uplifted continental blocks and 

resulting slope reduction in the source area may have been 

responsible for decreasing the amount and rate of accumulation 

of coarser-grained sediments in areas more susceptible to 

failure. As a result, slope failures (and related turbidity 

currents) would have become gradually less frequent and finer­

grained, giving rise to well-defined fining- and thinning­

upward trends in most of the CarapebafPargo turbidite 

successions. 

Variable subsidence along listric faults soling out on 

creeping evaporite beds represented the major control on the 

shape of the CarapebafPargo canyon and the geometry of its 

filling turbidite successions. 

The overall retrogradational stacking exhibited by the 

CarapebafPargo turbidite successions probably represents the 

effects of the first-order, eustatic sea level rise in the 

Campos basin during most of the late Cretaceous, which 

gradually would have moved the coastal depocenters landward, 

and would have kept coarse-grained turbidites restrained to 

canyons. 



4. LAGOA PARDA FIELD, ESPIRITO SANTO BASIN 

4.1. LOCATION AND DATA BASE 

Lagoa Parda field is located in the southern Espirito 

Santo basin (Fig. 1.7), near mouth of the Doce River at the 

Atlantic Ocean (Fig. 4.1). Its reservoirs are contained within 

a thick (up to 400 m) succession of early Eocene, coarse­

grained turbidites (Fig. 4.2), deposited in the 15 km long, up 

to 6 km wide Regencia canyon (Figs. 4.1 and 4.3). The NE­

oriented Regencia canyon was filled by up to 1,000 m of mostly 

early Maastrichtian, late Paleocene, and early Eocene deep 

water sediments (Figs. 4.3 and 4.4). 

Lagoa Parda field was discovered in 1978 by the wildcat 

LP-2. Subsequent drilling of 12 step-out- and 71 exploitation 

wells (between 1978 and 1990) permitted the mapping of a 2.7 

km2 oil accumulation (Fig. 4.1), containing an original oil­

in-place volume of 7. 8 x 106 m3 ( 49. 3 million bbl) , and 

ultimate recoverable reserves of 3.9 x 106 m3 (24.3 million 

bbl) (Cosmo et al., 1991) • Lagoa Parda is a stratigraphic 

trap, with the oil distribution being primarily controlled by 

reservoir pinch-out. Its only oiljwater contact is located 
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Fig. 4.1- Location of the Lagoa Parda field and boundaries of 

the Regencia canyon (as defined with seismic data by Oliveira 

et al., 1985). Note that the Regencia canyon has about the 

same width, length, and orientation as the Dundas Valley, 

where McMaster University is located. However, the Dundas 

Valley and the Regencia canyon were shaped and filled by 

different processes. The Regencia canyon was defined by 

subsidence along listric faults and erosion by high-density 

turbidity currents. By contrast, the Dundas Valley is 

generally interpreted as a preglacial river valley, which was 

widened and modified by glacial erosion, and partially filled 

with glacial till and glacial lake sediments (e.g. Straw, 

1968; Middleton, 1982). 
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Fig. 4.2 - Typical gamma-ray and resistivity logs for the 

Lagoa Parda turbidite system. Well LP-4 was drilled in the 

thalweg of the Reg~ncia canyon (Fig. 4.3). There are at lest 

nine channel-complexes in the early Eocene, Neochiastozygus 

chiastus zone. The three uppermost channel complexes (LP-CC1 

to LP-CC3) were studied in detail. LP-CC3 is poorly developed 

in well LP-4, but it may comprise up to 27 m of sandstones in 

the southeastern part of Lagoa Parda field. The resistivity 

curve is shown in amplified scale for the mud-rich successions 

of the Neochiastozygus chiastus (upper part), Tribrachiatus 

orthostylus, and Discoaster lodoensis zones. High-resistivity 

horizons located below the oil/water contact are composed of 

boulder- to pebble-rich conglomerates. D is a high-resistivity 

mudstone containing siderite, rhodochrosite and pyrite; it 

makes a well log marker that can be widely correlated across 

the Lagoa Parda field, which was used as datum for the cross 

sections of figures 4.11, 4.23, and 4.24. 
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[Late] early Eocene: 
Discoaster lodoensis zone 

[Mid] early Eocene: 

Tribrachiatus orthostylus zone 
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Fig. 4.3 -Geological cross section transverse to the Reg~ncia 

canyon. Dashed lines indicate the studied succession. The 

canyon margins are controlled mainly by listric faults soling 

out on anhydrite beds of the transitional evaporitic 

megasequence. Six major unconformities occur in the marine 

transgressive- and marine regressive megasequences [late 

Turonian{?) to mid Eocene]; they are numbered 1 to 6, from the 

oldest to the youngest. The marine transgressive megasequence 

is bounded by unconformities 2 {or very locally by 1) and 5. 

Calcareous nannofossils zones from the early- and mid Eocene 

successions {Antunes, 1990a): {a) Neochiastozygus chiastus, 

{b) Tribrachiatus orthostylus, {c) Discoaster lodoensis, {4) 

Discoaster kuepperi, {e) Chiasmolithus staurion, and {f) 

Chiasmoli thus grandis. Combined thickness of conglomerates and 

sandstones in the early Eocene, Neochiastozygus chiastus zone 

is indicated {between parenthesis) for each well in the cross 

section. Lithology symbols are explained in figure 4. 4. 

Vertical scale = 3 x horizontal scale. Section location is 

shown in figure 4.1. 
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Fig. 4. 4 - Geological cross section longitudinal to the 

Reg~ncia canyon. Dashed lines indicate the studied succession. 

The reactivation (up to early Eocene) of a fault transverse to 

the canyon allowed the exposure of Precambrian rocks along the 

canyon floor in its western portion. Six major unconformities 

occur in the marine transgressive- and marine regressive 

mega sequences [late Turonian (?) to mid Eocene] ; they are 

numbered 1 to 6, from the oldest to the youngest. In this 

cross section, only unconformities 2 to 6 can be observed. The 

marine transgressive mega sequence is bounded by unconformities 

2 and 5. Calcareous nannofossils zones from the early- and mid 

Eocene successions (Antunes, 1990a): (a) Neochiastozygus 

chiastus, (b) Tribrachiatus orthostylus, (c) Discoaster 

lodoensis, (d) Discoaster kuepperi, (e) Chiasmolithus 

staurion, and (f) Chiasmolithus grandis. Combined thickness of 

conglomerates and sandstones in the early Eocene, 

Neochiastozygus chiastus zone is indicated (between 

parenthesis) for each well in the cross section. Vertical 

scale = 6 x horizontal scale. Section location is shown in 

figure 4.1. 
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1,559 m below sea level (Cosmo et al., 1991). The source rocks 

are late Neocomian, lacustrine mudstones of the rift 

megasequence, which are eroded at the base of the Reg~ncia 

canyon (Estrella et al., 1984) (Figs. 4.3 and 4.4). 

The turbidite system sampled in the Lagoa Parda field was 

studied along a 2.8-km-long, 2.5-km-wide area, where 70 wells 

were drilled on an average spacing of 200 - 250m (Fig. 4.5). 

The reservoirs were cored in seven wells (LP-3, LP-4, LP-8, 

LP-10, LP-33, LP-36, and LP-85; Fig. 4.5), permitting the 

description of a cumulative 324 m thick succession of rocks. 

The wells drilled in the Lagoa Parda field present a 

comprehensive suite of high-quality well logs, including 

gamma-ray, spontaneous potential, resistivity, density, 

neutron, caliper, sonic, and dipmeter logs. The facies defined 

in the seven cored wells were calibrated with well log 

responses, and hence could be recognized in the non-cored 

wells. 

A detailed calcareous nannofossil biostratigraphy for the 

filling-section of the Reg~ncia canyon was established by 

Antunes (1990a). It includes 5 Cretaceous zones (late Turonian 

to Maastrichtian), and 10 Tertiary zones (Paleocene to mid 

Eocene). Palynomorph zones are available for the well LP-2 

(Fig. 4. 3) (Dino, 1989, unpublished data) . Paleoecological 

studies based on benthic foraminifera were conducted in four 

wells from the Espirito Santo basin (including the well FCL-1; 

Fig. 4.4) by Azevedo (1985). 



Fig. 4.5 -Location map of wells and detailed geological cross 

sections in the Lagoa Parda field. Four of these cross 

sections are reproduced in figures 4.23 and 4.24. Dashed line 

indicates the maximum areal extent of the oil accumulation. 
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A comprehensive description of the development of the 

Lagoa Parda field is presented by Cosmo et al. (1991). A few 

sedimentological and petrographic studies have been made of 

the Lagoa Parda reservoirs, including those by Bagnoli (1984), 

and Bruhn and Moraes (1988). 

4.2. GENERAL GEOLOGICAL SETTING 

4.2.1. Stratigraphy 

The Lagoa Parda reservoirs consist of sandy and 

conglomeratic turbidites, which form part of the marine 

transgressive megasequence (also studied in the CarapebafPargo 

area; Fig. 1.8). These canyon-fill turbidites are included in 

the Urucutuca Formation, which embraces all of the deep water 

facies (turbidites and interbedded mudstones) recognized in 

the transgressive and regressivemegasequences of the Espirito 

Santo and Bahia Sul basins (Fig. 1.7). 

Lagoa Parda turbidites make part of the filling-section 

of the Regencia canyon, which is one of several large 

submarine canyons excavated along the western margin of the 

Espirito Santo and Bahia Sul basins after the mid Albian (Fig. 

2.5). The NE-oriented Regencia canyon was filled by up to 

1,000 m of mostly early Maastrichtian, late Paleocene, and 

early Eocene deep water sediments (Fig. 4.3). Antunes (1990a, 
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1990b) recognizes nine major phases of erosion and filling in 

the late Cretaceous to mid Eocene section of the Regencia 

canyon, mostly based on missing calcareous nannofossil zones. 

Figures 4.3 and 4.4 illustrate the six most important of these 

unconformities, which are numbered 1 to 6, from the oldest to 

the youngest. 

Lagoa Parda reservoirs comprise the uppermost portion of 

an early Eocene succession, which is the thickest (up to 650 

m) and coarsest-grained (up to 400 m of conglomerates and 

sandstones) filling-section of the Regencia canyon (Figs. 4.2 

and 4.3). These rocks are included in the calcareous 

nannofossil zone Neochiastozygus chiastus (Antunes, 1990a), 

which has a time span of about 1.3 m.y. (between 57.8 and 56.5 

Ma). 

Seismic stratigraphic studies (e.g. Oliveira et al., 

1985) have recognized that the Lagoa Parda reservoirs make 

part of a transgressive, onlapping succession, which spans the 

late Paleocene to the early Eocene (5.1 m.y., between 58.8 and 

53.7 Ma; Fig. 4. 4) . This succession probably records the 

culmination and maximum coastal onlap of the generalized 

transgression that took place along the eastern Brazilian 

margin during the late Cretaceous and early Tertiary. Late 

early- to mid Eocene (53.7 to about 40 Ma), mud-rich facies 

may also fill the Regencia canyon (Fig. 4. 3) , but they 

comprise the basal portion of the offlapping and 

progradational marine regressive megasequense (Oliveira et 
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al., 1985). 

4.2.2. Tectonics and maqmatism 

The structural framework of the Regencia canyon area is 

characterized by two sets of normal faults, respectively NE­

and N-oriented (Oliveira et al., 1985). 

Reactivations in the NE-oriented fault system induced the 

establishment of listric normal faults soling out on the 

transitional evaporitic megasequence; these basement-detached 

faults, in turn, controlled the evolution of the Regencia 

canyon boundaries (Fig. 4.3), and also originated smaller 

tributary troughs along its northern margin (Fig. 4.1). 

The N-oriented fault system was successively reactivated 

up to the early Eocene, when Precambrian high-grade 

metamorphic rocks were exposed along the canyon floor in its 

western portion (Fig. 4.4). 

The Coniacian to Eocene recurrent magmatic activity 

recorded in the Campos basin was equally important in the 

Espirito Santo basin. Basaltic lava flows of this age are 

found in many offshore and onshore wells. The large Abrolhos 

volcanic complex (Fig. 2.5), located about 85 km northeast of 

the Lagoa Parda field, was built essentially by late 

Cretaceous to Eocene volcanic rocks and sediments derived from 

a pre-existing narrow continental shelf (Ponte and Asmus, 

1978). The magmatic activity centered on the Abrolhos bank is 
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probably related to the development of a hot spot associated 

with the Vit6ria-Trindade seamount chain (Ponte and Asmus, 

197 8) • 

4.2.3. Paleoenvironment 

The fauna described for the Eocene mudstones drilled by 

the well FCL-1 (Fig. 4.4) is very diversified. A deep neritic 

to upper bathyal (200 500 m) association of benthic 

foraminifera has been identified (Azevedo, 1985); its most 

common genera are Planulina, Uvigerina, Bulimina, 

Globocassidulina, Lenticulina, Trifarina, Cibicidoides, 

Bathysiphon, Haplophragmoides, and Quinqueloculina. 

Organic geochemistry studies of Eocene mudstones in well 

LP-22 (Fig. 4.4) have found low total organic carbon content 

( 1 - 2 % by weight), a large dominance of terrestrially­

derived kerogen, and poor preservation of organic matter 

produced by marine phytoplankton (Estrella et al. , 1984) . 

These conditions characterize a highly oxygenated environment, 

which is also suggested by the large number of genera and 

individuals of benthic foraminifera (Azevedo, 1985). 

The abundance of plant debris in the cores of the Lagoa 

Parda field suggest a warm and humid climate for the early 

Eocene Espirito Santo basin. An important continental runoff 

and a local salinity decrease in the early Eocene Regencia 

canyon is suggested by the small number of individuals in the 
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calcareous nannofossil assemblage (Antunes, 1990a), and also 

by the large amount of woody organic matter, and high ratio of 

spores and hydrophytic pollens to dinoflagellates in the 

palynomorph assemblage of well LP-2 (Dino, 1989, unpublished 

data). These local observations agree with global 

paleoclimatic reconstructions, which suggest a relatively warm 

and humid (moderately high rainfall rates) climate for the 

Espirito Santo basin during most of the late Cretaceous and 

early Tertiary (e.g. Parrish and Curtis, 1982; Parrish et al., 

1982) . 

4.3. FACIES CHARACTERIZATION 

The description of 324 m of cores recovered from 7 wells 

(Fig. 4.5) permitted the recognition of five major facies in 

the early Eocene succession of the Lagoa Parda field. These 

facies were distinguished chiefly on the basis of texture, 

physical sedimentary structures, bed thickness, and 

bioturbation. The facies are given the following names: 

(1) Facies LP-Fl: UNSTRATIFIED, BOULDERY TO PEBBLY 

CONGLOMERATES AND VERY COARSE-GRAINED SANDSTONES; 

(2) Facies LP-F2: GRADED BEDS OF UNSTRATIFIED COARSE­

GRAINED SANDSTONES AND PARALLEL-STRATIFIED FINER­

GRAINED SANDSTONES; 
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(3) Facies LP-F3: INTERBEDDED BIOTURBATED MUDSTONES AND 

THIN-BEDDED SANDSTONES; 

(4) Facies LP-F4: INTERBEDDED STRATIFIED SANDSTONES AND 

INTRACLASTIC CONGLOMERATES; 

(5) Facies LP-F5: MUDSTONES. 

The abbreviation LP come from the name Lagoa ~arda, and 

has been used by PETROBRAS to designate all of the wells 

drilled in this oil field. Figures 4.6 and 4.7 present the 

facies distribution in two extensively cored wells, which were 

selected in order to illustrate the most important facies 

recognized in the Lagoa Parda turbidite system. 

Readers who do not need the descriptive details, 

sedimentological interpretation, well log response, and 

reservoir properties of each of the five facies can proceed to 

section 4.4 (High-resolution stratigraphy and reservoir 

geometry) or section 4.5 (Sedimentation evolution and 

controls). 

4.3.1. Facies LP-Fl: unstratified, bouldery to pebbly 

conglomerates and very coarse-grained sandstones 

Description: 

LP-F1 essentially includes unstratified, bouldery to 

pebbly conglomerates, conglomeratic sandstones, and very 

coarse- to coarse-grained sandstones (Figs. 4.6 to 4.10), 



Fig. 4.6 -Typical facies and respective well log responses of 

Lagoa Parda turbidite system. Explanation of symbols used in 

this figure is provided in page 70. 
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Fig. 4.7 -Typical facies and respective well log responses of 

Lagoa Parda turbidite system. Explanation of symbols used in 

this figure is provided in page 70. 
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Fig. 4 • 8 - FACIES LP-F1: Unstratified 1 bouldery to pebbly 

conglomerates and very coarse-grained sandstones; m = boulder 

of high-rank metamorphic rock; i = boulder-sized intraclast of 

contorted mudstone. Channel fill 14; well LP-33; depth: 

1,574.8 - 1579.6 m. 
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Fig. 4.9 - FACIES LP-F1: Two graded beds composed of (from 

bottom to top): unstratified, boulder- to granule-rich 

conglomerate, conglomeratic sandstone, and very coarse-grained 

sandstone. Cobble-sized mud intraclast indicated by i. Most of 

rocks are friable because of their low cement content, little 

mechanical and chemical compaction, and related high 

porosities and permeabilities. Channel fill 15; well LP-36; 

depth: 1,557.7 - 1,562.5 m. 
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Fig. 4.10 - FACIES LP-1'1: Unstratified, conglomerates and very 

coarse-grained sandstones. 

(a) Pebble (< 2. 5 em)- to granule-rich conglomerate, with 

matrix of very coarse-grained sand. Channel fill 26; well LP-

36; depth: 1,539.4 m. 

(b) Very coarse-grained sandstone. Channel fill 22; well LP-

33; depth: 1,569.0 m. 



196 



197 

which typically comprise normally graded beds ranging in 

thickness from 0.6 to 6.4 m (Figs. 4.6, 4.7, and 4.9). A few 

graded beds of LP-Fl are capped by o .1 1. 2 m thick, 

parallel-stratified, medium- to fine-grained sandstones, which 

are similar to the stratified sandstones described for the 

facies LP-F2 (Fig. 4.6). Inverse grading is very subordinate 

in facies LP-Fl; where present, there is a gradation from very 

coarse-grained sandstone or conglomeratic sandstone to pebbly 

and bouldery conglomerate, in a basal zone up to 60 em thick. 

The gravel portion of LP-Fl is composed mostly of pebbles 

to boulders (up to 40 em diameter) of quartzo-feldpathic high­

grade metamorphic rocks (Figs. 4. 8, 4. 9, and 4 .lOa), mud 

intraclasts (Figs. 4.8), and carbonaceous plant fragments. The 

exogenic, gravel-sized components tend to be concentrated at 

the base of individual beds, and their upward decrease in size 

and proportion defines the common coarse-tail grading 

presented by LP-Fl. The gravel-sized intraformational clasts 

may occur concentrated at the base of the graded beds (Fig. 

4.9), but they also may occur widely- and randomly-distributed 

in some beds (Fig. 4.8). 

The uppermost portion of the graded beds is formed mainly 

by very coarse- to coarse-grained sandstone, characterized by 

a gravel content smaller than 5 %, and content grading. 

The rocks that comprise LP-Fl are also characterized by 

poor sorting, and low (< 5 %) muddy matrix content. The 

sandstones and the sandy matrix of conglomerates are composed 
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of subangular to angular grains, contrasting with the 

exogenic, boulder- to pebble-sized components of 

conglomerates, which are sub-rounded to rounded (Figs. 4.8 and 

4.10a). 

LP-F1 is characterized by the common amalgamation of many 

graded beds (Figs. 4.6 and 4.7), which results in the 

development of sandstones packages up to 55 m thick without 

interbedded mudstones. The contacts between individual graded 

beds are typically sharp, and in places clearly indicate 

erosion of the underlying bed. The very coarse-grained beds of 

LP-F1 typically show sharp contacts with underlying or 

overlying mudstones and finer-grained sandstones of facies LP­

F2, LP-F3, LP-F4, and LP-F5, but also may grade upward and 

laterally to LP-F2. 

Bagnoli ( 1984) presented a petrographic study of the 

Lagoa Parda conglomerates and sandstones. He described the 

framework of typical rocks of the facies LP-F1 as composed 

mainly of quartz (monocrystalline and polycrystalline grains), 

feldspar (chiefly microcline, with subordinate plagioclase, 

orthoclase and perthite) , and fragments of quartzo­

feldspathic, high-grade metamorphic rocks (e.g. migmatites and 

granulites). The average framework composition shows 62 % 

quartz, and 38 % feldspars and rock fragments. LP-F1 rocks are 

mostly arkoses (McBride, 1963), and suggest a continental 

block provenance (Dickinson and Suczek, 1979). 

Accessory components are represented by boulder- to sand-



199 

sized muddy intraclasts, carbonaceous plant fragments, 

muscovite, biotite, glauconite, garnet, zircon, tourmaline, 

and staurolite. Except for the mud intraclasts (up to 20 %), 

the accessory minerals represent less than 1 % of the rocks. 

The diagenetic mineral assemblage includes mostly 

kaolinite (average 13 %) and calcite (average 10 %) cements, 

and very subordinate ( < 1 %) amounts of quartz, feldspar, 

pyrite, and dolomite cements (Bagnoli, 1984). 

Interpretation: 

The unstratified, coarse-grained, graded beds of LP-F1 

probably were formed mostly by the rapid deposition of 

suspended load carried by high-concentration (or high-density, 

> 1.1 gjcm3 ) turbidity currents (Kuenen and Migliorini, 1950; 

Middleton, 1967, 1970; Lowe, 1982). However, the common 

occurrence of boulder- to pebble-sized clasts in LP-F1 

suggests also the transport and deposition by flows where 

larger clasts are supported by the combined effects of fluid 

turbulence and dispersive pressure resulting from grain 

collisions (Hein, 1982; Lowe, 1982). 

The only organization displayed by LP-F1 is grading, 

indicating that its deposition took place mostly at high 

suspended-load fallout rates, which did not allow a sufficient 

time for the development of bed traction (Walker, 1978; Lowe, 

1982). Normal grading is well-defined throughout most of the 

turbidites of Lagoa Parda field (Figs. 4.6, 4.7, and 4.9). 
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Coarse-tail grading is the most common type of normal grading, 

suggesting that at least the coarser fraction of the sediment 

cloud may have settled as a non-turbulent suspension 

(Middleton, 1967). The subordinate inversely-graded deposits 

record the development of traction carpets (Hein, 1982; Lowe, 

1982), where concentrated mixtures of coarse sediments are 

maintained at the base of the turbidity current by grain 

collisions (dispersive pressure; Bagnold, 1956). 

Boulder- to pebble-sized mud intraclasts are found mostly 

at the base of the graded beds, but they can also be widely­

and randomly-distributed in some beds (Fig. 4.8). These large 

intraclasts were probably derived from the erosion and 

collapse of channel margins, and were deposited within a very 

short distance. These large intraclasts could eventually be 

incorporated into the deposits of the same turbidity current 

that induced channel wall collapse. Closely-spaced well 

control and detailed correlations show that LP-F1 always 

comprises channel fill deposits in the Lagoa Parda field (Fig. 

4. 11) ; their geometry is detailed in section 4. 4 (High­

resolution stratigraphy and reservoir geometry). 

4.3.2. Facies LP-F2: graded beds of unstratified coarse­

grained sandstones and parallel-stratified finer­

grained sandstones 

Description: 
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Fig. 4.11 Schematic cross section presenting the 

stratigraphic relationships among the levee successions and 

the most important channel fills of the Lagoa Parda turbidite 

system. Twenty six channel fills are represented by their 

maximum width and thickness. The section illustrates levee 

asymmetry and the overall trends of channel fills that become 

narrower, thinner, and finer-grained upward. Datum is a high­

resistivity, mudstone horizon rich in siderite, rhodochrosite, 

and pyrite, which is subparallel to the contact between the 

zones Neochiastozygus chiastus and Tribrachiatus orthostylus. 

Vertical scale = 5 x horizontal scale. 
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LP-F2 comprises normally graded beds starting at the base 

with unstratified, very coarse- to (mostly) coarse-grained 

sandstones, which grade upward to parallel-stratified, medium­

to fine-grained sandstones (Figs. 4.6, 4.12, and 4.13). The 

thickness of these graded beds ranges from to 0.3 to 3.8 m. A 

few graded beds of LP-F2 are capped by thin (< 0.1 m), ripple 

cross-laminated, fine-grained sandstones (e.g. turbidite b1 in 

Fig. 4. 12) • 

LP-F2 also includes thin ( < o. 3 m) interbedded 

bioturbated mudstones, which are similar to the mudstones 

described for facies LP-F3. The stratified sandstones may also 

show a pervasive bioturbation in their uppermost part. The 

trace fossil assemblage recognized in LP-F2 includes mainly 

Thalassinoides, Ophiomorpha, Planolites, Palaeophycus, and 

Helminthopsis, and very subordinate Asterosoma, Skolithos, 

Cylindrichnus, Chondrites?, Zoophycos?, and Anconichnus?. A 

more detailed characterization of these trace fossils is 

presented in the description and interpretation of facies LP­

F3. 

The lack of conglomerates with exogenic clasts, and the 

abundance of stratified sandstones in facies LP-F2, are the 

main criteria for its differentiation from LP-F1. However, 

boulder- to granule-sized mud intraclasts are also common in 

LP-F2, locally forming unstratified, intraclastic sandstones 

(Figs. 4.13 and 4.14a) or intraformational conglomerates (Fig. 

4. 13) . 



Fig. 4.12 - FACIES LP-F2: Graded beds of unstratified, very 

coarse- to coarse-grained sandstones and parallel stratified, 

medium- to fine-grained sandstones. Five graded beds are 

illustrated, which bases are labeled bl to b5, from bottom to 

top. The lowermost turbidite (bl) also shows ripple cross­

laminated, fine-grained sandstones in its upper part, which 

are overlain by bioturbated mudstones. Turbidite b3 contains 

cobble-sized mud intraclasts ( i) . Most of very coarse- to 

coarse-grained sandstones are friable because of their low 

cement content, little mechanical and chemical compaction, and 

related high porosities and permeabilities. Channel fill 33; 

well LP-33; depth: 1,523.1 - 1,528.6 m. 
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Fig. 4.13 - FACIBS LP-F2: At the base, graded bed composed of 

{from bottom to top): unstratified, very coarse- to coarse­

grained sandstone with cobble-sized mud intraclasts {i); 

intraclastic, medium-grained sandstone {5 30 % mud 

intraclasts) {is), and intraclastic conglomerate{> 30% mud 

intraclasts) {ic); and parallel-stratified, medium- to fine­

grained sandstone (p). This graded bed comprises the uppermost 

turbidite of channel fill 37; it is overlain by unstratified, 

very coarse- to coarse-grained sandstone of channel fill 38. 

Well LP-3; depth: 1,490.5 - 1,495.2 m. 
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Fig. 4.14 - PACIES LP-P2: Graded beds of unstratified, coarse­

grained sandstones and parallel-stratified, finer-grained 

sandstones. 

(a) Intraclastic, medium-grained sandstone. Channel fill 37; 

well LP-3; depth: 1493.5 m. 

(b) Parallel-stratified, medium-grained sandstone. 

Stratification is defined by concentrations of carbonaceous 

plant fragments, mica flakes, and flattened mud intraclasts. 

Channel fill 33; well LP-33; depth: 1,523.5 m. 
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Stratification is well-defined in the upper portion of 

LP-F2 graded beds due to the important concentration of 

carbonaceous plant fragments, mica flakes, and flattened mud 

intraclasts (Fig. 4 .14b). In a very few beds the 

stratification is deformed by water escape structures 

(pillars). 

The rocks that comprise LP-F2 are also characterized by 

poor to moderate sorting, subangular to angular grains, and 

low mud matrix content(< 5 %). 

The contacts between superimposed graded beds, or between 

graded beds and underlying mudstones are typically sharp (Fig. 

4. 6) , but they may be deformed by loading, including the 

development of injection structures and centimeter-sized, 

ball-and-pillow structures. LP-F2 successions, typically 5 -

25 m thick, may grade upward or laterally to LP-F4, or be 

sharply underlain or overlain by LP-F1 and LP-F3 successions. 

The average framework composition, and diagenetic mineral 

content of the LP-F2 unstratified sandstones are very similar 

to those of LP-F1 rocks (Bagnoli, 1984) . They are mostly 

arkoses (64 % quartz, and 36 % feldspars and quartzo­

feldspathic rock fragments), cemented mainly by kaolinite (10 

%) and calcite (8 %) . The parallel-stratified sandstones also 

have a similar framework composition {62 %, and 38 % feldspar 

and quartzo-feldspathic rock fragments). However, the 

stratified sandstones have a much higher average content of 

carbonaceous plant fragments (24 %), micas (7 %), and mud 
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intraclasts (4%), and a lower average content of kaolinite (5 

%) and calcite (1 %) cements. 

Interpretation: 

The unstratified, very coarse- to coarse-grained 

sandstones of LP-F2 and LP-F1 probably had a similar origin; 

i.e. both were formed by the rapid deposition of the suspended 

load transported by high-density turbidity currents (Kuenen 

and Migliorini, 1950; Middleton, 1967, 1970; Lowe, 1982). 

LP-F2 stratified sandstones, however, were probably 

deposited by low-density turbidity currents (Lowe, 1982), 

where slower deceleration permitted the transfer of sediment 

from suspended to bed load, followed by traction sedimentation 

to form parallel-stratified sandstones, and subordinate ripple 

cross-laminated sandstones. These low-density turbidity 

currents may have originated as residual currents following 

the deceleration of high-density turbidity currents and the 

deposition of their coarser-grained load (Lowe, 1982). The 

resulting low-density turbidity currents would be able to 

deposit their load immediately above coarser-grained 

turbidites (Figs. 4.6), or to bypass areas of high-density 

turbidity current sedimentation. 

LP-F2 rocks also may contain many boulder- to granule­

sized mud intraclasts, which occur concentrated at the base or 

widely- and randomly-distributed through the graded beds (Fig. 

4.13). As observed for LP-F1, these large intraclasts were 



208 

probably derived from the erosion and collapse of channel 

margins, with their deposition taking place within a short 

distance. Closely-spaced well control and detailed 

correlations show that both LP-F1 and LP-F2 always comprise 

channel fill deposits in the Lagoa Parda field (Fig. 4.11); 

their geometry is detailed in section 4.4 (High-resolution 

stratigraphy and reservoir geometry). 

4.3.3. Facies LP-F3: Interbedded bioturbated mudstones and 

thin-bedded sandstones 

Description: 

LP-FJ includes interbedded mudstones and thin-bedded, 

parallel- to ripple cross-laminated, fine- to very fine­

grained sandstones (Figs. 4.15 and 4.16). Both mudstones and 

sandstones show a pervasive bioturbation, with the degree of 

bioturbation ranging between 30 and 90 % by volume in most 

cores of LP-FJ (Figs. 4.15 to 4.20). LP-FJ comprises up to 120 

m thick successions, with a sand/mud ratio that ranges between 

0.2 and 0.8. 

Most of the sandstone beds are 2 to 8 em thick, but a few 

thicker (up to 70 em) sandy successions also can be recognized 

(Fig. 4.15). Individual beds typically contain Bouma's (1962) 

divisions, mainly T~ (Fig. 4.17a), Tb, and Tc. Thicker sandy 

successions (> 10 em) are composed of amalgamated T~ divisions 

(Figs. 4.15 and 4.17a). The ripples are commonly climbing 



Fig. 4.15 - FACIES LP-F3: Interbedded bioturbated mudstones 

and thin-bedded sandstones. Sandstones are mostly fine- to 

very fine-grained, and show parallel- and ripple cross­

lamination. Bioturbation is pervasive, particularly in the 

mudstones. Trace fossil assemblage is largely dominated by 

Thalassinoides, followed by Ophiomorpha (in the sandstones), 

Planolites, and Helminthopsis. The cored interval makes part 

of a thinning- and fining-upward succession. Levee succession 

D; well LP-33; depth: 1504.9 - 1510.7 m. 





Fig. 4.16 - FACXES LP-F3: Interbedded bioturbated mudstones 

and thin-bedded sandstones. Sandstones are mostly fine- to 

very fine-grained, and show parallel- and ripple cross­

lamination; their beds dip as much as 10°, which correspond to 

the original depositional slope. A 3. 8 m thick, mud-rich 

succession occurs at the base; it contains disorganized, 

intraclastic conglomerates (ic). Trace fossil assemblage is 

largely dominated by Thalassinoides, Helminthopsis, and 

Planolites. Levee succession D; well LP-36; depth: 1,523.7 -

1,531.2 m. 
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Fig. 4.17 - PACIBS LP-P3: Thin-bedded turbidites and debris 

flow deposits. 

(a) Two amalgamated T~ turbidites. Rippled divisions display 

climbing ripples, and the upper turbidite contain an escape 

(?) trace fossil. Levee succession G; well LP-33; depth: 

1510.4 m. 

(b) T8~ turbidite composed of medium- to very fine-grained 

sandstone. Levee succession G; well LP-10; depth: 1,546.5 m. 

(c) Very fine-grained sandstone displaying parallel- and 

convolute lamination. Lamination is defined by concentrations 

of carbonaceous plant fragments and mica flakes. Levee 

succession G; well LP-10; depth: 1,546.3 m. 

(d) Intraformational conglomerate containing contorted pebble­

sized mud intraclasts and very coarse-grained sand dispersed 

in a muddy matrix. Levee succession D; well LP-36; depth: 

1530.2 m. 
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Fig. 4.18 - PACIES LP-P3: Bioturbated mudstones. 

(a) Large Thalassinoides (Th); sand-filled Planolites (Pl); 

Palaeophycus (Pa); and Cylindrichnus (Cy). Levee succession G; 

well LP-33; depth: 1,505.4 m. 

(b) Same sample of (a); plan view at the level of Planolites 

(Pl). 

(c) Thalassinoides (Th) as rounded burrows (upper occurrence), 

and also as meniscate, back-filled forms (oblique, mottled­

appearing zone; lower occurrence); sand-filled Planolites 

(Pl); Zoophycos (Zo); and Helminthopsis (Be). Levee succession 

G; well LP-33; depth: 1,509.1 m. 

(d) Same sample of (c); plan view at the level of uppermost 

Thalassinoides (Th). 
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Fig. 4.19 - FACIES LP-F3: Bioturbated mudstones. 

(a) Thalassinoides (Th) in the mudstone; and Ophiomorpha (Op; 

Ophiomorpha nodosa ?) in the sandstone. Thalassinoides and 

Ophiomorpha may be part of a contemporaneous, open network 

burrow system made by the same trace maker, but responding to 

different substrates. Levee succession I; well LP-10; depth: 

1,514.0 m. 

(b) Rhodochrosite (r) concretion overlain by mudstone 

containing Helminthopsis (He) and Thalassinoides (Th). This 

sample makes part of a high-resistivity marker-bed, which was 

used as datum in the cross sections of figures 4.11, 4.23, and 

4.24. Levee succession I; well LP-10; depth: 1,483.0 m. 
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Fig. 4.20 - PACIBS LP-P3: Bioturbated mudstones. 

(a) Thalassinoides (Th) as rounded, sand-filled burrows (lower 

occurrence) , and also as muddy, irregularly-shaped forms 

(upper occurrence); small, mud-lined Palaeophycus (Pa); sand­

filled Planolites (Pl); Asterosoma (As); and mud-filled 

Chondrites (Ch). Levee succession I; well LP-10; depth: 

1,500.6 m. 

(b) Pervasive bioturbation mostly by Helminthopsis. Levee 

succession I; well LP-10; depth: 1,524.0 m. 
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(Fig. 4.17a). Convolute lamination is also a common feature of 

LP-F3 sandstones (Fig. 4.17c). coarse- to medium-grained 

sandstones are present in LP-F3, but are very subordinate (< 

10 %). These coarser-grained sediments typically form the 5-

10 em thick, basal part of Bouma's Tab' T~ (Fig. 4.17b), and 

T abcde beds . 

Some LP-F3 cores show thin-bedded sandstones dipping as 

much as 10° (Fig. 4.16). The successions containing dipping 

sandstone beds may overlie sub-horizontal successions of 

facies LP-F1, LP-F2 or LP-F3. Because there was no fault 

activity within the Lagoa Parda field, it follows that these 

thin-bedded turbidites indicate their original depositional 

slopes. Mudstone-rich, dipping LP-F3 successions may contain 

thin (< 50 em) horizons of deformed mudstones, and 

disorganized, intraformational conglomerates (Fig. 4.16). 

These conglomerates contain contorted, cobble- to granule­

sized mud intraclasts dispersed in a poorly-sorted matrix 

composed of variable proportions of mud and sand (Fig. 4.17d). 

LP-F3 sandstones are mostly arkoses (65 % quartz, and 35 

%feldspars), cemented by kaolinite (7 %) and calcite (5 %) 

(Bagnoli, 1984). The high average content of carbonaceous 

plant fragments (16 %) , micas (6 %) , and sand-sized mud 

intraclasts (4 %) (Bagnoli, 1984) help to define the sandstone 

stratification (Fig. 4.17). 

The trace fossil assemblage is largely dominated by the 

ichnogenus Thalassinoides, which is characterized by 1 - 3 em 
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diameter, unlined and unornamented, mostly sand-filled burrows 

(Figs. 4.18 and 4 .19). These burrows comprise a mainly 

horizontal, but also slightly inclined, poorly-branched 

network (Figs. 4.18c and 4.18d). Thalassinoides traces appear 

in the Lagoa Parda cores mostly as well-defined sub-circular 

burrows (Figs. 4.18c and 4.19a), but some oblique, mottled­

appearing zones also have been recognized, which probably 

represent meniscate, back-filled forms (Fig. 4 .18c) . Mud­

filled, irregularly-shaped Thalassinoides (Fig. 4. 20a) are 

also present in LP-FJ, but they are very subordinate. 

Ophiomorpha (including Ophiomorpha nodosa) is the most 

important ichnogenus in the thin-bedded sandstones of facies 

LP-FJ. It comprises horizontal, 1- 2 em diameter, sand-filled 

burrows, with pelleted walls forming external knobby linings 

(Figs. 4 .19a) . It seems that the Ophiomorpha and 

Thalassinoides traces are part of contemporaneous, open 

network burrow systems made by the same trace maker, but 

responding to different substrates. Unlined burrows are 

produced in more stable, muddy substrates, whereas in sandy 

substrates the burrows are reinforced with fecal pellets (Fig. 

4. 19a) • 

Planolites and Helminthopsis are common ichnogenera in 

LP-FJ, but almost always subordinate to Thalassinoides and 

Ophiomorpha. The ichnogenus Planolites is characterized by 

unbranched, 3 - 5 mm diameter, sand-filled tubes (Figs. 4.18 

and 4.20a). Tiny, dark fills of the ichnogenus Helminthopsis 
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may be concentrated in some thin (< 10 em) muddy beds (Fig. 

4.20b). 

Much less common traces are Palaeophycus (Figs. 4.18a and 

4.20a), Asterosoma (Fig. 4.20a), Skolithos, Cylindrichnus 

(Fig. 4.18a), Chondrites? (Fig. 4.20a), Zoophycos? (Fig. 

4.18c), and Anconichnus?. 

LP-F3 mudstones are mainly dark gray, but the siltier or 

more bioturbated deposits contain more calcite and are paler 

in colour. The mineralogical composition of the mudstones, 

expressed in terms of major components, is presented in tables 

4.1 and 4.2. The variations in the contents of clay minerals 

(all types together), quartz, K-feldspar, and plagioclase are 

primarily a function of texture and bioturbation. Siltier or 

more bioturbated mudstones (particularly those bioturbated by 

Thalassinoides- and Planolites-makers) tend to be poorer in 

clay minerals and richer in quartz and feldspars. Coarser­

grained mudstones also have a kaolinite content slightly 

higher than finer-grained mudstones. The calcite content in 

the LP-F3 mudstones is typically less than 5 %. Thin(< 5 em), 

reddish-brown concretion horizons containing siderite, 

rhodochrosite, and pyrite are common, and eventually they can 

be correlated for large portions of the Lagoa Parda field. 

These concretion horizons occur typically in mudstones 

colonized by Helminthopsis (e.g. Fig. 4.19b). 

Interpretation: 
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LP-F3 thin-bedded sandstones were probably deposited by 

low-density turbidity currents (Lowe, 1982), where slow 

deceleration permitted the transfer of sediment from suspended 

to bed load, followed by traction sedimentation of the Bouma 

Tb (parallel-laminated) and Tc (ripple cross-laminated) 

divisions (Walker, 1965). 

Table 4.1 - Mineralogical composition of the mudstones of the 
facies LP-F3a. 

Major components 

Clay minerals 

Quartz 

K-Feldspar 

Plagioclase 

Distribution range (%) 

20 - 65 

20 - 40 

0 - 10 

10 - 25 

Average (%) 

46 

27 

6 

14 

a Based on 9 X-ray diffraction analyses. Source: Anjos et al. (1991). 

Table 4.2 - Clay mineralogy of the mudstones of the facies 
LP-F3a. 

Major components 

Illite/smectite 
interlayeringsb 

Illite 

Kaolinite 

Distribution range (%) Average (%) 

40 - 50 45 

30 - 45 36 

15 - 30 19 

a Based on 9 X-ray diffraction analyses. Source: Anjos et al. (1991). 
b Disordered interlayerings, with illite content of 45-60 %. 
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The common occurrence of climbing ripples in LP-F3 

suggest high rates of deposition from suspension during 

rippling (Walker, 1985). Also, the common development of 

convolute lamination may be related to the rapid accumulation 

of sediments with low strength, thus more susceptible to 

convolution by shear from turbidity currents (Walker, 1985). 

LP-F3 contains thin (< 50 em) horizons of contorted 

mudstones, surrounded by undisturbed mudstones, which may have 

originated as slumps. LP-F3 also includes thin (< 50 em) 

intraformational conglomerates composed of contorted, cobble­

to granule-sized mud intraclasts ramdonly dispersed in a 

poorly-sorted muddy and sandy matrix. These conglomerates 

probably were deposited from debris flows, where the strength 

and buoyancy of the matrix would have supported the larger 

clasts during a mostly laminar flow, with very little fluid 

mixing (Middleton and Hampton, 1973). 

Closely-spaced well control and detailed correlations 

show that facies LP-F3 may comprise channel fills (e.g. 

channel fills 34 and 35 in Fig. 4.11), but it mostly builds 

levees related to LP-F1 and LP-F2 channel fills (Fig. 4.11). 

LP-F3 geometry is detailed in section 4.4 (High-resolution 

stratigraphy and reservoir geometry). The interpretation of 

LP-F3 mainly as levee deposits is also supported by the 

description in cores of: (1) facies recording original 

depositional slopes; {2) finer-grained, thin-bedded sandstones 

rapidly deposited by low-density turbidity currents; and (3) 
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slump and debris flow deposits. Slumps and debris flows were 

probably triggered by gravitational instability on the slopes 

of the levees. 

The trace fauna recognized in LP-F3 is relatively diverse 

and abundant, but is dominated by horizontal to slightly 

inclined, poorly-branched networks of Thalassinoides and 

Ophiomorpha. The ichnogenus Thalassinoides may dominate shelf 

and nearshore sediments, but also can be found in deeper 

depositional settings (Bromley, 1990). The major 

paleoenvironmental significance of Thalassinoides and 

Planolites (a subordinate, but common ichnogenus in LP-F3) is 

probably their preferential development on well-oxygenated 

seafloors (Savrda and Bottjer, 1986; Bromley, 1990). The 

oxygen-rich environment suggested by the LP-F3 ichnofauna 

agrees with the low organic carbon content (1 - 2 % by 

weight), the poor preservation of organic matter produced by 

marine phytoplankton (Estrella et al., 1984) , and the abundant 

and diversified benthic foraminifera (Azevedo, 1985) found in 

Lagoa Parda mudstones. However, the common ocurrence of 

Helminthopsis associated with horizons rich in siderite, 

rhodochrosite, and pyrite suggest at least localized variation 

in the oxygen content in sea bottom and interstitial waters. 

Helminthopsis has been related to poorly-oxygenated settings 

(Savrda and Bottjer, 1986; Ekdale and Mason, 1988), and the 

origin of siderite, rhodochrosite, and pyrite is related to 

the degradation of organic matter by sulphate-reducing 
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bacteria in suboxic zones (Coleman, 1985; Curtis, 1987). 

Ophiomorpha has been described in different types of 

sediments, including turbidites, and also fluvial, beach/ 

intertidal sandflat, and shallow subtidal deposits (Ekdale, 

1988) • The environmental parameter common to all of these 

occurrences is texture and stability of the substrate; 

Ophiomorpha is developed almost always in unstable, clean 

sand, deposited in hydrodynamically energetic environments 

(Ekdale, 1988; Bromley, 1990). Pelleted Ophiomorpha and non­

pelleted Thalassinoides burrow systems seem to be 

interconnected and genetically related with each other in the 

Lagoa Parda turbidite system, as also observed in other 

turbidite successions composed of interbedded sandstones and 

mudstones (e.g. Kern and Warme, 1974). Both ichnogenera were 

probably made by the same organism, but responding to 

different substrates; reinforced Ophiomorpha burrows are 

produced in more unstable, sandy substrates, and smooth-walled 

Thalassinoides colonize stable, muddy substrates {Fig. 4 .19a). 

4.3.4. Facies LP-F4: Interbedded stratified sandstones and 

intraclastic conglomerates 

Description: 

LP-F4 comprises interbedded parallel- to ripple cross-

laminated, 

mudstones 

fine- to very fine-grained 

(40 %), and thin (< 20 

sandstones {50 %) , 

em), intraclastic 
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conglomerates {10 %) {Fig. 4.21). The absence of unstratified, 

coarse-grained sandstones, and the greater thickness of the 

stratified sandstone beds differentiate LP-F4 from LP-F2 and 

LP-FJ, respectively. LP-F4 comprises successions up to 20 m 

thick, which may represent an upward or lateral gradation from 

LP-F2, and also may grade upward to LP-FJ. 

LP-F4 sandstone beds are typically 0.2 to 1.0 m thick. 

Most of beds are composed of amalgamated T~, Tb, and Tc beds 

{Bouma, 1962). Climbing ripples and soft-sediment deformation 

{Fig. 4 . 2 2 a) are common features in the LP-F 4 sandstones. 

Their stratification is well-defined by the high content of 

carbonaceous plant fragments, mica, and sand-sized mud 

intraclasts, as observed for the LP-FJ sandstones. The average 

framework composition, and diagenetic mineralogy of LP-F4 

sandstones are very similar to those of the stratified 

sandstones in LP-F2, and the thin-bedded sandstones of LP-FJ 

(Bagnoli, 1984). 

Extensive bioturbation is recorded in LP-F4, particularly 

in the mudstones {Fig. 4.21). The trace fossil assemblage is 

the same as in LP-FJ, and consists mainly of the ichnogenera 

Thalassinoides, Ophiomorpha, Planolites, and Helminthopsis, 

with very subordinate Palaeophycus, Asterosoma, Skolithos, 

Cylindrichnus, Chondrites?, Zoophycos?, and Anconichnus?. A 

more detailed characterization of these trace fossils is 

presented in the description and interpretation of the facies 

LP-FJ. 



Fig. 4. 21 - FACIES LP-F4: Interbedded parallel- to ripple 

cross-laminated, fine- to very fine-grained sandstones, 

bioturbated mudstones, and intraclastic conglomerates (ic). 

Bioturbation is pervasive, particularly in the mudstones. 

Trace fossil assemblage is largely dominated by 

Thalassinoides, followed by Ophiomorpha (in the sandstones), 

Planolites, and Helminthopsis. Channel fill 33; well LP-10; 

depth: 1,547.0 - 1,553.8 m. 
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Fig. 4.22 - FACIES LP-F4: 

(a) Fine-grained sandstone showing contorted lamination, and 

squeezed mud intraclasts (i). Channel fill 33; well LP-10; 

depth: 1,547.6 m. 

(b) Intraclastic conglomerate containing pebble- to granule­

sized mud intraclasts (burrowed by Thalassinoides; Th), and a 

matrix of calcite-cemented, very coarse- to coarse-grained 

sand. Channel fill 33; well LP-10; depth: 1,553.1 m. 
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LP-F4 intraclastic conglomerates are composed of mostly 

angular, cobble- to granule-sized mud intraclasts, and a 

matrix of very coarse- to coarse-grained sand (Fig. 4.22b). 

They present sharp lower and upper contacts, both with 

sandstones and mudstones. 

J:nterpretation: 

LP-F4 stratified sandstones show the same sedimentary 

structures as the LP-FJ sandstones, and possibly were produced 

by similar depositional processes; i.e. low-density turbidity 

currents (Lowe, 1982). However, LP-F4 stratified sandstones 

are typically thicker than LP-FJ sandstones (compare Figs. 

4.15 and 4.21), and also are restricted to channel fills (e.g. 

channel fill 27 in Fig. 4.11). Thus, LP-F4 sandstones may 

represent the passive filling of (at least temporarily) 

abandoned channels by sediments spilled out from adjacent, 

active channels; in this context, the thicker stratified 

sandstones would have been produced by high rates of 

sedimentation in more confined depositional sites. An 

alternative hypothesis for the origin of LP-F4 sandstones 

would consider them as distal equivalents for the facies LP­

F2. In both situations, the thin (<20 em), intraclastic 

conglomerates of LP-F4 (Fig. 4.22b) would represent lag 

deposits produced by mainly erosive turbidity currents that 

episodically bypassed the Lagoa Parda channels and deposited 

their load farther downstream. 
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4.3.5. Facies LP-F5: mudstones 

Description: 

LP-F5 comprises a monotonous succession of dark gray 

mudstones, which may include few thin-bedded ( < 10 em) , 

parallel-stratified to rippled, very fine-grained sandstones, 

and also thin ( < 5 em) , reddish-brown concretion horizons 

containing siderite, rhodochrosite, and pyrite. Some 

concretion horizons can be correlated over large parts of the 

Lagoa Parda field (e.g. markers a, B, y, and o; Fig. 4.11). 

Bioturbation is reduced in LP-F5 in comparison with LP-F3. It 

comprises mainly Helminthopsis, followed by Thalassinoides and 

Planolites. A more detailed characterization of these trace 

fossils is presented in the description and interpretation of 

the facies LP-F3. 

Interpretation: 

Facies LP-F5 documents the sedimentary processes 

operating in the Reg~ncia canyon during most of the early 

Eocene. These mostly fine-grained rocks suggest sedimentation 

in a relatively quiet environment, with these conditions being 

episodically disturbed by high- to low-density turbidity 

currents capable of deeply eroding the canyon substrate and 

depositing coarser-grained sediments. LP-F5 mudstones contain 

a benthic foraminifera fauna typical of deep neritic to upper 

bathyal (200- 500 m) depositional settings (Azevedo, 1985). 
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4.3.6. Well log response 

The facies described in the Lagoa Parda turbidite system 

each have typical well log responses, particularly in the 

gamma-ray, spontaneous potential, resistivity, and density 

logs. These responses can be characterized by the distribution 

of absolute values (Table 4. 3) or by log patterns. The 

recognition of well log responses permitted the mapping of 

different facies in areas of the Lagoa Parda field lacking 

core control. 

The conglomerates and sandstones of facies LP-Fl show 

rather uniform values in the spontaneous potential and gamma­

ray logs, defining a typical boxy log pattern (Figs. 4.6 and 

4.7). However, larger concentrations of mud intraclasts may 

induce significant positive deflections in the spontaneous 

potential logs, or higher radioactivity values in the gamma­

ray logs (Figs. 4.6 and 4.7). LP-Fl rocks show resistivities 

varying mostly between 1 and 2 n.m, but conglomerates rich in 

boulders to pebbles of quartzo-feldspathic metamorphic rocks 

have resistivities greater than 2 n.m, eventually as high as 

20 n.m. Density logs for LP-Fl indicate textural and 

compositional variations; coarser-grained and poorer-sorted 

rocks with a higher content of quartzo-feldspathic rock 

fragments and mud intraclasts show higher densities (Table 

4 0 3) 0 
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Table 4.3 - Typical well log radioactivity, spontaneous 
potential, resistivity and density readings for 
the facies defined in the Lagoa Parda turbidite 
system. 

FACIES RADIOACTIVITY SPONTANEOUS RESISTIVITY DENSITY 
POTENTIAL8 

(API) (mV) (n.m) (g/cml) 

LP-F1 60 - 100 -45 - -5 1 - 20 2.15 - 2.60 

ECglb 60 - 80 -40 - -5 4 - 20 2.35 - 2.60 

ICglb 80 - 100 -40 - -5 1 - 2 2.35 - 2.60 

USdsb 60 - 70 -45 - -30 1 - 2 2.15 - 2.35 

LP-F2 60 - 110 -30 - -5 1 - 2 2.15 - 2.35 

USdsb 60 - 70 -30 - -20 1 - 2 2.15 - 2.35 

SSdsb 80 - 110 -20 - -5 1 - 2 2.25 - 2.35 

LP-F3 100 - 130 -5 - +15 2 - 6 2.25 - 2.40 

LP-F4 80 - 120 -20 - -5 2 - 6 2.25 - 2.40 

LP-F5 120 - 130 +10 - +20 < 2 2.35 - 2.40 

8 Absolute readings in spontaneous potential logs are largely a function 
of the electrical properties of the drilling fluid, which may vary in 
different wells of the Lagoa Parda field. The values presented refer 
only to the well LP-33. 

b ECgl = exogenic (quartzo-feldspathic, metamorphic rock fragments) 
conglomerates; ICgl = intraformational (mud intraclasts) conglomerates; 
USds = unstratified sandstones and conglomeratic sandstones; SSds = 
stratified sandstones with high content of carbonaceous plant fragments, 
mica flakes, and mud intraclasts. 

LP-F2 can be differentiated from LP-F1 mostly by its 

serrated pattern in radioactivity and spontaneous potential 

logs (Fig. 4.6). LP-F2 shows higher radioactivities than LP-
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Fl, particularly the stratified sandstones, due to the higher 

contents of carbonaceous plant fragments, micas, and mud 

intraclasts (Fig. 4.6). The lower permeability of the finer­

grained, stratified sandstones induces larger values (positive 

deflections) in the LP-F2 spontaneous potential logs, which 

also support its separation from LP-Fl. 

LP-FJ and LP-F4 are characterized by serrated patterns in 

radioactivity, spontaneous potential, and resistivity logs, 

due to the common interbedding of thin-bedded sandstones and 

mudstones. LP-FJ and LP-F4 sandstones induce a few spikes of 

lower radioactivity or lower spontaneous potential in well 

logs; these well log signatures are related to sandstones 

thicker than 50 em, which are more common in facies LP-F4. LP­

FJ and LP-F4 mudstones may contain thin (< 5 em) concretion 

horizons of siderite, rhodochrosite, and pyrite, which have 

resistivity values ranging between 2 and 4 n.m. 

LP-F5 is differentiated from LP-F3 and LP-F4 by its 

higher radioactivities and lower resistivities. LP-F5 also 

displays very uniform radioactivity, spontaneous potential, 

and resistivity readings, which eventually are disturbed by 

higher resistivity (> 2 n.m) spikes induced by concretion 

horizons (siderite, rhodochrosite, and pyrite) or few thin­

bedded (<10 em) sandstones. 

4.3.7. Reservoir properties 
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LP-Fl, LP-F2, and LP-F4 contain the oil-producing rocks 

in the Lagoa Parda field. Table 4.4 shows the porosity and 

permeability distribution of the different reservoir rocks. 

LP-F3 sandstones show porosities and permeabilities similar to 

those presented by LP-F2 stratified sandstones and LP-F4 

sandstones (Table 4.4); however, they do not comprise oil­

producing horizons because of their small thickness. 

Calcite cement can significantly reduce the porosity and 

permeability of the Lagoa Parda reservoirs. In horizons 

intensely cemented by calcite the porosity and permeability 

are less than 10 % and 3 mD, respectively. However, calcite­

rich horizons have a relatively restricted occurrence in the 

Lagoa Parda turbidite succession, with the variations in the 

porosity and permeability of the reservoirs being primarily 

controlled by the content of mud intraclasts, carbonaceous 

plant fragments, and micas, and by textural parameters. 

High contents of mud intraclasts (commonly squeezed, 

forming compaction matrix), carbonaceous plant fragments, and 

micas may largely reduce the permeability (especially vertical 

permeability) of LP-Fl intraformational conglomerates, LP-F2 

stratified sandstones, and LP-F3 and LP-F4 thinner-bedded 

sandstones (Table 4.4). In the case of the intraformational 

conglomerates, a higher content of mud intraclasts may also 

significantly reduce their porosity. 
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Table 4.4 - Porosity and permeability characterization of the 
Laqoa Parda field reservoirs•. 

DISTRIBUTION RANGE 
(AVERAGE)b 

FACIES POROSITY (%) PERMEABILITY (mD) 

LP-F1 

Exogenic 
conglomerates 

Intraformational 
conglomerates 

Unstratified 
sandstonesc 

LP-F2 

Unstratified 
sandstonesd 

Stratified 
sandstones 

LP-F3 

LP-F4 

Calcite-rich 
rockse 

16 - 24 
(21) 

16 - 24 
(20) 

21 - 30 
(25) 

21 - 30 
(25) 

17 - 28 
(23) 

16 - 26 
(23) 

17 - 26 
(24) 

6 - 10 
(8) 

100 - 500 
{242) 

1 - 100 
(17) 

200 - 600 
(427) 

100 - 500 
(290) 

10 - 200 
(84) 

10 - 200 
(72) 

10 - 200 
(79) 

< 3 
(0.6) 

8 Based on 347 measurements of porosity and permeability in rock plugs 
collected from cores at an average distance of 30 to 40 em. Source: 
PETROBRAS. 

b Arithmetic mean for porosity, and geometric mean for permeability. 
: Mostly very coarse-grained sandstones. 

Mostly coarse-grained sandstones. 
e All facies, but with a calcite cement content > 10 %. 
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Better sorting favours higher porosities, as shown by the 

unstratified sandstones of facies LP-F1 and LP-F2 (Table 4.4). 

Coarser-grained facies ( exogenic conglomerates and 

conglomeratic sandstones) tend to have larger pore throats, 

which favour higher permeabilities (Table 4. 4) • The 

combination of sorting and grain-size in the unstratified, 

mostly very coarse-grained sandstones of facies LP-F1 makes 

them the best reservoirs of the Lagoa Parda field, followed by 

the unstratified, mostly coarse-grained sandstones of facies 

LP-F2 (Table 4.4). 

Cores of conglomerates and coarse-grained sandstones are 

commonly friable (e.g. Figs. 4.9 and 4.12), because of their 

high porosities and permeabilities, mostly low cement content, 

and little mechanical and chemical compaction (their burial 

depth never exceeded 2,000 m; Cosmo et al., 1991). 

4.4. HIGH-RESOLUTION STRATIGRAPHY AND RESERVOIR GEOMETRY 

4.4.1. Geological cross sections and basis for correlation 

The detailed stratigraphic analysis and the geometrical 

characterization of the Lagoa Parda turbidites were largely 

based on 16 geological sections, which include all of the 

wells drilled in the field (Fig. 4. 5) . The datum for the 

sections is a high-resistivity mudstone horizon, containing 
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concretions of siderite, rhodochrosite, and pyrite (Fig. 

4 .19b) . This datum overlies the studied turbidites, and is 

subparallel to the contact between two early Eocene calcareous 

nannofossil zones, respectively Neochiastozygus chiastus 

(older) and Tribrachiatus orthostylus (younger) (Figs. 4.11, 

4.23, and 4.24). The sections permit detailed correlations 

with in the uppermost 230 m of the Neochiastozygus chiastus 

zone, which is up to 650 m thick (Figs. 4.2, 4.11, 4.23 and 

4. 24) • 

Spontaneous potential and resistivity well logs were used 

t o construct the sections. Spontaneous potential logs are 

particularly efficient in the separation of facies LP-F1 from 

f aci es LP-F2, and also in the separation of sandstone-rich 

f aci es (LP-F1 and LP-F2) from mudstone-rich facies (LP-F3, , LP­

F4, and LP-FS). Resistivity logs permit separation of facies 

LP-F3 , LP-F4, and LP-FS, and also the mapping of different 

successions of rocks composed of facies LP-F3 and LP-FS. In a 

few wells, poorer-quality spontaneous potential logs were 

replaced by radioactivity logs. Four sections are reproduced 

in figures 4. 23 and 4. 24, which illustrate the detailed 

stratigraphic relationships and geometry of the Lagoa Parda 

turbidite reservoirs. In all of these sections the vertical 

and horizontal scales are the same. 

4.4.2. Characterization of individual channel fills 



Fig. 4. 23 - Geological cross sections of the Lagoa Parda 

turbidite system (channel complexes LP-CCl to LP-CC3). Datum 

is a high-resistivity mudstone enriched in siderite, 

rhodochrosite, and/or pyrite, which is subparallel to the 

contact between the zones Neochiastozygus chiastus and 

Tribrachiatus orthostylus. Thicker lines indicate boundaries 

of individual channel fills. High resistivity well log markers 

a, B, y, and o are subparallel to the datum. Spontaneous 

potential and resistivity well logs were used to construct the 

sections. A resistivity curve in amplified scale is provided 

for the uppermost, mud-rich successions (levee successions A 

to I). Arrows indicate trends of resistivity variations. 

Vertical and horizontal scales are the same. Location of 

sections is shown in figure 4.5. 

(a) Section showing the southwesternmost terminations of LP-

CCl and LP-CC2, and the thick mud-rich succession that 

separates LP-CC2 from LP-CCl along most of Lagoa Parda field. 

Section provides a mostly longitudinal view of levee 

successions A to I. 

(b) Typical cross section of the central part of Lagoa Parda 

field, which shows the entire width of LP-CCl, and most of the 

lateral extent of LP-CC2 and LP-CC3. Section also illustrates 

deep channel incision and the uppermost mostly mud-filled 
( 

channels of LP-CC2 (34 and 35). Note also the tendency of LP-

CC3 levee successions (G to I) to smooth the topography 

inherited from LP-CC2 levee successions (A to F). 



' ' 

~ 

I 

. li . . . ..... . 
. y. 

~~~--- ll 

BRUHN (1993) 

Tribrachiatus otthosty/us zone t 
Neochiastozygus chiastus zone + 

li . . . . . . 
y ... 

ll 

.. a ... 

0 100 

I -- - - - - - . 

Spontaneous potential log 

200 

Resistivity log 
(amplified scale) 

300m Resistivity log 

= 

.......... =~ 
Resistivity log I 
(amplified scal'f BRUHN (1993) 

-3 ~ 

~================} 

·1 

0 100 200 ' 

NE 

100 

0 

Fig. 4.23a 

.. .. ..... - ..... . 

300m 

CHANNEL COMPLEXES: 

LP-CC1: 

LP-CC2: 

LP-CC3: 

Channel fills G) to @ 

Channel fills @ to @ 
Levee successions @ to ® 
Channel fills @ to @ 
Levee successions @ to (D 

DOMINANT FACIES: 

LP-F1 D LP-F3 (Channel fills) ~:=1 
LP-F2 D LP-F3 (LP-CC2 levees) I I . 

LP-F4 ~ LP-F3 (LP-CC3 levees) D . 

LP-F5 D 

fl ... . .. . 

234 

Fig. 4.23b 

SE 

200m 

100 

0 



Fig. 4. 24 - Geological cross sections of the Lagoa Parda 

turbidite system (channel complexes LP-CCl to LP-CC3). Datum 

is a high-resistivity mudstone enriched in siderite, 

rhodochrocite, andjor pyrite, which is subparallel to the 

contact between the zones Neochiastozygus chiastus and 

Tribrachiatus orthostylus. Thicker lines indicate boundaries 

of individual channel fills. High resistivity well log markers 

a, B, y, and & are subparallel to the datum. Spontaneous 

potential and resistivity well logs were used to construct the 

sections. A resistivity curve in amplified scale is provided 

for the uppermost, mud-rich successions (levee successions A 

to I). Arrows indicate trends of resistivity variations. 

Vertical and horizontal scales are the same. Location of 

sections is shown in figure 4.5. 

(a) Section showing the maximum lateral extent of LP-CC3; it 

provides a transverse view of LP-CC3 levee successions (G to 

I) , and a mostly longitudinal view of LP-CC2 levee successions 

{A to F). 

(b) Section illustrates levee asymmetry (higher and thicker 

levee successions on the left side (looking downstream) of 

associated channels) in LP-CC2, and also a possibly related 

average trend of channel avulsion to the right (channel fills 

28 to 33). Note also the tendency of LP-CC3 levee successions 

(G to I) to smooth the topography inherited from LP-CC2 levee 

successions (A to F) . This section also shows deeper incision 

of lowermost LP-CC2 channels into the uppermost LP-CCl channel 

fills; this situation is typical of the northeastern part of 

Lagoa Parda field. 
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Lagoa Parda reservoir rocks (facies LP-F1, LP-F2, and LP­

F4) were deposited in channels, which were deeply incised into 

mudstone-rich successions (LP-F3 and LP-F5) or older channel 

fills (Figs. 4.23 and 4.24). At least 38 major channel fills 

can be recognized in the study area (numbered 1 to 38, from 

the oldest to the youngest; Table 4.5). 

The separation and mapping of individual channel fills 

(Figs. 4.25 to 4.35) is easier in cases where coarser-grained 

turbidites (LP-F1, LP-F2, and LP-F4) are laterally and 

vertically bounded by mud-rich facies (LP-F3 and LP-F5) along 

most of their extent. This situation is exemplified by channel 

fills 9, 18, and 33 in figure 4.23b, and channel fills 30, 33, 

37, and 38 in figure 4.24a. However, coarse-grained channel 

fills may occur partially amalgamated in many places; thus, 

their separation may be more difficult, eventually involving 

three-dimensional correlations along the dense grid of cross 

sections constructed for the study area (Fig. 4.5). The most 

important criteria for the differentiation and mapping of 

amalgamated channel fills include: (1) diverse sand body 

orientations; (2) abrupt facies changes; and (3) different 

stratigraphic positions of their uppermost sediments. These 

three criteria, almost always used in combination, are 

described below with examples. 

(1) Diverse sand body orientations: Channel fills 1 and 

3 are characterized by similar well log responses, and seem to 

be the same in figures 4.23b and 4.24b; however, the net sand 
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Table 4 • 5 - Channel fills of the Lagoa Parda turbidite system. 

CHANNEL FILL MAXIMUM MAXIMUM SAND BODY DOMINANT 
THICKNESS WIDTH ORIENTATION FACIES 

(m) (m) (azimuth) 

CHANNEL COMPLEX LP-CC3 

38 13 230 128° LP-F2 
37 14 270 110° LP-F2 
36 15 280 134° LP-F2 

CHANNEL COMPLEX LP-CC2 

35 28 210 093° LP-F3 
34 25 220 106° LP-F3 
33 16 430 090° LP-F2 
32 23 250 098° LP-F2 
31 9 240 1000 LP-F2 
30 17 560 118° LP-F2 
29 25 400 095° LP-F1/F2 
28 20 350 081° LP-F1/F2 
27 26 380 040° LP-F4/F2 
26 14 440 1330 LP-F1/F2 
25 15 260 ? LP-F4 
24 26 600 094° LP-F1/F2 
23 16 270 083° LP-F2 
22 14 470 098° LP-F1/F2 
21 15 >300 ? LP-F1/F2 
20 13 290 108° LP-F2 
19 27 430 148° LP-F1/F2 
18 35 450 132° LP-F1/F2 
17 9 240 081° LP-F2 
16 9 390 080° LP-F1 
15 48 600 108° LP-F1/F2 
14 26 430 111° LP-F1 
13 42 660 112° LP-F1 

CHANNEL COMPLEX LP-CCl 

12 13 840 066° LP-F1 
11 40 780 038° LP-F1/F2 
10 31 >750 126° LP-F1 

9 43 >750 156° LP-F1/F2 
8 21 350 085° LP-F1 
7 35 650 0300 LP-F1/F2 
6 43 >1,050 110° LP-F1 
5 24 >580 goo LP-F1 
4 36 570 093° LP-F1/F2 
3 >50 800 041° LP-F1/F2 
2 >30 >300 ? LP-F1 
1 35 870 119° LP-F1 
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maps for these rocks indicate two very different sand body 

orientations, making an angle of 78° between them (compare 

Figs. 4.25 and 4.26). It is therefore unlikely that the rocks 

included in channel fills 1 and 3 were deposited in the same 

channel. The same criterion is applicable for the 

differentiation of channel fills 13 and 15 (Figs. 4.23a and 

4.29), or between channel fills 9 and 10 (Fig. 4.24a, and 

Table 4. 5). 

(2) Abrupt facies changes: Channel fill 15 comprises a 

well-defined fining upward succession, characterized by a 

bell-shaped well-log pattern (Fig. 4.23b). Channel fill 22 

(blocky to cylindrical well log pattern) is thought to 

truncate channel fill 15, with their separation being 

suggested in figure 4.23b by an abrupt (lateral) facies change 

between wells LP-11 and LP-47. Additionally, channel fills 15 

and 22 can be differentiated by their distinct sand body 

orientations (respectively 108° and 98°), as suggested by 

three-dimensional correlations (compare Figs. 4.29 and 4.30). 

Other examples of how abrupt (lateral) facies changes can 

support the separation between amalgamated channel fills are 

provided by channel fills 3 and 5 (Fig. 4.23b), channel fills 

22 and 24 (Figs. 4.24b and 4.30), and channel fills 26 and 29 

(Fig. 4.24b). 

(3) Different stratigraphic positions of their uppermost 

sediments: This criterion helps the separation, for example, 

of channel fills 22, 23, and 26 (Fig. 4.23b), channel fills 5 
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and 6 (Fig. 4.24a), channel fills 28, 29, 32, and 33 (Fig. 

4.24b), and channel fills 13 and 22 {Fig. 4.24b). The 

alternation in stratigraphic level (with respect to the datum) 

shown by the top of mudstone-bounded packages of coarse­

grained facies of channel fills 22, 23, and 26 is well-defined 

between wells LP-3 and LP-26 {Fig. 4. 23b) ; this suggests 

relatively abrupt channel abandonment and avulsion. Similar 

relationships can be also recognized between wells LP-52 and 

LP-74 (channel fills 13 and 22; Fig. 4.24b). 

The individual nature of channel fills 5, 6, 9, and 10 

(Fig. 4.24a) is supported not only on different stratigraphic 

levels of their uppermost sediments, but also on striking 

lateral facies changes and diverse sand body orientations. For 

example, very high-resistivity conglomerate horizons of 

channel fills 6 and 10 (well LP-16; Fig. 4.24a) are laterally 

associated with lower-resistivity very coarse-grained 

sandstones of channel fills 5 and 9 (well LP-37). These 

relationships suggest the truncation of the finer-grained, 

uppermost sediments of channels 5 and 9 by the coarser­

grained, lowermost sediments of channels 6 and 10, 

respectively. Additionally, channel fills 5 and 6 show diverse 

sand body orientations, as do channel fills 9 and 10 {Table 

4. 5) • 

With respect to the application of the third criterion 

for defining individual channel fills, it is important to 

emphasize that the effects of differential compaction are 
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minimum in the studied succession, as suggested, for example, 

by the flat (and subparallel to the datum) tops of channel 

fills 9, 10, 17, 30, 33, 37, and 38 (Fig. 4.24a), and high­

resistivity markers a, B, y, and 6 (Fig. 4.23). 

Several phases of cutting and filling (or only filling), 

can be recognized in many individual channels. For example, 

channels 9 and 15 record at least 6 and 7 major phases of 

filling, respectively (Fig. 4.23b). The recognition and 

correlation of different filling phases in non-cored wells was 

made possible by: (1) mudstone interbeds; (2) basal high­

resistivity (exogenic) gravel-rich horizons (e.g. channels 3 

and 9 in Fig. 4.23b); (3) basal positive deflections in the 

spontaneous potential logs, which are due to concentrations of 

mud intraclasts (e.g. channel 15 in Fig. 4.23); or (4) 

positive deflections in the spontaneous potential logs 

produced by parallel-stratified sandstones placed at the top 

of filling-phases (e.g. channels 37 and 38 in Fig. 4.23b). The 

well logs used for correlations in the Lagoa Parda field do 

not show sufficient resolution to allow differentiation of 

individual turbidites. Density logs, which permitted the 

mapping of individual turbidites in the CarapebajPargo 

turbidite system, are not available for all of the Lagoa Parda 

wells, and even when available, they may not cover the entire 

studied section. As a result, the mapped filling phases of the 

Lagoa Parda channels may include one or several individual 

turbidites. 
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Most of the individual Lagoa Parda channels were mapped 

only by their coarser-grained fills (facies LP-F1, LP-F2, and 

LP-F4), which can be differentiated from levee facies (LP-F3) 

or background facies (LP-F5) by very distinct well log 

responses. However, the portions of these channels filled with 

facies LP-F3 can not be differentiated from non-channelized, 

laterally associated mud-rich facies, except for a few cases 

(e.g. channels 34 and 35; Fig. 4.23b). In these two examples, 

the channel fills show decreasing upward resistivities in well 

logs, contrasting with the increasing upward resistivities 

shown by laterally associated levee deposits (Fig. 4.23b); the 

origin of these two channel fills will be discussed in section 

4.5.4. 

Net sand maps for 21 channel fills composed of facies LP­

F1, LP-F2, and LP-F4 are presented in figures 4.25 to 4.32, 

and 4. 35. Many of these channel fills were partially eroded by 

younger channels (e.g. Figs. 4.25 to 4.29). In some cases the 

erosion was minor and localized; therefore, it was possible to 

reconstruct the channel fill geometry by correlations with 

adjacent logs (e.g. channel fills 22 and 24; Fig. 4.30). 

Figure 4. 11 presents the stratigraphic relationships 

among the most important Lagoa Parda channel fills. This 

schematic cross section was built by the projection of 26 

channel fills into a single geological section, at a position 

and orientation similar to that of figure 4.23b. Figure 4.11 

overestimates the sand/mud ratio presented by the Lagoa Parda 



Fig. 4.25 -Net sand map for channel fill 1. Average paleoflow 

orientation (indicated by arrow) is interpreted on the basis 

of sand body orientation, considering turbidity currents 

flowing down canyon (eastward). 
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Fig. 4.26 -Net sand map for channel fill 3. Average paleoflow 

orientation (indicated by arrow) is interpreted on the basis 

of sand body orientation, considering turbidity currents 

flowing down canyon (eastward). 
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Fig. 4. 27 - Net sand maps for channel fills 4, 6, and 7. 

Average paleoflow orientations (indicated by arrows) are 

interpreted on the basis of sand body orientations, 

considering turbidity currents flowing down canyon (eastward). 
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Fig. 4.28 - Net sand maps for channel fills 10 and 11. Average 

paleoflow orientations (indicated by arrows) are interpreted 

on the basis of sand body orientations, considering turbidity 

currents flowing down canyon (eastward). 
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Fig. 4.29 - Net sand maps for channel fills 13, 15, 18, and 

19. Average paleoflow orientations (indicated by arrows} are 

interpreted on the basis of sand body orientations, 

considering turbidity currents flowing down canyon (eastward). 
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Fig. 4.30 -Net sand maps for channel fills 22 and 24. Average 

paleoflow orientations (indicated by arrows) are interpreted 

on the basis of sand body orientations, considering turbidity 

currents flowing down canyon (eastward). 
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Fig. 4.31- Net sand maps for channel fills 26 and 27. Average 

paleoflow orientations (indicated by arrows) are interpreted 

on the basis of sand body orientations, considering turbidity 

currents flowing down canyon (eastward). 
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Fig. 4.32 - Net sand maps for channel fills 28, 29, 32, and 

33. Average paleoflow orientations (indicated by arrows) are 

interpreted on the basis of sand body orientations, 

considering turbidity currents flowing down canyon (eastward). 
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Fig. 4.33 - Isopach maps for channel fills 34 and 35. Average 

paleoflow orientations (indicated by arrows) are interpreted 

on the basis of the orientation of channel fills, considering 

turbidity currents flowing down canyon (eastward). 
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Fig. 4.34 - Isopach map for levee succession D. Note thicker 

levee deposits on the left side (looking downstream) of the 

associated channels. 
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Fig. 4.35 - Net sand maps for channel fills 36, 37, and 38. 

Average paleoflow orientations (indicated by arrows) are 

interpreted on the basis of sand body orientations, 

considering turbidity currents flowing down canyon (eastward). 
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Fig. 4.36 - Isopach map for levee succession H. Note thicker 

levee deposits on the left side (looking downstream) of the 

associated channel. 
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turbidite system because it contains a larger number of 

channel fills than any other section (compare with Figs. 4.23 

and 4.24), and also because the coarser-grained channel fills 

(facies LP-F1 and LP-F2) are represented by their maximum 

width and thickness. However, figure 4. 11 is important to 

illustrate the overall trends of channel fills that become 

narrower, thinner, and finer-grained upward. 

4.4.3. Characterization of levee successions 

Facies LP-F3 typically builds asymmetrical levees, 

associated with channels 19 to 38 (Table 4.6 and Fig. 4.11). 

Nine levee successions were differentiated by distinct 

patterns in resistivity logs. These levee successions are 

lettered A to I, from the oldest to the youngest (Table 4.6 

and Fig. 4.11). Levee successions A, B, C, D, G, and H 

typically display upward decreasing resistivities, and levee 

successions E, F, and I show inverse trends (e.g. wells LP-56, 

LP-20, and LP-40 in Fig. 4.23). Higher resistivities are due 

to coarser-grained and thicker sandstone beds, or to 

concentrations of siderite, rhodochrosite, and pyrite in LP-F3 

mudstones. 

The preservation of some thin (< 0.3 m) beds of 

bioturbated mudstones and fine-grained sandstones within 

successions composed mostly of coarser-grained sediments of 

facies LP-F2 (Fig. 4.6) suggests that overspilling of fine-



Table 4.6 - Levee successions of the Laqoa Parda turbidite system. 

LEVEE MAXIMUM THICKNESS MAXIMUM LEVEE SLOPES ASSOCIATED 
SUCCESSION LEFT SIDE8 RIGHT SIDE8 LEFT SIDE RIGHT SIDE CHANNELS 

(m) (m) (F.A. - F.C.)b (F.C. - F.A) 

CHANNEL COMPLEX LP-CC3 

I soc 

H 26 24 1. so 20 20 1.S 0 3S 

G 1S 13 20 40 40 20 36, 37 

CHANNEL COMPLEX LP-CC2 

F 24 19 20 so 40 20 33 

E 14d 32 

D 22 1S 20 10° so 20 30' 31, 32 

c 27 1S 20 so so 20 29, 30 

B 12 9 1. so so so 1. so 21 2S 

A 14 11 l.SO 40 40 1. so 19 21 

a Looking downstream. Channel paleoflow direction is interpreted on the basis of average sand body orientation, 
considering that the turbidity currents flowed along the Regencia canyon seaward. 

b F.A. = facing away from channel; F.C. = facing channel. 
c Levee succession I is probably related to a channel that lies in an unknown location outside the study area; 

only the maximum thickness recorded in the study area is indicated. 
d Levee succession E includes part of the levees related to channel 32, and also the passive filling by facies 

LP-F3 of a NE-oriented, abandoned channel. Its original geometry is poorly preserved; thus, only its maximum N 
preserved thickness is indicated. ~ 

~ 
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grained sediments and levee growth may have taken place during 

the filling of some channels (e.g. channel 33; Fig. 4.6). On 

the other hand, there is almost no deposition and/ or no 

preservation of mudstones and fine-grained sandstones within 

very coarse-grained successions of facies LP-F1 (Figs •. 4. 6 and 

4. 7) • It follows that two types of stratigraphic relationships 

may occur between coarser-grained channel fills and laterally 

associated finer-grained levees: (1) channel fills may erode 

levee successions, and therefore be younger; or ( 2) the 

filling of some channels may have taken place simultaneously 

to the growth of laterally associated levees. 

Levee successions may have been built by finer-grained 

sediments spilled out from more than one of the mapped 

channels; for example, levee succession C may have accumulated 

during the cutting and filling of channels 29 and 30 (Fig. 

4.11). On the other hand, fine-grained sediments spilled out 

from one single channel may have contributed to the formation 

of more than one of the mapped levee successions; for example, 

sediments spilled out from channel 30 may have formed part of 

levee successions c and D (Fig. 4.11). Table 4.6 provides a 

tentative correlation between levee successions and possibly 

contemporaneous channels. A more detailed description of the 

Lagoa Parda levee successions is presented in the next 

section, and their origin is discussed in section 4.5.4. 

Isopach maps for two levee successions are presented in 

figures 4.34 and 4.36. Smaller isopachs occur in the areas 
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where contemporaneous, coarser-grained channel fills are 

located. Eventually, some of the levee successions are 

partially eroded by younger channels (e.g. levee succession D 

was locally eroded by channels 34 and 35; Fig. 4.34). 

4.4.4. Characterization of channel complexes 

The 38 channels recognized in the study area can be 

grouped into three channel complexes, named LP-CC1 to LP-CC3, 

from the oldest to the youngest {Table 4.5, and Figs. 4.11, 

4.23, and 4.24). The nomenclature introduced by Damuth et al. 

{1983b; 1988) is followed here. An individual channel and its 

associated levee deposits form a "channel-levee system", and 

the overlapping, coalescing, or lateral interfingering of 

channel-levee systems form "channel-levee complexes". However, 

only the youngest Lagoa Parda channels have levees, so that 

the abbreviated designation channel complex is used here. 

The main criteria for the separation of the Lagoa Parda 

channel complexes include: {1) the presence of thicker 

interbedded mudstones; (2) different filling facies; and (3) 

changes in dominant paleoflow orientation. Paleoflow 

orientations of the Lagoa Parda channels were interpreted from 

their sand body orientations {Table 4.5), considering that 

turbidity currents flowed along the Regencia canyon seaward 

(i.e. mostly eastward; Fig. 4.1). Unlike the Carapeba/Pargo 

turbidite successions {Table 3. 6) , there are no regional 
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unconformities or local erosion surfaces bounding the Lagoa 

Parda channel complexes. 

Overall, the turbidite succession composed of channel 

complexes LP-CC1 to LP-CC3 is characterized by channel fills 

that become narrower, thinner, and finer-grained upward (Fig. 

4.11 and Table 4.5). 

The criteria used in the separation between LP-CC1 and 

LP-CC2, and between LP-CC2 and LP-CC3 are explained in detail 

below, in the individual characterization of LP-CC2 and LP­

CC3, respectively. 

Channel complex LP-CCl 

LP-CC1 comprises the lowermost 12 mapped channel fills, 

among which are the thickest and widest in the Lagoa Parda 

field (Table 4.5 and Fig. 4.11). Their average thickness and 

average width are 33 m and 690 m, respectively. 

Channels 1 to 12 were deeply incised, mostly into 

mudstones and subordinate thin-bedded sandstones of facies LP­

F5, without developing laterally associated levees (Figs. 

4.11, 4.23, and 4.24). Several high resistivity horizons are 

widely recognized in the muddy succession eroded by channels 

1 to 12 (e.g. markers Q, B, y, and o; Figs. 4.11, 4.23, and 

4.24). These markers represent flat horizons, parallel to the 

datum located above the Lagoa Parda turbidite succession. 

The most important LP-CC1 channels are 1, 3, 4, 6, 7, 9, 

10 and 11 (Fig. 4.11). Channel fills 2, 5, 8, and 12 are 
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smaller and/or poorly defined in the study area. Channels 1, 

4, 6, 9 and 10 have mean sand body orientations ranging 

between 93° and 156° (paleoflow mostly from NW to SE; Figs. 

4.25, 4.27, and 4.28), suggesting that most of the turbidity 

currents responsible for their erosion and filling originated 

from the smaller tributary troughs carved at the northern 

margin of the Reg~ncia canyon (Fig. 4.1). Conversely, channels 

3, 7, and 11 have mean sand body orientations ranging between 

30° and 41° (paleoflow from sw toNE; Figs. 4.26 to 4.28), 

indicating the activity of turbidity currents along the main 

thalweg of the Reg~ncia canyon. These two major channel 

orientations, and the stratigraphic relationships exhibited by 

their channel fills suggest that just one major channel was 

active at any given time in the Lagoa Parda field. The active 

channel alternated in position mostly between two preferred 

areas of channel erosion and filling (Fig. 4.11), indicating 

the intermittent activity of two major source areas. In each 

of these two groups of channels, the channel fills suggest a 

relatively constant paleoflow orientation, with the younger 

channels eroding and possibly occupying part of abandoned, 

older channels. 

LP-CC1 channels were mostly filled with unstratified, 

boulder- to pebble-rich conglomerates and very coarse-grained 

sandstones (facies LP-F1; Fig. 4.11). Very high-resistivity 

horizons composed of conglomerates containing boulders to 

pebbles of high-rank metamorphic rocks are typical features of 
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LP-CC1 (e.g. channels 3 and 9 in Fig. 4.23b). LP-F1 grades to 

LP-F2 at the top and margins of few channel fills (e.g. Fig. 

4.11; channel 3 in Fig. 4.23b). The different filling phases 

of LP-CC1 channels typically record their progressive 

enlargement (e.g. channels 3 and 9 in Fig. 4.23b); there are 

only a few examples of filling phases suggesting gradual 

channel migration. LP-CC1 channel fills end downstream with a 

relatively abrupt pinch out of coarse grained facies (LP-F1); 

these may occur interbedded with finer-grained sediments of 

facies LP-F5. On the other hand, the upstream terminations of 

LP-CC1 channel fills are located outside the study area. 

Channel complex LP-CC2 

LP-CC2 comprises 23 channel fills (channels 13 to 35, 

Table 3.5), with an average thickness and average width of 22 

m and 390 m, respectively. 

LP-CC2 is separated from LP-CC1 by a mud-rich succession 

up to 48 m thick. This occurs along most of the Lagoa Parda 

field (e.g. Fig. 4.23a), with the exception of the 

northeastern part of the study area, where some of the LP-CC1 

channel fills (6, 9, and 10) were partially eroded by LP-CC2 

channels (numbers 13 and 14; Fig. 4.24b). Channel 11 is not 

truncated by channels 13 and 15 as indicated in figure 4.11, 

despite the fact that channels 13 and 15 were able to cut 

deeper than the stratigraphic position of the top of channel 

fill 11. These channels were restricted to different areas of 
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the Lagoa Parda field (compare Figs. 4.28 and 4.29), so that 

the erosion suggested in figure 4.11 is an artifact produced 

by projection of many of the channel fills into a single 

geological section. 

LP-CC2 channel fills have relatively constant sand body 

orientations, with most of them clustering between 80° and 

118° (paleoflow from west to east; Figs. 4.29 to 4.33). In 

contrast to LP-CC1, LP-CC2 was built almost exclusively by 

channels originating from the smaller tributary troughs 

located at the northern margin of the Regencia canyon {Fig. 

4.1). Only channel 27 (Fig. 4.31) suggests paleoflows 

subparallel to the main canyon thalweg. 

LP-CC2 channel fills are typically thinner and narrower 

than LP-CC1 counterparts (Table 4.5 and Fig. 4.11). They 

record an overall fining upward succession identified in cores 

(Fig. 4.6), and suggested by the funnel-shaped spontaneous 

potential logs, which contrast with the boxy well-log pattern 

exhibited by LP-CC1 {Figs. 4.23 and 4.24). 

Most LP-CC1 channel fills are composed of facies LP-F1, 

with minor contribution of facies LP-F2 (Table 3.5 and Fig. 

4.11). LP-CC2 channels commonly have lower fills of LP-F1, 

which grade upward to LP-F2 (e.g. Fig. 4.11; channels 15 and 

18 in Fig. 4.23b), but they may also be filled exclusively by 

facies LP-F2 (e.g. Fig. 4.11; channel 30 in Fig. 4.24), LP-F3 

(e.g. Fig. 4.11; and channels 34 and 35 in Fig. 4.23b), and 

LP-F4 {e.g. Fig. 4.11, and channel 27 in Fig. 4.23a). 
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Very few LP-CC2 channel fills have their downstream 

terminations drilled and cored in the study area. One example 

is provided by the channel 33 (Fig. 4.32), where facies LP-F2 

(Fig. 4.12) is replaced downstream by facies LP-F4 (Fig. 

4. 21). The upstream terminations of most of the LP-CC2 channel 

fills are characterized by a relatively abrupt pinch out of 

coarse-grained facies (LP-F1 and LP-F2), which are replaced 

upstream by the facies LP-F3. These finer-grained sediments 

probably represent the passive filling of abandoned channels 

by sediments overspilled from adjacent, active channels. The 

passive filling of most of the abandoned LP-CC2 channels and 

their associated levees are composed of similar facies and 

have the same well log response; therefore, channel mapping is 

restricted in most of the cases to the coarser-grained fills 

(e.g. Figs. 4.29 to 4.32). Exceptions are provided by channels 

34 and 35 (Fig. 4.33), which are filled with facies LP-F3 

(Fig. 4.23b). In this case, the channel fills can be separated 

from the laterally associated levee succession by different 

trends in resistivity logs; channel fills 34 and 35 display 

upward decreasing resistivities and the levee succession F 

shows upward increasing resistivities (compare wells LP-26, 

LP-3, LP-40, and LP-20 in Fig. 4.23b). The origin of these 

well log trends and the filling of channels 34 and 35 is 

discussed in section 4.5.4. 

The different filling phases of LP-CC2 channels may 

record the progressive enlargement of some channels. This 
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situation is better recognized in its lowermost, larger, and 

probably deeper channels (e.g. channel 15 in Fig. 4.23b; and 

channel 13 in Fig. 4.24b). 

LP-CC2 also differs from LP-CC1 by the development of 

asymmetrical levees, which are higher and thicker on the left 

side (looking downstream) of associated channels (i.e. mostly 

on their northern side; Table 4.6 and Figs. 4.11, 4.23b, 

4. 2 4ba, and 4. 3 4) . However, LP-CC2 levees only started to grow 

during and after the filling of channel 19 (Figs. 4.11 and 

4.23b). At the begining, their relief was very subtle (levee 

successions A and B; Fig. 4.11), but following the development 

of channel 28, a more prominent levee topography was 

established in the Lagoa Parda area (levee successions c to F; 

Figs. 4.11, 4.23b, and 4.24b). There is a well-defined 

relationship between higher levee topography and narrower, 

thinner, and finer-grained (facies LP-F2 to LP-F4) channel 

fills (Fig. 4.11). 

Levee slopes may be as steep as 10°, with the slopes 

facing the channels being typically higher than the back 

(facing away from the channel) levee slopes (Table 4.6). Cored 

levee successions may show dipping packages of facies LP-F3, 

which may include thin (< 1 m) debris flow and slump deposits 

(Fig. 4.16). Levee asymmetry may also be demonstrated by 

steeper slopes facing the channel on the left-side levees 

(Table 4.6). 

The mapped levee successions range in thickness from 9 to 
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27m (Table 4.6). The lowermost levee successions of LP-CC2 

(levee successions A, B, c, and D; Figs. 4.23 and 4.24) 

typically display upward decreasing resistivities, which are 

due largely to their fining- and thinning-upward sandstone 

beds or by their overall muddier-upward character. The 

uppermost levee successions (E and F; Figs. 4.23 and 4.24) are 

mostly mud-rich successions, but they show upward increasing 

resistivities, which are due mainly to an upward increasing 

concentration of siderite, rhodochrosite, and pyrite in LP-F3 

mudstones. The origin of these well log trends and the 

development of levee successions is discussed in section 

4.5.4. 

LP-CC2 records successive channel abandonment, probably 

through relatively rapid avulsions (which sometimes may have 

involved levee breaching). Most channel avulsions took place 

randomly (compare Figs. 4.29 to 4.31). However, channel fills 

28 to 33 define an average southeast trend of avulsion (to the 

right, looking downcanyon; Figs. 4.11, 4.24b, and 4.32). The 

development of this trend coincides with the growth of higher, 

asymmetrical levees (levee successions c to F; Fig. 4.11), 

suggesting the influence of levee topography on channel 

avulsion; this subject will be discussed in more detail in 

section 4.5.4. 

Channel complex LP-CC3 

The uppermost LP-CC3 comprises only three channel fills 
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(36 to 38), among which are the narrowest and thinnest channel 

fills in the Lagoa Parda field (Table 4. 5). Their average 

thickness and average width are 14 m and 260 m, respectively. 

The lowermost channel of LP-CC3 truncates levee 

succession F and the essentially mud-filled channel 34 (Fig. 

4.11). LP-CC3 channel fills are almost always separated from 

the LP-CC2 coarse-grained channel fills by a mud-rich 

succession up to 24m thick (Figs. 4.23b and 4.24a}. 

LP-CC3 channel fills have a relatively constant sand body 

orientation between 128° and 134° (paleoflow from NW to SE; 

Fig. 4. 35) • These orientations differ from those of the 

uppermost channel fills of LP-CC2, but LP-CC3 also was built 

by channels that originated from the smaller tributary troughs 

located at the northern margin of the Reg~ncia canyon (Fig. 

4 .1) • 

The coarser-grained channel fills of LP-CC3 are composed 

mostly of facies LP-F2. The upstream terminations of LP-CC3 

channel fills are characterized by a relatively abrupt pinch 

out of facies (LP-F2), which are replaced upstream by the 

facies LP-F3. The downstream terminations of LP-CC3 channels 

can not be observed in the study area. 

LP-CC3 also includes asymmetrical levees, which are 

slightly higher and thicker on the left side (looking 

downstream) of associated channels (i.e. mostly on their 

northeastern side; Table 4.6 and Figs. 4.11 and 4.36). LP-CC3 

levees show gentler maximum slopes (S 4°) and a less 
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pronounced asymmetry than LP-CC2 levees (Table 4.6). The two 

lowermost levee successions of LP-CC3 (G and H) tend to smooth 

the levee topography inherited from LP-CC2 (Figs. 4.11, 4.23b, 

and 4.24b). 

The mapped levee successions range in thickness from 13 

to 50 m (Table 4. 6). The lowermost levee successions of LP-CC3 

(levee successions G and H; Figs. 4.23 and 4.24) typically 

display upward decreasing resistivities, which are due largely 

to their fining- and thinning-upward sandstone beds or to 

their overall muddier-upward character. The uppermost levee 

succession (levee succession I; Figs. 4.23 and 4.24) is mostly 

a mud-rich succession, but it shows upward increasing 

resistivities, which are due mainly to an upward increasing 

concentration of siderite, rhodochrosite, and pyrite in LP-F3 

mudstones. 

The detailed cross sections (e.g. 4.23b and 4.24b) show 

that only one channel was excavated and filled in the study 

area at any given time during the growth of LP-CC3. LP-CC3 

indicates successive channel abandonment, probably through 

relatively rapid avulsions. These avulsions took place 

consistently toward southwest (to the right, looking 

downstream; Fig. 4.35), or toward the side of the channels 

with lower levees (Figs. 4.11 and 4. 36). This trend of 

avulsion suggests the influence of levee topography on channel 

avulsion, as discussed in more detail in section 4.5.4. 



4.4.5. Reccurrence intervals of channel complexes and 

individual turbidites 
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LP-CC1 to LP-CC3 represent the three youngest of at least 

nine channel complexes (Fig. 4.2) included in the early Eocene 

calcareous nannofossil zone Neochiastozygus chiastus (Antunes, 

1990a), which has a time span between 57.8 and 56.5 Ma (1.3 

m. y.). It follows that each of the nine channel complexes 

included in the Neochiastozygus chiastus zone has an average 

duration of about 144,000 years. 

The number of turbidites that form the Lagoa Parda 

channel complexes can only be roughly estimated, using as 

reference the average thicknesses obtained from cored wells 

(section 4 • 3) . Channel complex LP-CC2 , which is the most 

extensively cored, is composed of about 180 coarser-grained 

(facies LP-F1 and LP-F2), channel fill turbidites, and about 

1,800 finer-grained (facies LP-F3), levee turbidites. 

Considering the average duration of each channel complex 

(144, 000 years), it can be estimated average reccurrence 

intervals of 800 and 80 years, respectively for channel fill 

and levee turbidites. LP-CC2 is the channel complex that has 

the largest number of turbidites, thus the estimated figures 

represent the shortest reccurrence intervals in the study 

area. 
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4.5. SEDIMENTATION EVOLUTION AND CONTROLS 

4.5.1. The qeneral picture 

The canyon-confined, Lagoa Parda turbidite system is 

included in the marine transgressive megasequence, which is 

characterized by onlapping, deepening-upward sedimentation 

throughout the eastern Brazilian marginal basins (e.g. Chang 

et al., 1988, 1992). The studied turbidite succession 

comprises the uppermost 230 m of the up to 650 m thick, early 

Eocene, calcareous nannofossil zone Neochiastozygus chiastus 

(Fig. 4. 2) • 

The La goa Parda turbidite system is composed of five 

major facies: unstratified, bouldery to pebbly conglomerates 

and very coarse-grained sandstones, deposited by high-density 

turbidity currents (LP-F1); graded beds of unstratified 

coarse-grained sandstones and parallel-stratified finer­

grained sandstones, deposited by high- to low-density 

turbidity currents (LP-F2); interbedded bioturbated mudstones 

(mostly by Thalassinoides and Ophiomorpha) and thin-bedded 

sandstones, deposited by low-density turbidity currents (LP­

FJ); interbedded stratified sandstones and intraclastic 

conglomerates, deposited by low- and high-density turbidity 

currents, respectively (LP-F4); and mudstones containing a 

benthic foraminiferal fauna typical of deep neritic to upper 

bathyal (200- 500 m) depositional settings (LP-F5). LP-F1, 
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LP-F2, and LP-F4 contain the oil-producing rocks in the Lagoa 

Parda field; these facies have average porosities and 

permeabilities ranging between 20 and 25 %, and 72 and 427 mD, 

respectively. 

Lagoa Parda reservoir rocks (facies LP-F1, LP-F2, and LP­

F4) were deposited in channels that were deeply incised into 

mudstone-rich successions (LP-F3 and LP-F5) or older channel 

fills (Fig. 4 .11) • Cross-cutting relationships permit the 

identification of at least 38 major channel fills in the study 

area (Table 4.5); these channels may show several phases of 

cutting and filling. Channel fill thicknesses range between 9 

and > 50 m, and channel fill widths vary from 210 to > 1,050 

m (Table 4. 5 and Fig. 4 .11). The paleoflow orientations 

suggested by channel fills cluster into two major groups; 30° 

to 41° (paleoflow from SW toNE), and 80° to 156° (paleoflow 

mostly from NW to SE). 

Facies LP-F3 typically builds asymmetrical levees, which 

are slightly higher and thicker on the left side (looking 

downstream) of their associated channels (e.g. Figs. 4.34 and 

4.36). Nine levee successions (up to 50 m thick) are 

associated with the 20 youngest channels (Table 4.6 and Fig. 

4 .11) ; these successions were differentiated by distinct 

patterns in the resistivity logs. The channel fills suggest 

successive channel abandonment, probably through relatively 

rapid avulsions. Some of these avulsions took place 

consistently to the right (looking dowstream), in an opposite 
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way to the direction of preferential levee growth. 

The 38 channels recognized in the study area can be 

grouped into three channel complexes (LP-CC1 to LP-CC3; Table 

4.5 and Fig. 4.11), which have an average duration of 144,000 

years. The main criteria for the separation of channel 

complexes include thicker interbedded mudstones, different 

filling facies, and changes in dominant paleoflow orientation. 

Overall, the turbidite succession composed of channel 

complexes LP-CC1 to LP-CC3 is characterized by channel fills 

that become narrower, thinner, and finer-grained upward (Table 

4.5 and Fig. 4.11). 

Four major questions emerge from the scenario depicted 

above. They concern: (1) the provenance of the thick (up to 

400 m) package of texturally and compositionally immature, 

coarse-grained turbidites; (2) the development of individual 

channel complexes; (3) the growth of asymmetrical levees and 

the establishment of channel avulsions; and (4) the overall 

trends of decreasing grain-size, thickness, and width of 

channel fills. These four questions will be adressed in the 

following sections. 

4.5.2. source of sediments 

The sandstones and the sandy matrix in the conglomerates 

of the Lagoa Parda turbidite system are characterized by 

poorly-sorted, subangular to angular grains, composed largely 
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(35 - 40 %) of feldspar, and feldspar-rich rock fragments. 

Their source rocks are upper Proterozoic igneous and high­

grade metamorphic rocks, including mostly granites, 

granulites, and migmatites. These rocks form most of the 

subparallel, coastal mountain ranges of the Serra do Mar and 

Serra da Mantiqueira (Fig. 1.7). 

The climate along the eastern Brazilian coastal areas was 

humid and warm during the early Eocene, as suggested by the 

high content (up to 35 %) of carbonaceous plant fragments in 

facies LP-F2, LP-F3, and LP-F4, by the small number of 

individuals in the calcareous nannofossil assemblage (Antunes, 

1990a) , and by global paleogeographic reconstructions (Parrish 

and Curtis, 1982; Parrish et al., 1982). 

Lagoa Parda turbidites are as compositionally and 

texturally immature as the Carapeba/Pargo turbidites, and the 

paleoclimate both in the early Eocene Espirito Santo basin and 

late cretaceous campos basin (section 3.5.2) was humid and 

warm. Thus, Lagoa Parda turbidites probably also had a source 

area characterized by rugged topography, where more vigorous 

and erosive streams would decrease the residence time and 

chemical weathering of feldspathic grains in soil profiles, 

and also cut deeper trough fresh bedrock. Consequently, a 

large amount of feldspar-rich, coarse-grained and angular 

sediments would be made available for sedimentation. 

Steep slopes in the cratonic area adjacent to the 

Espirito Santo basin or along its margin could have been 
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produced by continued fault reactivation and relative uplift 

of Precambrian rocks during the early Eocene. This tectonic 

scenario is suggested by reactivation of NE- and N-oriented 

normal faults in the Reg~ncia canyon area. These faults affect 

the Precambrian basement (Oliveira et al., 1985). The N­

oriented fault system allowed important tectonic subsidence 

along the basin margin; its successive reactivation up to the 

early Eocene exposed Precambrian high-rank metamorphic rocks 

along the Reg~ncia canyon floor in its western portion (Fig. 

4. 4) • 

The compositional and textural immaturity of the Lagoa 

Parda turbidite system also implies that the sediments derived 

from rapidly uplifted, faulted highlands were not submitted to 

prolonged abrasion (if any) in a transitional, high-energy 

depositional setting such as a beach, shoreface, or wave­

d~minated delta. As suggested for the late Cretaceous Campos 

basin, the hypothesis of fan deltas directly feeding a 

relatively narrow, faulted shelf is also appealing for the 

early Eocene Espirito Santo basin. This hypothesis also 

remains a speculation in the Espirito Santo basin, because of 

the lack of preservation of shallower-water deposits 

equivalent in the time to the early Eocene turbidites. 

The early Eocene Reg~ncia canyon represents a more 

proximal depositional setting than the late Cretaceous 

CarapebajPargo trough, as suggested by the turbidite facies 

and by the fossil assemblages contained in the mudstones. The 
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early Eocene Reg~ncia canyon was filled with mudstones 

containing deep neritic to upper bathyal (200 500 m) 

foraminifera, whereas the late Cretaceous Carapeba/Pargo 

trough contains mid to lower bathyal ( 1, ooo 1, 500 m) 

foraminifera. The Lagoa Parda turbidite system is 

characterized by deeply incised channels, filled in large 

proportion by boulder- to pebble-rich conglomerates; on the 

other hand, the carapebafPargo turbidite system comprises non­

channelized deposits, mostly composed of very coarse- to 

coarse-grained sandstones, and subordinate granule- to pebble 

(<2 cm)-rich conglomerates. It follows that the more proximal 

(and deeply incised into the shelf) Reg~ncia canyon probably 

would have been able to capture larger amounts of coarser-

grained sediments; these, in turn, could have been introduced 

by fan deltas, or directly intercepted from littoral-drift 

systems, as observed in some canyons off California (e.g. 

Inman et al., 1976; Hess and Normark, 1976). 

The exogenic, boulder- to pebble-sized components of 

Lagoa Parda conglomerates are typically sub-rounded to rounded 

(Figs. 4.8 and 4.10a), contrasting with their sandy matrix, 

which is composed of subangular to angular grains. The 

roundness of these coarser clasts is probably related to the 

chemical weathering operating at the source area, rather than 

to physical transformation during sedimentary transport. This 

situation can be explained with one example from the city of 

Salvador, northeastern Brazil, where the climate is warm 
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(annual average temperatures between 24 and 26°C) and humid 

(annual average precipitation > 2, 000 mm). Salvador is located 

at the fault that defines the eastern margin of the Reconcavo 

rift-basin (Fig. 1. 7), where Precambrian granulites and mostly 

early Cretaceous sedimentary rocks crop out on the hanging 

wall and foot wall, respectively. The intense chemical 

weathering of the relatively homogeneous granulites has 

developed soil profiles containing scattered, rounded and 

spherical large clasts. Along the Salvador fault still there 

is a significant difference in relief, with the Precambrian 

basement standing tens of meters above the sedimentary basin; 

thus, during exceptionally rainy seasons, the large granulite 

clasts may be transported by landslides into the basin. Thus 

in the study area, it is probable that most of the~boulders to 

pebbles of facies LP-F1 left the source area already rounded, 

and underwent relatively short transport until their 

resedimentation in the early Eocene Regencia canyon. 

4.5.3. Development of channel complexes 

The accumulation of turbidite successions is controlled 

by the complex interaction of three factors; sea level 

fluctuation, tectonic setting and activity, and type and rate 

of sediment supply (e.g. stow et al., 1985; Mutti and Normark, 

1987; Pickering et al., 1989). Section 3.5.3 {page 157) 

presents an overview of the literature about how these 
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parameters control turbidite sedimentation. 

Global sea level curves 

The sedimentation of the Lagoa Parda turbidite system 

(early Eocene, Neochiastozygus chiastus zone) took place 

during the generalized transgression that occurred along most 

of the eastern Brazilian margin during the late Cretaceous and 

early Tertiary (e.g. Chang et al., 1988, 1992). The turbidite­

bearing Neochiastozygus chiastus zone is overlain by the mud­

rich Tribrachiatus orthostylus zone (also early Eocene in age; 

Figs. 4.2 and 4.37), which probably records, in the Espirito 

santo basin, the culmination and maximum coastal onlap of this 

long-term, eustatic sea level rise. 

The calcareous nannofossil zones defined for the late 

Paleocene to early Eocene filling sections of the Reg~ncia 

canyon (Antunes, 1990a) have been tied to the 

chronostratigraphic chart of Berggren et al. (1985), and show 

time resolution in the range 1.0 to 2.8 m.y. (Fig. 4.37). 

Global sea-level curves (Haq et al., 1987, 1988) show ten 

important sea-level falls during the late Paleocene and early 

Eocene (Fig. 4.37). These, in turn, bound nine third-order sea 

level cycles with durations between 0.5 to 2.5 m.y., which 

punctuate an overall transgressive, second-order cycle (TA2; 

Haq et al., 1988, p.95). Correlations between the late 

Paleocene to early Eocene biozones (Antunes, 1990a) and the 

global, third-order sea level cycles (Haq et al., 1987, 1988) 



Fig. 4.37 - Comparison between the global sea-level curve of 

Haq et al. (1988} and the chronostratigraphy, biostratigraphy, 

and simplified lithostratigraphy of the late Paleocene to mid 

Eocene successions in the Regencia canyon area. Unconformities 

4 to 6 are also represented in figures 3.3 and 3.4. Biozones 

recognized in the Cenozoic successions of the eastern 

Brazilian marginal basins are traditionally tied to the 

chronostragraphic column proposed by Berggren et al. (1985). 

The chronostratigraphy presented by Berggren et al. (1985) and 

Haq et al. (1988) show differences of 0.6 to 3.8 m.y. in the 

time boundaries assigned for the different early Tertiary 

series. 
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are very difficult, despite their similar time span. The 

problems involved in these correlations are twofold: (1) 

different time boundaries have been assigned for the same 

biozones in the widely-used chronostratigraphic charts 

published by Berggren et al. (1985), Harland et al. {1990), 

and Haq et al. (1987, 1988); and (2) the time spacing of 

third-order sea level falls in the curves of Haq et al. (1987, 

1988) is less than the potential error involved in dating 

these events (Miall, 1991, 1992). These problems will be 

illustrated with the Neochiastozygus chiastus zone, which 

includes the Lagoa Parda turbidite system. 

Antunes (1990a) correlates his Neochiastozygus chiastus 

zone to the Martini's (1971) widely-accepted Marthasterites 

contortus zone (NP10), and Okada and Bukry•s (1980) 

Tribrachiatus contortus zone {CP9a). The zones NP10 and CP9a 

are considered synchronous and comprise the earliest Eocene 

sedimentary record in the chronostratigraphic charts published 

by Berggren et al. (1985, p.1412), Harland et al. (1990, 

p.215), and Haq et al. (1988, p.95). However, these charts 

assign different time boundaries for NP10 and CP9a, 

respectively, 57.8 to 56.5 Ma, 56.5 to 55.2 Ma, and 53.7 to 

53.0 Ma. Therefore, there is a difference of 4.1 m.y. between 

the ages assigned by Berggren et al. (1985) and Haq et al. 

(1988) for the base of zones NP10 and CP9a, i.e. 3.1 to 5.8 

times their estimated time span (0.7 to 1.3 m.y.). 

The late Paleocene to early Eocene, third-order sea level 
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falls identified by Haq et al. (1987, 1988) may have been 

responsible for some of the unconformities recognized in the 

Regencia canyon filling section (Figs. 4.3 and 4.4), including 

the unconformity placed at the base of the Neochiastozygus 

chiastus zone. However, any attempt to correlate these 

unconformities and overlying turbidites to the (claimed) 

eustatic, third-order sea level falls should consider the 

uncertainties involved. For instance, the curves of Haq et al. 

(1987, 1988) provide at least three closely-spaced (~ 0.5 

m.y.) sea level falls in the transition from Paleocene to 

Eocene that could be correlated to the unconformity at the 

base of the Neochiastozygus chiastus zone (Fig. 4.37). 

The major contribution of global sea level curves is to 

show that the late Paleocene to early Eocene, overall 

transgressive trend was punctuated by shorter-term sea level 

falls (Fig. 4.37), which may have induced seaward shifting of 

coastal depocenters, followed by submarine erosion (by 

turbidity currents) along the Regencia canyon. One important 

phase of erosion took place in the transition from Paleocene 

to Eocene, allowing the early Eocene, Neochiastozygus chiastus 

zone to unconformably overlie early Maastrichtian sediments 

(Fig. 4.3). 

Tectonics and sediment supply 

During the long-term, eustatic sea level rise of the late 

Cretaceous and early Tertiary, the Espirito Santo basin also 
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experienced a generalized eastward (seaward) tilting in 

response to the combined effects of thermal-contraction 

subsidence and sedimentary loading (Costa, 1988). Subsidence 

rates in the early Tertiary were higher than in the late 

Cretaceous (e.g. Chang et al., 1992, their figure 27), largely 

as a function of sedimentary loading of the lithosphere in 

response to a higher clastic supply. 

The early Eocene, Neochiastozygus chiastus zone (57.8 to 

56.5 Ma) reaches a maximum thickness of 650 m in the thalweg 

of the Regencia canyon (well LP-4; Figs. 4.2 to 4.4). 

Therefore, this turbidite-rich succession records average 

undecompacted sedimentation rates of 65 - 70 cm/1, 000 yr., one 

of the highest sedimentation rates recognized in marine 

successions throughout the eastern Brazilian marginal basins. 

Similar or higher sedimentation rates have only been estimated 

in the last stages of lacustrine, rift sedimentation, i.e. 

between 122 and 119 Ma (Barremian; e.g. Chang et al., 1992, 

their figure 15). 

The high sedimentation rates recorded by the 

Neochiastozygus chiastus zone suggest a very important 

sediment supply, derived from a relatively close and rapidly 

uplifting source area, as also indicated by the very coarse­

grained, and compositionally and texturally immature Lagoa 

Parda turbidites. An important continental runoff, probably 

induced by the mostly warm and humid early Eocene 

paleoclimate, is suggested by the high content of carbonaceous 
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plant fragments (up to 35 %) in Lagoa Parda finer-grained 

sandstones, the high content of kaolinite (up to 35 %) in the 

interbedded mudstones, and also by the small number of 

individuals in the calcareous nannofossil assemblage (Antunes, 

1990a) . 

Despite the high sediment supply, no shallower-water 

facies were developed and/or preserved in the early Eocene 

filling section of the Regencia canyon. This situation is due 

mostly to the high rates of tectonic subsidence along the 

faulted, canyon boundaries (Fig. 4.3), and the generalized 

trend of sea level rise, which did not allow the progradation 

of coastal depositional systems. Tectonics was important not 

only to increase the sediment supply into the Regencia canyon, 

but also to provide accommodation space for sediment 

accumulation (and preservation). In the Espirito Santo basin, 

sediment input surpassed the effects of tectonic subsidence 

and long-term sea level rise only from the latest early Eocene 

onwards, giving rise to the marine regressive megasequence 

(Figs. 4.3 and 4.4). For instance, time equivalent sediments 

to the Lagoa Parda turbidite system are not preserved in 

Campos basin, where mid 

unconformably overlie 

successions {Fig. 3.4). 

Eocene, regressive 

early Paleocene, 

successions 

transgressive 

Development of the Lagoa Parda channel complexes 

Two major hypotheses are presented here to explain the 
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development of the channel complexes LP-CC1 to LP-CC3. The 

first possibility, mostly autocyclic, considers the 

development of channel complexes by switching depocenters of 

feeding deltas or fan deltas along the basin margin. The 

second scenario, essentially allocyclic, considers the 

development of channel complexes by the interaction of (a) 

tectonics, (b) sediment supply, and (c) sea-level 

fluctuations. Both hypotheses are essentially qualitative and 

tentative due to the limitations of the data base; the area 

studied in detail comprises only 7.5 km2 , and there is a lack 

of preservation in the Espirito Santo basin of the early 

Eocene, shallower-water sedimentary record. 

Autocyclic hypothesis: According to a mostly autocyclic 

hypothesis, the establishment of a new channel complex would 

take place following the migration of deltas or fan deltas 

toward a position where their coarse-grained sediments would 

be remobilized and then resedimented preferentially in the 

Regencia canyon. Conversely, the building of a channel complex 

would stop with the switching away of the feeding depositional 

systems. However, the establishment and migration of coastal 

depositional systems would probably not take place by a purely 

autocyclic mechanism, considering the high relief, fault­

controlled margin of the early Eocene Espirito Santo basin. 

The trend of decreasing grain size and thickness of 

channel fills exhibited by LP-CC2 {Fig. 4.11) could be related 

to the gradual withdrawal of delta/fan delta depocenters. 
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During this time: (1) the amount and rate of accumulation of 

coarser-grained sediments in areas more susceptible to failure 

would decrease, with turbidity currents becoming less frequent 

and finer-grained; and (2) the littoral-drift systems 

intercepted by the Regencia canyon would get progressively 

more depleted in coarser-grained sediments. Eventually, this 

process could lead to the interruption of turbidite 

sedimentation in the Regencia canyon, which would then be 

blanketed by mudstones. This autocyclic interpretation would 

imply that the deposition of individual channel complexes 

would have taken place during time intervals shorter than the 

previously estimated 144,000 years. On the other hand, 

successions of coarsening- and thickening-upward channel fills 

also should be expected as a result of the gradual return of 

the feeding depositional systems. Thus, the absence of 

successions of coarsening- and thickening-upward channel fills 

in the Lagoa Parda turbidite system would represent another 

major problem with respect to a purely autocyclic control on 

the development of the studied channel complexes. 

Allocyclic hypothesis: During the early Eocene, the 

Espirito Santo basin was still an immature passive margin 

basin, recording important uplift in the adjacent hinterland 

and along its faulted margin, which was probably characterized 

by a narrow and steep shelf. In this setting, the effects of 

sea level fluctuations on moving clastic depocenters landward 

and seaward across the shelf would be minor, with the source 
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areas remaining relatively close to the shelf/slope break even 

during highstands. Additionally, the interpretation of channel 

complex development controlled purely by eustatic sea-level 

falls has problems regarding their required 144, 000 year 

reccurrence. Growth and melting of continental ice masses is 

the only well-known mechanism that can induce eustatic sea­

level to change at this frequency (e.g. Pitman, 1978; Pitman 

and Golovchenko, 1983; Revelle, 1990). However, the early 

Eocene has been considered the warmest part of the Tertiary 

(e.g. Savin, 1977; Shackleton and Boersma, 1981), and most of 

the paleoclimatic studies based on the fossil record and 

oxygen stable isotopes suggest that important development of 

continental ice sheets did not take place before about 40 Ma 

(transition Eocene/Oligocene; e.g. Crowley, 1983; Miller et 

al., 1987; Prentice and Matthews, 1988). 

The tectonic activity in the early Eocene Espirito Santo 

basin probably exerted an important control on sediment supply 

(as discussed in section 4.5.2) and local sea level 

fluctuations. However, tectonic reactivations are typically 

spaced at larger time intervals than the average duration 

(about 144,000 yr.) of the channel complexes included in the 

Neochiastozygus chiastus zone (e.g. Blair and Bilodeau, 1988; 

Vail et al., 1991). Therefore, the effects of tectonic 

activity are better recognized in successions composed of more 

than one channel complex (e.g. LP-CC1 to LP-CC3 combined), 

which were developed in a larger time span (section 4.4.5). 
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Variations in the sediment supply along the Espirito 

Santo basin margin could have been influenced also by climatic 

changes, which may occur during shorter time periods, 

particularly due to cyclic, astronomical perturbations in the 

Earth's tilt and orbit. These climatic fluctuations, organized 

into "Milankovitch cycles", are induced by cyclic changes (1) 

in the Earth's axial precession relative to perihelion (modes 

at 19,000 and 23,000 yr.), (2) in the Earth's axial obliquity 

(modal period of 41,000 yr.), and (3) in the Earth's orbital 

eccentricity (several modes, e.g. 98,000, 126,000, 413,000, 

and 1,300,000 yr.) (e.g. Imbrie and Imbrie, 1980; Fisher, 

1991). The combination of these astronomical changes defines 

climatic cycles by influencing the seasonal distribution of 

incoming solar radiation on Earth. A mostly warm and humid 

paleoclimate is interpreted for the eastern Brazilian coast 

during the early Eocene (e.g. Parrish and Curtis, 1982; 

Parrish et al., 1982), but it is very probable that climatic 

fluctuations took place during the sedimentation of the 

Neochiastozygus chiastus zone (time span of 1. 3 m. y). The 

average duration of the Lagoa Parda channel complexes (144,000 

yr.) suggests changes in the Earth's orbital eccentricity. 

Milankovitch (climatic) cycles probably did not induce 

eustatic sea level fluctuations in the early Eocene because of 

the lack of important continental ice sheets (e.g. Crowley, 

1983; Miller et al., 1987; Prentice and Matthews, 1988). 

However, cyclic periods of higher seasonal precipitation would 
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have induced higher denudation rates in the source area, and 

hence higher rates of sediment supply at the basin margin. The 

highest peaks of mechanical denudation rates are reached in 

temperate humid zones when seasonal or annual rainfall surpass 

their average levels. In this case, denudation is even higher 

than that shown by poorly forested semi-arid areas. The 

highest sediment yield of rivers is found in high relief, 

tropical regions {e.g. Taiwan, New Guinea, and Hawaii), due to 

the combination of rapid weathering and abundant running water 

(Einsele, 1992). For example, in areas with high seasonal 

precipitation the erosion rates may be twice those in semi­

arid areas with the same relief (Stow et al., 1985). 

The scenario described above suggests the interpretation 

that climatically-controlled sediment supply at the basin 

margin would have represented the most important control on 

the development of the Lagoa Parda channel complexes. In this 

context, the deposition of each channel complex would have 

followed an increase in sediment supply through deltajfan 

delta systems, which in turn would have responded to phases of 

higher denudation rates in the high relief, ancestral Serra do 

Mar and Serra da Mantiqueira. These pulses of increasing 

sediment supply would have been able to shift coastal 

depocenters seaward, and possibly to induce short-term, 

relative sea level falls. However, the relative sea level 

falls would have had a reduced magnitude, as suggested by the 

lack of regional unconformities or local erosion surfaces 



286 

bounding the Lagoa Parda channel complexes. 

Fluctuations in sediment supply may have controlled the 

recurrent development of channel complexes in the Regencia 

canyon during part of the early Eocene. However, the ongoing 

fault-controlled subsidence and the long-term trend of sea 

level rise did not allow the change from an overall 

transgressive setting to a regressive regime in the Espirito 

Santo basin until the latest early Eocene. 

4.5.4. Growth of asymmetrical levees and channel avulsion 

Levee development 

The Lagoa Parda turbidite system records a well-defined 

relationship between higher levee topography and narrower, 

thinner, and finer-grained (facies LP-F2 to LP-F4) channel 

fills (Fig. 4.11). Most of the very coarse-grained channel 

fills (LP-F1) do not have associated levees (LP-CC1 and 

lowermost LP-CC2 channel fills; Fig. 4.11); these channels 

were more deeply excavated, and their phases of filling 

typically record a progressive enlargement (e.g. channel 15 in 

Fig. 4.23b; and channel 13 in Fig. 4.24b). 

Studies on Navy fan, off California (Piper and Normark, 

1983; Bowen et al., 1984), and Laurentian fan, off southern 

Newfoundland (including the 1929 Grand Banks turbidity 

current; stow and Bowen, 1980; Piper et al., 1988), have found 

that turbidity currents carrying a high proportion of mud are 



287 

slower and thicker than those that are predominantly sandy. On 

the other hand, turbidity currents enriched in coarse-grained 

sediments tend to be not only faster, but also more erosive, 

particularly if moving on relatively steep slopes (e.g. 

Menard, 1964; Shepard and Dill, 1966; Komar, 1973, 1977; 

Parker, 1982; Fukushima et al., 1985; Siegenthaler and 

Buehler, 1986; Normark and Piper, 1991). 

The set of field evidence, experimental data, and 

theoretical considerations presented above support the 

interpretation that LP-CC1 and the lower part of LP-CC2 record 

the activity of strongly-erosive turbidity currents, enriched 

in coarser-grained sediments. These flows probably had a 

relatively reduced thickness; therefore, small amounts of 

sediments overspilled channel banks to build levees. Levees 

only started to grow in the Lagoa Parda field area when the 

turbidity currents became thicker and enriched in finer­

grained sediments. At the beginning, levee relief was very 

subtle {levee successions A and B; Fig. 4.11), but following 

the development of channel 28 {uppermost part of LP-CC2 and 

LP-CC3), a more prominent levee topography was established in 

the Lagoa Parda area {levee successions C to I; Figs. 4.11, 

4.23, and 4.24). The finer-grained turbidity currents 

responsible for levee development had less power to erode the 

substrate; therefore, the channel fills associated with the 

highest levees are typically narrower and thinner than the 

unleveed channel fills {Fig. 4.11). 
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The lowermost levee successions of LP-CC2 and LP-CC3 (A, 

B, c, D, G, and H; Figs. 4.23 and 4.24) typically display 

upward decreasing resistivities, which are induced mostly by 

their fining- and thinning-upward sandstone beds or by their 

overall muddier-upward character. The growth of levees seems 

to be related to the increasing dominance of finer-grained and 

thicker turbidity currents in the Lagoa Parda channels. 

Therefore, the levee successions also comprise mostly muddier­

upward successions. Eventually, smaller-scale trends of upward 

decreasing resistivities can be recognized within some of the 

levee successions; they are probably related to fluctuations 

in the flow energy, and in the associated grain-size of 

transported sediments and flow thickness. The definition of 

thinner, muddier-upward successions also can be considered a 

result of the building of most of the levee successions by 

sediments spilling out from more than one channel (Table 4.6). 

The uppermost levee successions of LP-CC2 and LP-CC3 (E 

and F, and I, respectively; Figs. 4.23 and 4.24) are mostly 

mud-rich, but they show upward increasing resistivities, which 

are induced mainly by an upward increasing concentration of 

siderite (FeC03), rhodochrosite (MnC03), and pyrite (FeS2) in 

LP-F3 mudstones (e.g. Fig. 4.19b). The origin of these 

minerals is related to the degradation of the organic matter 

contained in the sediments by sulphate-reducing bacteria, 

which takes place preferentially in sub-oxic environments 

(e.g. Coleman, 1985; Curtis, 1977). Slower rates of 
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sedimentation favour more extensive degradation of organic 

matter and the generation of larger amounts of C02 and H2S. 

Higher concentrations of C02 and H2S favour the precipitation 

of siderite/rhodochrosite and pyrite, respectively. This is 

because the oxygenated (respiration) zone rarely exceeds the 

uppermost 10 em of accumulated sediments, and the sulphate 

reduction zone frequently is thicker than one or two meters 

(Curtis, 1987). The provenance of the iron and manganese for 

the precipitation of these early diagenetic minerals is 

related to the intense early Eocene volcanic activity, 

particularly in the Abrolhos volcanic complex (85 km northeast 

of the Lagoa Parda field; Fig. 2.5). 

The muddier-upward character and the early diagenetic 

minerals within the uppermost deposits of LP-CC2 and LP-CC3 

suggest that terminal stages of sedimentation in these two 

channel complexes were characterized by lower rates of 

sedimentation and progressive channel abandonment. The 

youngest sediments of LP-CC2 fill channels 34 and 35, which 

were excavated after the accumulation of levee succession F 

(Figs. 4.11 and 4.23). As suggested by their fine-grained 

filling facies (LP-F3) and higher sinuosity (Fig. 4.33), they 

were probably excavated and actively filled by lower energy, 

quasi-steady flows of longer duration, although they also may 

have received sediments overspilled from channels located 

ouside the study area. On the other hand, the end of the 

growth of LP-CC3 is marked in the study area by levee 
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succession I, which is probably related to channel(s) located 

outside the Lagoa Parda field. 

Levee asymmetry 

The levee successions mapped in the Lagoa Parda turbidite 

system are typically asymmetrical, i.e. they are higher and 

thicker on the left side (looking downstream) of associated 

channels (Table 4.6 and Figs. 4.11, 4.23, 4.24b, 4.34, and 

4. 36) . This asymmetry is probably due to Coriolis force, which 

produces an apparent deflection of all particles of matter in 

motion on the Earth's surface (including sediments transported 

by turbidity currents), perpendicularly to their direction of 

motion. This deflection is to the right in the Northern 

Hemisphere, and to the left in the Southern Hemisphere. 

Therefore, the Coriolis effect would favour the preferential 

aggradation of left levees of submarine channels located in 

Southern Hemisphere, as shown by the Lagoa Parda turbidite 

system. The Coriolis force (F) can be expressed as 

F = 2 m u n sin 1 

where m is the mass of the sediment/water mixture in the 

turbidity current, u is the velocity of the main body of the 

turbidity current, n is the Earth's angular velocity (= 7.29 

x 10-5 radfs), and I is the latitude; therefore the Coriolis 

effect would be minimal closer to the Equator, where I would 

approach zero. 

Asymmetrical levees associated with recent submarine 
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channels have been recognized both in the Northern Hemisphere 

(e.g. Chough and Hesse, 1976, p.530; Cremer et al., 1985, 

p.118; Nelson and Maldonado, 1988, p.703; O'Connell et al., 

1991, p.266) and Southern Hemisphere (e.g. Droz and Mougenot, 

1987, p.1358; Carter and Carter, 1988, p.190; Viana et al., 

19 9 o, p. 3 2 2) • Paleogeographic reconstructions (e.g. Parr ish et 

al., 1982; Scotese et al., 1988) permit the estimation of a 

paleolatitude of only 20 to 25°S for the early Eocene Lagoa 

Parda turbidite system. However, levee successions with well­

developed asymmetry have been recognized in present latitudes 

as low as 19°S (Droz and Mougenot, 1987) or 22°S (Viana et 

al., 1990). Bowen et al. (1984) express the difference in 

levee height due to Coriolis effect (Vhcoriolis> as 

VhCoriolis = w h • 2 n sin I I u 

where W is the channel width, and h is the thickness of the 

main body of the flow. This equation is valid only for 

straight partions of channels, where centrifugal effects are 

null. It follows from the studies of Bowen et al. (1984) that 

thicker and slower, finer-grained turbidity currents could 

give rise to levees with more prominent asymmetry than thinner 

and faster, coarser-grained turbidity currents, even if 

located at lower latitudes. 

Channel avulsion 

The low sinuosity, Lagoa Parda channel fills record 

successive channel abandonment, probably through relatively 
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rapid avulsions, which sometimes may have involved levee 

breaching. Lagoa Parda channel fills do not have the lateral 

accretion surfaces or the mega-foreset bedding recognized in 

some meandering, channel fill turbidite sandstones (e.g. Mutti 

and Normark, 1991; Bouma and Coleman, 1985; Bouma, 1990). The 

style of channel avulsion, mostly through relatively "quick 

jumps", precluded the development of sandier-upward levee 

successions on one side of the leveed channels; this should be 

expected toward the direction of gradual, channel lateral 

migration. 

Most of the LP-F1 channel fills suggest random avulsions 

(Fig. 4.11). However, channel fills 28 to 33 (channel complex 

LP-CC2, mostly facies LP-F2) define an average southeast trend 

of avulsion (to the right, looking downstream; Figs. 4.11, 

4.24b, and 4.32). LP-CC3 channel fills (facies LP-F2) also 

present a trend of avulsion (toward southwest, or to the 

right, looking downstream; Fig. 4.35). Both trends of 

preferential avulsion direction are oriented in an opposite 

way to the direction of preferential levee growth, on the left 

side of the channels (Figs. 4.11). Additionally, the 

establishment of avulsion direction trends coincides with the 

growth of higher, asymmetrical levees (levee successions C to 

F in LP-CC2, and levee successions G and H in LP-CC3; Fig. 

4.11). Therefore, levee topography represented an important 

control on channel avulsion in the Lagoa Parda turbidite 

system. On the other hand, the high degree of cannibalization 
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shown by Lagoa Parda channel complexes (most of the channel 

fills are at least partially eroded by younger channel fills) 

seems to be related to the combined effects of the large 

sediment supply, the erosive power of high-density turbidity 

currents moving on relatively steep slopes, and the reduced 

width (< 6 km) of the early Eocene Regencia canyon. 

4.5.5. Decreasing grain-size, thickness, and width of channel 

fills 

The association of the channel complexes LP-CC1, LP-CC2, 

and LP-CC3 form a turbidite succession that is characterized 

by channel fills that become narrower, thinner, and finer­

grained upward (Table 4.5 and Fig. 4.11). These trends were 

developed during a period of more than 400,000 years, a time 

span larger than that presented by the climatically-induced 

fluctuations in sediment supply, which may have represented 

the major controls on the development of individual channel 

complexes. 

The faults that define the margins of the Regencia canyon 

(Fig. 4.3) and the fault responsible for exhuming Precambrian 

basement along its western part (Fig. 4.4) suggest a gradually 

decreasing tectonic activity during the deposition of the 

uppermost part of the early Eocene Neochiastozygus chiastus 

zone. This biozone has a very reduced thickness in the 

westernmost part of the Regencia canyon (Fig. 4.4) and beyond 
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the fault-controlled, northern margin of the canyon (Fig. 

4. 3). To the south, the turbidite-bearing Neochiastozygus 

chiastus zone is confined to the Regencia canyon, and is 

truncated by late early Eocene sediments of the marine 

regressive megasequence (Fig. 4. 3) • 'rhe early Eocene 

structural evolution of the Regencia canyon area also records 

a progressive basin tilting to the south. This tilting induced 

the transfer of the major site of subsidence and erosion along 

the canyon to a position southward, as indicated by the 

thickness distribution of the latest early Eocene sediments 

(Discoaster lodoensis zone; Fig. 4.3). 

The decreasing tectonic activity in the Regencia canyon 

area suggests a similar trend in the source area to the west, 

which would have influenced turbidite sedimentation by 

reducing the longer-range sediment supply. The progressive 

erosion of uplifted continental blocks and the decreasing 

slope in the source area would decrease the amount and rate of 

accumulation of coarser-grained sediments in areas more 

susceptible to failure. As a result, slope failures into the 

Regencia canyon would gradually become smaller, less frequent, 

and finer-grained, giving rise to finer-grained turbidity 

currents with longer reccurrence interval and decreasing 

erosional power. Such a decreasing capability in eroding the 

substrate would favour a gradual reduction in channel cross­

sectional area. In a scenario of decreasing fault activity and 

sediment supply there would also be a lesser incorporation of 
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coarse-grained sediments into the littoral drift systems 

eventually intercepted by the Regencia canyon. 

The tectonically-induced, southward tilting of the basin 

may explain the increasing importance of turbidity currents 

that originated from the smaller tributary troughs carved at 

the northern margin of the Regencia canyon (paleoflow 

orientation mostly from NW to SE; Fig. 4.1). Turbidity 

currents flowing along the main thalweg of the Regencia canyon 

(from SW toNE; Fig. 4.1) contributed to the building of the 

lowermost channel complex only. 

The long-term, eustatic sea level rise of the late 

Paleocene/early Eocene (Fig. 4.37) may also have influenced 

the accumulation of successively narrower, thinner and finer­

grained channel fills. This prolonged sea level rise may have 

moved coastal depocenters landward; therefore, it also may 

have contributed to the reduction in sediment input (and 

related turbidity current triggering). The absence of 

retrogradational stacking in the Lagoa Parda turbidite system 

is probably due to its structural confinement (Figs. 4.1, 4.3 

and 4.4); the study area was always close to the canyon head 

(2 to 8 km) and its northern margin(< 1 km). 

The shorter-term, climatically-induced increments in 

sediment supply would have been able to reestablish channel 

complexes in the Lagoa Parda field. However, they were 

incapable of modifying the overall trends of narrower, 

thinner, and finer-grained channel fills (Fig. 4.11), which 
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were induced by the longer-term, decreasing fault activity and 

rising sea level. 

4.5.6. conclusions 

The canyon-confined, Lagoa Parda turbidite system is 

included in the marine transgressive megasequence, which is 

characterized by onlapping, deepening-upward sedimentation 

throughout the eastern Brazilian marginal basins. Its internal 

architecture resulted from the complex interaction of 

autocyclic and allocyclic factors, operating at different time 

scales. 

Three channel complexes (average duration of 144,000 

years) can be mapped in the Lagoa Parda field, on the basis of 

thicker interbedded mudstones, different filling facies, and 

changes in dominant turbidity current flow direction. 

Individual channel complexes were developed mostly in response 

to climatically-controlled phases of increasing sediment 

supply, via delta/fan delta and littoral drift systems. These 

pulses of increasing sediment supply would have been able to 

shift coastal depocenters seaward across a narrow and steep 

shelf , thus possibly developing short-term, relative sea level 

falls . These relative sea level falls would have had a reduced 

magnitude, as suggested by the lack of regional unconformities 

or local erosion surfaces bounding the channel complexes. 

The three Lagoa Parda channel complexes form a turbidite 
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succession characterized by channel fills that become 

narrower, thinner, and finer-grained upward. This succession 

is associated with progressively finer-grained, less frequent, 

and less erosive turbidity currents. These trends were induced 

mostly by a longer-term (> 400,000 years) decrease in sediment 

supply, which in turn resulted from the combined effects of 

the overall, eustatic trend of sea level rise, and the 

decreasing fault activity at the basin margin and source area. 

Lagoa Parda channel complexes were built by turbidity 

currents developed along the main thalweg of the Regencia 

canyon (from SW to NE) , or by turbidites that originated from 

smaller tributary troughs carved at the northern margin of the 

canyon (mostly from NE to SW). The two uppermost channel 

complexes were built almost exclusively by southbound 

turbidity currents, due to the progressive, tectonically­

induced southward tilting of the basin. 

Individual channel complexes are mostly characterized by 

coarse-grained channel fills, which may show associated levee 

deposits. Levee development was favoured by finer-grained, 

slower, and thicker turbidity currents. Levee successions are 

typically asymmetrical (higher and thicker on the left side of 

associated channels), probably as an effect of Coriolis force. 

The low sinuosity, Lagoa Parda channel fills record successive 

channel abandonment through relatively rapid avulsions. 

Avulsions of unleveed channels took place randomly. On the 

other hand, channels with well-developed levees record 
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preferential avulsion to the right (looking dowstream), in an 

opposite way to the direction of preferential levee growth; 

this suggests that levee topography represented an important 

autocyclic control on channel avulsion. 

Most of the Lagoa Parda channel fills are at least 

partially truncated by younger channel fills, and the channel 

complexes are characterized by extensive amalgamation of 

conglomerate/sandstone bodies. This high degree of 

cannibalization seems to be related to the combined effects of 

the large sediment supply, the erosional power of high-density 

turbidity currents moving on relatively steep slopes, and the 

reduced width (< 6 km) of the early Eocene Regencia canyon. 



5. SYNTHESIS 

The Carapeba/Pargo and Lagoa Parda turbidite systems are 

composed of thick successions of coarse-grained turbidites 

that fill fault-controlled canyons. These canyons were deeply 

incised into the slope and shelf of tectonically active, 

immature passive margin basins. The CarapebafPargo turbidite 

successions form non-channelized (tabular or lobate) sandstone 

bodies that normally occupy the entire width of the Carapeba/ 

Pargo canyon. By contrast, Lagoa Parda coarse-grained 

turbidites comprise relatively restricted channel fills with 

variable width, thickness, and orientation, which may be 

laterally associated with asymmetrical, finer-grained levees. 

Both of these turbidite systems form part of an overall 

transgressive succession, developed along the eastern 

Brazilian margin during the long-term trend of sea level rise 

of the late Cretaceous and early Tertiary. 

Few turbidite systems displaying the characteristics 

summarized above have been described in the literature. Most 

of their geometrical and stratigraphic relationships 

summarized above can not be explained by any of the widely­

used submarine fan models (e.g. Mutti and Ricci Lucchi, 1972; 
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Normark, 1978; Walker, 1978; Mutti, 1985) nor by reference to 

studies of modern submarine fans (e.g. Bouma et al., 1985a; 

Weimer and Link, 1991; and references therein). Therefore, 

many of the findings of this thesis may represent important 

contributions to the establishment of a depositional model for 

transgressive turbidite systems accumulated in immature 

passive margin basins. 

The main purpose of this chapter is to present a 

tentative depositional model for transgressive turbidites from 

immature passive margin basins, which is elaborated in section 

5.5. The preceeding sections of this chapter include: 

(1) a summary of the concepts and problems involved in 

the comparison between th~~grbi¢l i_te f;)ys.tems desc;r_ibed in this 

thesis and widely-us ed submarine fan models, such as the -----
channel-feeding-lobe models of the 1970's (e.g. Mutti and 

Ricci Lucchi, 1972; Normark, 1978; Walker, 1978) (section 

5.1), and the eustatically-driven model of Mutti (1985) 

(section 5.2); 

(2) a synthesis of the most important ideas derived from 

studies of modern submarine fans (which are dispersed through 

many detailed descriptions of individual fans), and a summary 

of major differences and similarities between modern fans and 

the studied turbidite systems (section 5.3); 

{3) a summary of the most important characteristics of 

the outcropping turbidite system of the Almada basin (Bruhn 

and Moraes, 1989) , which is the same age as the early 
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Maastrichtian CarapebajPargo turbidite successions, but 

displays similar facies to those of the early Eocene Lagoa 

Parda turbidite system (section 5.4). The Almada turbidite 

system records an important segment of the history of 

turbidite sedimentation along the eastern Brazilian margin. 

The integration of the studies of the Almada (Bruhn and 

Moraes, 1989) and CarapebajPargo and Lagoa Parda (this study) 

turbidites permits a more complete description of the changing 

styles of turbidite sedimentation developed during the long­

term trend of sea level rise of the Coniacian to early Eocene 

(also attempted in section 5.5). 

The last two sections of this chapter show how the 

turbidite systems studied in this thesis fit into the widely­

used Exxon's sequence-stratigraphic scheme (e.g. Posamentier 

and Vail, 1988; Van Wagoner et al., 1990; Vail et al., 1991) 

(section 5.6), and how the major contributions of this thesis 

can be applied to oil exploration and production from similar 

turbidite systems (section 5.7). 

5.1. SUBMARINE FAN MODELS OF THE 1970'S 

Some very influential depositional models for submarine 

fans were published in the 70's. These models were based on 

descriptions of outcrops (Mutti and Ricci Lucchi, 1972, 1974, 

1975; Mutti and Ghibaudo, 1972; Mutti, 1977, 1979), on the 



302 

acoustic and seismic characterization of recent fans (Normark, 

1970, 1978), as also on the integration of both sources of 

information (Walker and Mutti, 1973; Walker, 1978). Despite 

their differences, all of these channel-feeding-lobe submarine 

fan models (C-F-L models) typically have three major 

morphologic divisions (Fig. 1.1). The upper fan portion 

comprises one single, large channel or fan valley, 

characterized by prominent levees, where lenticular 

conglomerates and massive sandstones tend to accumulate (Fig. 

1.1). The middle fan is typified by depositional lobes (named 

"suprafan lobes" by Normark, 1978}. In the upper parts of the 

depositi~nal lobes the turbidity currents flow through many 

cha~!s, which are narrower and shallower than the single 

levee~~ann_el of the upper fan; they also have poorly 

developed levees. Massive and stratified sandstones tend to be 

deposited within the smaller channels of the middle fan, 

whereas thick-bedded turbidites with Bouma divisions 

accumulate preferentially on the unchannelized outer portions 

of the middle fan (Fig. 1.1). The lower fan is a 

topographically smooth, low-gradient area, characterized by 

the accumulation of hemipelagic muds and thin-bedded 

turbidites. 

By analogy with deltaic deposits, Mutti and Ghibaudo 

(1972) introduced the idea that thickening- and coarsening­

upward successions can be produced during progradation of 

depositional lobes, and thinning- and fining-upward 
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successions may represent gradual channel filling and 

abandonment. These ideas were incorporated into the outcrop­

based models (e.g. Walker and Mutti, 1973; Mutti and Ricci 

Lucchi, 1974; 1975; Walker, 1978), and became very 

influential. As a result, the recognition of turbidite 

environments (particularly channels and lobes) has been 

influenced by the presence of thickening (or thinning) upward 

and coarsening (or fining) upward successions, rather than by 

the external geometry of these deposits (e.g. Ghibaudo, 1980; 

Link and Nilsen, 1980; Link and Welton, 1982). The problems 

involving the use of these criteria are twofold: (1) trends in 

bed thickness and grain size variation may be subtle, thus 

requiring the application of statistical tests for their 

recognition (e.g. Waldron, 1987; Pickering et al., 1989); and 

(2) thinning (and fining) upward successions can be produced 

in more than one way; e.g. channel lateral migration and 

abandonment; gradual lobe shifting, with lobe margin replacing 

lobe center depositional environment; and levee building by 

gradually finer-grained turbidity currents. 

C-F-L models are purely autocyclic (sedimentological). 

They do not consider the influence of allocyclic factors (e.g. 

tectonics, sediment supply, and sea level fluctuations) on 

facies development and geometrical variations exhibited by the 

turbidite systems. They also ignore canyon-fill turbidites, 

and give little attention to channel-levee complexes. 

In the following sections will be presented the major 
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problems involved in the comparison between C-F-L models and 

the turbidite systems described in this thesis; these are 

related to depositional setting, geometry of deposits, 

dominant facies, and facies successions. 

5.1.1. Depositional setting 

C-F-L models emphasize turbidite sedimentation at the end 

of a submarine canyon or feeder channel, in base-of-slope to 

deep basinal settings (e.g. Fig. 1.1). During the 70's, 

submarine canyons were considered mostly as conduits for 

turbidity currents, rather than favorable sites for coarse-

grained turbidite accumulation; most of the ancient canyon 

fills described up to that time are largely mud-filled (e.g. 

Hoyt, 1959; Dickas and Payne, 1967; Cohen, 1976). Only a few 

descriptions of canyon fill, coarse-grained turbidites can be 

found in the literature of the 70's (e.g. Stanley, 1967; 

Stanley et al., 1978). Both Carapeba/ Pargo and Lagoa Parda 

turbidite systems occur within canyons deeply incised into the 

slope and shelf. 

5.1.2. Geometry of deposits 

C-F-L models suggest a typical radial profile for the 

submarine fans, with the geometrical variabilities in the 

turbidite systems being mostly produced by fan progradation or 
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switching in position of suprafan lobes (e.g. Fig. 1.1). 

Turbidite systems entirely composed of a complex stacking 

of levee~pgsits and coarse-grained channel fills, like that 

of the Lagoa Parda field (e.g. Fig. 4.11}, are not part of the 

C-F-L models. On the other hand, the Carapeba/Pargo sandstones 

may show lobate geometry (e.g. Figs. 3.37 to 3.39), but they 

also had their lateral extent controlled by fault activity and 

the resulting variable width of the Carapebaf Pargo trough 

(e.g. Fig. 3.2). However, C-F-L models consider depositional 

topography and boundaries of sandstone bodies as purely 

controlled by sedimentological factors (e.g. lobe switching in 

position and compensation arrangements); they do not emphasize 

tectonic control on the geometry of deposits. 

5.1.3. Dominant facies 

C-F-L models depict _the fans as composed mostly of lobes, 

which in turn comprise mainly classical turbidites (described 

by Bouma divisions; Bouma, 1962). The CarapebajPargo and Lagoa 

Parda turbidite systems are largely composed of thick, 

unstratified conglomerates and coarse-grained sandstones. In 

these systems, monotonous alternations of parallel-bedded 

mudstones and sandstones displaying Bouma divisions are very 

subordinate. 

5.1.4. Facies successions 
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CarapebajPargo and Lagoa Parda turbidites typically form 

fining- and thinning-upward successions, which probably were 

not controlled by autocyclic factors, such as channel lateral 

migration and abandonment. These successions were mostly 

controlled by decreasing sediment supply, which in turn would 

have resulted from the combined effects of an overall, 

eustatic trend of sea level rise, and decreasing tectonic 

activity at the basin margin and source area (CarapebajPargo, 

section 3.5.3) 

denudation rates 

4.5.3). 

or decreasing 

in the source area 

5.2. MUTTI'S (1985) MODEL 

climatically-controlled 

(Lagoa Parda, section 

Mutti (1985) introduced the important idea of allocyclic 

control on the development of different turbidite types found 

in the ancient record. He recognized the development of three 

main types of turbidite depositional systems mostly as a 

function of different sizes of slope failure, which in turn he 

related to sea level fluctuations (Fig. 1.5). 

Larger slope failures and related larger gravity flows 

were thought to have developed during lower stands of sea 

level, giving rise to type I systems (Fig. 1. 5b) . Type I 

turbidites are characterized by thick-bedded, non-channelized, 

and widely-distributed sandstone bodies, which may grade 
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downcurrent into thinner-bedded and finer-grained fringe 

deposits. Type I systems do not show time-equivalent channel 

deposits in an upstream direction, except for coarse-grained 

lag deposits filling shallow erosional depressions (Fig. 

1. 5a). 

Rising sea level and decreasing slope failures were 

believed to give rise to turbidite systems of types II and 

III, successively (Fig. 1.5b). Type II systems include coeval, 

physically-attached lobes and channel fills; these lobes are 

typically smaller than type I lobes, but also may grade 

downstream into thinner-bedded and finer-grained fringe 

deposits (Fig. 1. 5a) . Type III systems comprise mud-rich 

successions showing small (up 100 m wide, and 10 m thick) 

channel fills of medium- to fine-grained sandstones, which are 

enclosed by and grade downstream into muddy facies (levee, 

overbank, and basinal facies) (Fig. 1.5a). 

The three types of turbidite systems may develop 

independently of one another, or successively, in response to 

sea level fluctuations. Besides introducing the concept of sea 

level control on turbidite sedimentation, another breakthrough 

in Mutti's (1985) model is the suggestion that: (1) turbidites 

of type I and II may occupy individually all of what used to 

be considered mid and lower fan by the classical models; and, 

(2) type III turbidites show similar facies to upper fan 

channel-levee complexes, but they tend to be younger than 

turbidites type I or II. 



308 

As with the C-F-L models, Mutti's (1985) model also has 

important limitations if it were to be used as a norm to 

understand the CarapebajPargo and Lagoa Parda turbidite 

systems. The major limitations of Mutti's (1985) model are: 

(1) Lagoa Parda turbidites consist mainly of coarse-grained 

channel-levee complexes, which do not fit into any of the 

three system types; (2) autocyclic controls on turbidite 

sedimentation are largely ignored; and (3) allocyclic controls 

on turbidite sedimentation are restricted to sea level 

fluctuations. Tectonically- and/or climatically-controlled 

variations in sediment supply probably exerted important 

influence on the development (and reccurrence) of 

CarapebafPargo successions and Lagoa Parda channel complexes, 

particularly because these systems accumulated in 

tectonically-(very) active, immature passive margin basins, 

during times of ice-free continents. 

5.3. STUDIES OF MODERN SUBMARINE FANS 

During the 80's, significant improvements in the acoustic 

and seismic characterization of recent fans have changed ideas 

about the internal composition of submarine fans, and their 

growth patterns. The best-studied recent fans are the Amazon 

(Damuth et al., 1983a, 1983b, 1988; Appi et al., 1988; Manley 

and Flood, 1988; Flood et al., 1991), Indus (McHargue and 
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Webb, 1986; Kolla and Coumes, 1987; McHargue, 1991) , 

Mississippi (Bouma et al., 1985b, 1989; Stelting et al, 1985b; 

Weimer and Buffler, 1988; Weimer, 1989, 1990, 1991; Twichell 

et al., 1991), and Rhone (Droz and Bellaiche, 1985; O'Connell 

et al., 1991). Valuable information also has been gathered 

from Navy (Normark et al., 1979; Piper and Normark, 1983), 

Laurentian (Normark et al., 1983; Masson et al., 1985; Piper 

et al. , 1988) , Magdalena (Kolla et al., 1984) , and Ebro 

(Nelson and Maldonado, 1988, 1990) fans. These studies have 

shown that the upper and middle portions of the recent 

submarine fans consist mostly (80 90 %) of mud-rich, 

channel-levee systems. The terminology "channel-levee system" 

was introduced by Damuth et al. (1983b, p.470) to designate "a 

depositional-erosional channel perched atop a wide natural 

levee .•. that builds upward and laterally through time by 

overbank spilling" (Fig. 1.2). Equivalent terms provided by 

the literature are "lenticular acoustic- unit" (Droz and -
Bellaiche, 1985), and ~fanlo~e~ (Bouma et al., 1985b). The 

channel-levee systems frequently overlap, coalesce, or 

interfinger laterally, forming large tongue-like or elongate 

bodies named "channel-levee complexes" (Figs. 1.3 and 1.4). 

These observations from the modern fans contrast with the 

emphasis on sand-rich, lobe deposits given by the C-F-L 

models. 

5.3.1. Seismic facies 
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Despite the fact that seismic studies of modern fans 

represent a major breakthrough in the understanding of the 

submarine fans, very little is known about the facies that 

form the fans and their stratigraphic relationships, largely 

because of few cores and little dating. However, the facies of 

modern fans have been interpreted on the basis of their 

seismic responses, which are characterized essentially by 

amplitude (low, fair, moderate, high), internal reflection 

configuration (parallel, subparallel, hummocky, mounded, 

chaotic, divergent), continuity of reflectors (continuous, 

discontinuous), external geometry of seismically-related 

successions (lens, wedge, sheet, mound) , and even by the 

absence of reflectors (acoustically transparent). Several 

"seismic facies" schemes have been proposed (e.g. Kalla et 

al., 1984; Droz and Bellaiche, 1985; McHargue and Webb, 1986; 

Kalla and Coumes, 1987; Weimer, 1990). In general, the several 

seismic facies schemes are similar; some of the differences in 

intensity of amplitude and degree of continuity of the 

reflectors are induced by discrepancies among methods of 

acquisition and processing of the seismic data. A synthesis of 

these schemes is attempted below, in order to seismically 

characterize the five major components of the modern submarine 

fans; i.e. channel fills, levees, non-channelized turbidites, 

mass transport complexes, and slumps/debris flows related to 

levee failure. 

(1) Channel fills: these comprise irregular to lenticular 
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packages of high-amplitude, discontinuous reflectors (e.g. 

Figs. 1.2 and 5.1). These reflections typically occur beneath 

the present channel axes (Figs. 1.2 and 5.1), and are 

interpreted as having been returned from interbedded coarse­

and fine-grained sediments. A thick(> 100m), fining-upward 

succession of gravel, sand, and mud was cored in a mid fan 

channel from the Mississippi fan (DSDP Leg 96, site 621; 

stelting et al., 1985a; Stow et al., 1985b). 

( 2) Levees: these consist of wedge-shaped, concave-upward 

reflection packages, including low- to fair-amplitude, 

continuous to discontinuous, and diverging (toward channel) 

reflectors (e.g. Figs. 1.2 and 5.1). Cores of levee deposits 

from the mid Mississippi fan contain silt-laminated muds, 

structure less muds and clays, and very subordinate thin-bedded 

sandstones (DSDP Leg 96, sites 617 and 620; Stelting et al., 

1985a; Stow et al., 1985b). 

(3) Non-channelized turbidites: these consist of 

widespread, sheet-like packages of moderate- to low-amplitude, 

continuous, subparallel reflectors (e.g. Figs. 1.2 and 5.1). 

In the lower Mississippi fan, non-channelized deposits are 

dominated (38 - 48 %) by 10 em- to at least 12 m-thick beds of 

fine sand to coarse silt (DSDP Leg 96, sites 614 and 615; 

O'Connell et al., 1985; Stow et al., 1985b) 

(4) Mass transport complexes: these consist of mounded 

packages lacking internal reflections, or comprise low­

amplitude, discontinuous reflectors with chaotic, mounded, or 



Fig. 5.1 - Representative seismic-reflection profiles of the 

uppermost portion of the Amazon fan {Flood et al., 1991): {a) 

upper fan; {b) middle fan; and {c) lower fan. Typical seismic 

facies of channel fills {cf), levees {lev), non-channelized 

turbidites {net), and mass transport complexes {mtc) are 

indicated. 
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hummocky configuration (Figs. 1.2 and 5.1). Damuth et al. 

(1988) and Weimer {1989, 1990) interpreted mass transport 

complexes as associations of disorganized slides, slumps, and 

debris flow deposits. Three main geometrical types of mass 

transport complexes were found in the Mississippi fan (Weimer, 

1989, 1990): {1) elongated (channel-like) and concave upward; 

{2) mounded in shape and convex upward; and {3) fan-shaped. 

{5) Slumps/debris flows related to levee failure: these 

consist of localized, poorly-organized wedges of low- to fair­

amplitude, discontinuous reflectors, which show chaotic, 

mounded, or hummocky configuration. Inclined or contorted 

layers of silt-laminated muds were cored in a levee from the 

middle Mississippi fan, which are probably related to slumping 

{DSDP Leg 96, site 617; Coleman et al., 1985; Stelting et al., 

1985a). Failure of levee sediments is very likely in modern 

fans, particularly because of the relatively steep slopes {up 

to 9°; Damuth et al., 1988) that may occur on the backside of 

levee crests. Important slumps may also have originated from 

the continental slope, covering large areas of submarine fans, 

as suggested for the Rhone (Droz and Bellaiche, 1985) and 

Mississippi (Weimer, 1989, 1990) fans. 

5.3.2. Facies successions 

The analysis of the several modern submarine fans listed 

above permits the distillation of an overall lateral and 



314 

vertical (stratigraphic) organization of channel, levees, non­

channelized turbidites, mass transport complexes, and slumps 

and debris flows related to levee failure. 

Recent submarine fans 

characterized by gradients 

include an 

typically 

upper 

over 10 

fan portion 

mjkm, few 

channels (generally one at any given time) with well-developed 

levees. Probably the best seismic studies on the transition 

feeding canyonjupper fan of a modern fan were conducted in the 

Indus fan (McHargue and Webb, 1976; McHargue, 1991). McHargue 

and Webb (1976) recognized three zones in this transition: (1) 

a degradational zone comprising an erosional, unleveed canyon 

complex filled with prodeltaic mud; (2) a transitional zone 

located in the upper fan (but near the canyon mouth), which 

contains erosional, unleveed channels that are suceeded upward 

by leveed channels; and (3) an aggradational zone, typified by 

amalgamated, leveed channels. 

The upper fan is followed downfan by the middle fan, 

where the gradients range from 10 to 3 m/km. In the middle fan 

the turbidity currents are distributed through sinuous 

distributary channels with gradually decreasing depths and 

widths (Table 5.1); also the channel fills (Table 5.1) and 

levees (Table 5.2) become thinner downfan. Lateral shingling 

of channels may represent an important characteristic of the 

middle fan (e.g. Rhone fan, Droz and Bellaiche, 1985; Amazon 

fan, Damuth et al., 1988, Manley and Flood, 1988). Channel 

sinuosity and channel bifurcation typically increase from 
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Table 5.1 - Typical dimensions of channels and channel fills 
in modern submarine fans•. 

FAN PORTION CHANNEL CHANNEL CHANNEL FILL CHANNEL FILL 
WIDTH DEPTH WIDTH THICKNESSb 
(km) (m) (km) (m) 

Upper fan 1 - 10 50 - 300 1 - 12 100 - 800 

Middle fan 0.5 - 3 20 - 80 0.5 - 6 20 - 400 

Lower fan < 0.5 < 20 
____ c ____ c 

8 Based mostly on seismic profiles from the Amazon (Damuth et al., 1988; 
Manley and Flood, 1988; Flood et al., 1991), Indus (McHargue and Webb, 
1986; Kolla and Coumes, 1987), Mississippi (Bouma et al., 1985; Stelting 
et al., 1985b; Weimer, 1989, 1990, 1991), and Rhone (Droz and Bellaiche, 
1985) fans. 

b Agraded (composite) thickness of seismic packages composed mostly of 
high-amplitude, discontinuous reflectors. 

c The smaller size of lower fan channel fills makes difficult the 
estimation of their width and thickness. 

Table 5.2 - Typical dimensions of levees and channel-levee 
systems in modern submarine fans•. 

FAN PORTION LEVEE LEVEE CHANNEL-LEVEE CHANNEL-LEVEE 
WIDTH THICKNESS WIDTH THICKNESSb 

(km) (m) (km) (m) 

Upper fan 8 - 50 100 - 600 20 - 100 100 - 1,000 

Middle fan 4 - 150 20 - 300 10 - 300 50 - 400 

Lower fan Poorly-developed levees 

8 Based mostly on seismic profiles from the Amazon (Damuth et al., 1988; 
Manley and Flood, 1988; Flood et al., 1991), Indus (McHargue and Webb, 
1986; Kolla and Coumes, 1987), Mississippi (Bouma et al., 1985; Stelting 
et al., 1985; Weimer, 1989, 1990, 1991), and Rhone (Droz and Bellaiche, 
1985) fans. The term "channel-levee system" refers to an individual 
channel and its associated levees. 

b Maximum thickness measured from the base of the lowermost channel fill 
to the top of the highest associated levee. Channel fills may truncate 
underlying channel-levee systems. 
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upper- to middle fan (Flood and Damuth, 1987; Weimer, 1991). 

Conversely, channel vertical aggradation and channel lateral 

migration (within the channel valley) tend to be greater in 

upfan areas (Weimer, 1991). Weimer (1991) found channel 

lateral migration of up to 12 km in the upper Mississippi fan; 

seismic profiles from the upper Indus fan (McHargue, 1991) 

suggest channel lateral migration of 8 to 12 km (e.g. Fig. 

5. 2) • 

The upper and middle portions of modern submarine fans 

are composed mostly (80 - 90 %) of channel-levee complexes, 

which in turn may comprise several channel-levee systems. For 

example, the uppermost channel-levee complex of the Amazon fan 

contains at least seven channel-levee systems (Fig. 1. 4) . 

However, mass transport complexes also can be very important; 

they may comprise thick (up to 250m), and extensive (up to 

40,000 km2) deposits. Mass transport complexes may fill 

depressions between underlying channel-levee systems and 

smooth the fan surface (e.g. Amazon fan; Damuth et al., 1988; 

Manley and Flood, 1988; Figs. 1.2 and 5.1); alternatively, 

they may erode deeply (up to 200 m) into underlying channel 

levee systems (e.g. Mississippi fan; Weimer, 1989, 1990), and 

mimic the geometry of the overlying channels (elongated and 

concave upward). 

The lower fan is characterized by gradients less than 3 

m/km, and few (or no) channels. These channels are less 

sinuous and smaller (Table 5.1), and their levees are poorly 



Fig. 5.2 - Interpreted evolution (a - c) of a channel from the 

upper Indus fan (McHargue, 1991). Dotted pattern indicates 

channel fills. 

(a} Erosional channel associated with small levees. 

(b) Early lateral migration of channel allowed continued 

growth and southeastward migration of the northwestern levee 

as the southeastern levee was eroded. 

(c) Eventually, southeastward migration continued but in 

association with aggradation. At the time of abandonment, the 

channel complex was 10 km wide and 550 m thick, with levees 

275 m thick. Total lateral migration of channel was about 7 

km. 

(d) Uninterpreted seismic profile on which this interpretation 

is based. 
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developed. Channel-levee systems and mass transport complexes 

pinch out as the lower fan is reached, and only widespread, 

non-channelized (sandy ?) turbidites tend to be found dowfan 

(Fig. 5.1). This change may take place over relatively short 

distance (only 10 km in the Amazon fan; Flood et al., 1991). 

In the middle to lower fan transition the mass transport 

complexes may show a fan-shaped distribution, increasing in 

width downfan (Mississippi fan; Weimer, 1990). 

Data from the best studied modern fans (references above) 

support the distillation of at least two preliminary fan 

models (Walker, 1992; Fig. 5.3). The first model, largely 

based on the Mississippi fan, suggests that fan sedimentation 

may start with mass transport complexes, which fill 

depressions and/or scour older deposits, and are overlain by 

channel-levee systems (Fig. 5.3a). In the second model, more 

typical for the Rhone fan, deposition begins with basin-floor 

non-channelized turbidites, which are also overlain by 

channel-levee systems (Fig. 5.3b). In both models the lower 

fan comprises essentially sand-rich, non-channelized (sheet­

like or lobate) turbidites. 

Future studies will probably find variations on the two 

models of figure 5.3. In the middle Amazon fan, for example, 

thick (up to 200 m), disorganized deposits are overlain, 

successively, by sheet-like deposits and channel-levee systems 

(Manley and Flood, 1988; Flood et al., 1991; Figs. 1.2 and 

5.1). However, these deposits have poorly-constrained ages, 



Fig. 5.3 - Preliminary submarine fan models based mostly on 

studies of modern fans (Walker, 1992). 

(a) Model in which fan deposition starts with a mass transport 

complex (basin floor fan in the terminology of figure 1.6), 

overlain by channel-levee systems. 

(b) Model in which fan deposition starts with sheet-like basin 

floor turbidites, overlain by channel-levee systems. Note 

vertical stacking on upper fan (as in the Rhone fan) and 

lateral shingling on the middle fan. A more detailed 

explanation for this figure is presented in the text. 
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and can not be definitely assigned either to fan initiation 

(mass transport complexes) or to fan termination stages 

(continental slope and/or levee failures). Flood et al. {1991) 

suggested that large debris flows may be triggered by diapiric 

activity, hydrate instability, or sediment overloading at any 

time during fan growth. In the Rhone fan (Droz and Bellaiche, 

1985), slides and slumps occur concurrently with development 

of channel-levee systems, and eventually are responsible for 

channel migration and avulsion. Description of cores from the 

Amazon fan has shown that lower fan deposits are sandier and 

older than channel-levee systems from the upper- and middle 

fans (Appi et al., 1988; Flood et al., 1991). However, the 

lower Rhone and Mississippi fans record relatively 

discontinuous {< 30 km wide, < 60 km long) depositional lobes 

that seem time-equivalent to the channel-levee systems located 

upfan {O'Connell et al., 1991; Twichell et al., 1991; Nelson 

et al., 1992). 

5.3.3. Fan evolution 

The initiation of fan growth has been related to lowering 

of relative sea level (e.g. Manley and Flood, 1988; Bouma et 

al., 1989; Weimer, 1990), when progradation of coastal 

depocenters toward the shelf/slope break stimulates slope 

failure, retrogressive slumping, and canyon initiation. 

Retrogressive slumping may enlarge the canyons {Coleman et al. 
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1983; Goodwin and Prior, 1989), and the remobilized sediments 

may give rise to mass transport complexes (Fig. 5.3a). The 

presence of older canyons preserved from previous sea level 

cycles would favour direct funnelling of sand down the 

canyons, and the accumulation of widespread, non-channelized 

turbidites on the basin floor. 

Some studies on modern fans have suggested that continued 

lowering of relative sea level andjor lowstand conditions 

would stimulate the direct transport of fluvial and deltaic 

sedimen:ts via submarine canyons to build channel-levee systems 

onto either mass transport complexes (Fig. 5. 3a) or non­

channelized turbidites (Fig. 5.3b) (Kolla and Coumes, 1987; 

Manley and Flood, 1988; Bouma et al., 1989; Weimer, 1990). 

This idea contrasts with Mitchum's (1985) and Mutti's (1985) 

models, which suggest that channel-levee complexes tend to 

develop during relative sea level rise. 

The passage from unconfined, sand-rich flows to confined, 

mud rich flows is still poorly understood. Walker (1992) 

suggested a theoretical possibility: " levees (may] 

initially form on the walls of the incised canyon. As more and 

more flows use the canyon, with fines spilling up onto and 

over the levees, the levees lengthen onto the fan surface, and 

grow in height and width as more and more fine-grained 

material spills overbank. The suspended fines will lead to 

levee growth, and the sand will bypass the leveed part of the 

fan en route to the sandy lower fan" (Walker, 1992, p.254-



322 

255) • 

Recent studies on the lower Rhone and Mississippi fans 

(O'Connell et al., 1991; Twichell et al., 1991; Nelson et al., 

1992) have found relatively discontinuous (< 30 km wide, < 60 

km long) deposit·ional lobes that seem time-equivalent to the 

channel-levee systems located upfan. The depositional lobes 

recognized in the lower Mississippi fan are located at the end 

of small, shallow (< 5 m) channels; they are believed to have 

been deposited 13,000 to 15,000 years ago, in the transition 

from lowstand to rising sea level conditions (Twichell et al., 

1991). The sand-rich lobe found in the Rhone fan (O'Connell et 

al., 1991) is much younger; core samples from this lobe have 

c14 ages between 130 ± 50 and 5,250 ± 100 years (Mear, 1984), 

suggesting deposition during the Holocene sea level rise. 

Most of the studies on modern fans have suggested, 

however, that relative rise in sea level would largely 

decrease or end active sedimentation on the fan (e.g. Bouma et 

al., 1989; Flood et al., 1991). During continuous sea level 

rise or highstand the fan surface would be blanketed mostly by 

thin , muddy hemipelagic sediments, which eventually would 

comprise extensive condensed sections (e.g. Weimer, 1989, 

1990). Slumps and debris flows of variable sizes, originating 

both from levee- and continental slope failures, could occur 

at any time during a sea level cycle. However, the largest 

slumps and debris flows recorded so far have been interpreted 

as the latest sediments on the fan surface (e.g. up to 200 m 
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thick, covering up to 46,000 km2 on the Amazon fan; Damuth and 

Embley, 1981; Damuth et al., 1988). 

5.3.4. Comparison between modern fans and the studied 

turbidites 

Six major problems are involved in the comparison between 

modern fans and the studied turbidites: 

(1) They have very different scales; for instance, some 

modern channel-levee systems may be 50 times wider than the 

Regencia canyon, and lower fan sheet-like turbidites may 

exceed the entire Campos basin in area. 

(2) The best studied modern fans occur in mature passive 

basins, where the effects of sea level fluctuations on 

turbidite sedimentation tend to greatly surpass the influence 

of tectonics. 

( 3) As a consequence of their tectonic setting, most 

modern fans do not show a strong fault control on the geometry 

of their deposits. 

(4) Most modern fans contain mud-rich successions, with 

subordinate coarse-grained turbidites; this may also be a 

consequence of their tectonic setting. 

(5) The largest modern submarine fans accumulated during 

the long-term trend of sea level fall of the late Tertiary and 

Quaternary, whereas the sedimentation of the CarapebafPargo 

and Lagoa Parda turbidite systems took place during the long-
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term trend of sea level rise of the late Cretaceous and early 

Tertiary. 

(6) Very little is known about recent sedimentation in 

submarine canyons, particularly during the Pleistocene 

lowstand. 

However, some important similarities exist between the 

modern channel-levee systems and the Lagoa Parda turbidite 

system: 

(1) The evolution of channel-levee systems from the upper 

Indus fan (McHargue and Webb, 1986; McHargue, 1991) shows 

degradational (erosional) channels with poorly-developed (or 

no) levees, which are succeeded upward by aggradational, 

leveed channels. Additionally, both the lateral extent and 

thickness of seismic packages of high-amplitude, discontinuous 

reflectors (coarse-grained channel fills) decrease upward. 

These trends agree remarkably well with observations from the 

Lagoa Parda turbidite system (Fig. 4.11). 

( 2) Modern fans (e.g. Mississippi and Indus fan) may show 

consistent trends of channel lateral migration and avulsion 

(e.g. Fig. 5.2), and asymmetrical levees, which may represent 

effects of Coriolis force. Similar features occur in the two 

uppermost Lagoa Parda channel complexes (LP-CC2 and LP-CC3; 

Figs. 4.11 and 4.24b). 

(3) Many of the Mississippi fan channel-levee systems 

contain thinning- and fining-upward levee successions as 

suggested by upward decreasing amplitude in seismic profiles 
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(Weimer, 1990, 1991). Similar trends occur in the Lagoa Parda 

levee successions, where they are recognized in cores, or 

defined by upward decreasing resistivities in well logs (e.g. 

Figs. 4.15 and 4.24). 

(4) Slump-prone, steep slopes are found close to levee 

crests both in modern fans (up to 9° in the Amazon fan; Damuth 

et al., 1988) and in the Lagoa Parda turbidite system (up to 

10°; Figs. 4.16 and 4.23b). 

Although some of the smaller-scale features of modern 

fans can also be recognized in the Lagoa Parda turbidite 

systems, most of the geometrical and stratigraphic 

relationships of the studied turbidites can not be explained 

by reference to studies of modern fans. 

5.4. OUTCROPPING ANALOGUE IN THE ALMADA BASIN 

The Almada basin (also known as a sub-basin of the Bahia 

Sul basin; Fig. 1.7) is located on the continental margin of 

Bahia state, northeastern Brazil. Its onshore portion covers 

only 200 km2 , which are occupied by outcrops of the 

continental pre-rift (late Jurassic), continental rift 

(Neocomian), and marine transgressive {Maastrichtian) 

megasequences. Conglomeratic and sandy turbidites, and 

bioturbated, planktonic-rich foraminiferal mudstones of 

Maastrichtian age (Urucutuca Formation) are better exposed in 
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the southern part of the basin (Fig. 5. 4). These rocks 

represent an exhumed portion of the filling-section of the 10 

km wide, at least 30 km long Almada canyon, which can be well­

mapped seismically in the offshore portion of the Almada basin 

(Fig. 5.4). Almada basin turbidites are very important because 

they comprise the only outcropping example of the marine 

transgressive megasequence turbidites so far recognized along 

the eastern Brazilian margin. 

A diversified fauna of planktonic foraminifera was 

described from shallow wells drilled in the onshore portion of 

the basin (Carvalho, 1965). These fossils suggest a 

Maastrichtian age for the mudstones of the Urucutuca 

Formation. Carvalho's {1965) paper does not specify the 

location of his samples; therefore, his paleontological data 

can not be precisely correlated with the outcropping coarse­

grained turbidites. However, new biostratigraphic data 

(calcareous nannofossils) is available for the offshore well 

BAS-83 (Fig. 5. 4) . This well records 43 m of conglomerates and 

coarse-grained sandstones, which are included in the early 

Maastrichtian Broinsonia parca and Quadrum trifidum zones 

(Antunes, 1990a). 

Bruhn and Moraes (1989) described in detail the facies 

and geometry of the outcropping Almada basin turbidites, which 

comprise mostly coarse-grained channel fills, and finer­

grained levee deposits. The differential weathering of coarse­

grained, channelized turbidites (forming sinuous and elongated 



Fig. 5.4 - Geological map of the onshore portion of the Almada 

basin and seismic map in milliseconds of the pre-Urucutuca 

Formation unconformity, which defines the Almada canyon 

(contour interval= 100 milliseconds). Turbidite thickness for 

each exploratory well indicated in parentheses (after Bruhn 

and Moraes, 1989). 
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ridges) and of surrounding mudstone-rich success ions (low 

plains almost at sea level; Fig. 5.5) permitted the use of 

aerial photographs for plan-view study of the channelized 

conglomerate/sandstone bodies (Fig. 5.6). As seen in the 

slightly sinuous elongated ridges, the Almada basin channel 

fills are 30- 380m wide (average 165m), and 250- 1,650 m 

long (average 640 m). The entire channel complex occupies a 

1.5 km wide, elongated zone, which has the same orientation as 

one of the main thalwegs of the Almada canyon {Fig. 5.4). 

Bruhn and Moraes {1989) recognized two main facies 

associations in the outcrops of the early Maastrichtian 

Urucutuca Formation: {1) a channel fill, coarse-grained 

association, and {2) an interchannel (including levees), fine­

grained association. The channel fill facies association 

includes unstratified, pebbly (petromict) conglomerates {Figs. 

5.7 and 5.8a), intraformational conglomerates containing 

boulder- to granule-sized mud intraclasts (Figs. 5. 7 and 

5.8b), and unstratified (subordinately stratified), very 

coarse- to fine-grained sandstones, which commonly form 1 - 10 

m thick fining-upward successions (Fig. 5.7). Large mud or 

petromict clasts are concentrated preferentially in the 

channel thalwegs, whereas unstratified deposits become 

stratified in the uppermost portions and margins of channel 

fills. The interchannel facies association displays mudstones 

with different degree of bioturbation, thin-bedded (up to 15 

em) "CCC" turbidites (Walker, 1985) (Fig. 5.9), pebbly 



Fig. 5.5 - (a} Photograph taken from the southern margin of 

the Almada basin. In the foreground is one of the ridges 

supported by coarse-grained turbidites of the Urucutuca 

Formation (Ku} , which stands out from surrounding mudstones of 

the same formation. Other letters indicate the Atlantic Ocean 

(AO} , and outcrops of the late Jurassic, pre-rift megasequence 

(Js}, and Precambrian, high-rank metamorphic rocks (PE}, on 

the northern boundaries of the basin. 

(b) Transverse view of two coarse-grained channel fills. 

Paleocurrents oriented toward the reader. A section measured 

in the outcrop (A-A'} is shown in figure 5.7. outcrop location 

is indicated by number 4 in figure 5.6. 
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Fig. 5.6 - Detailed map of the channelized turbidites (cql ' 

sds = conglomerates and sandstones) of the onshore Almada 

basin (after Bruhn and Moraes, 1989). Location of detailed 

area and key to symbols are shown in figure 5.4. 
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Fig. 5.7 - Typical facies succession of the coarse-grained 

turbidites of Almada basin. Explanation of symbols used in 

this figure is provided on page 70. Outcrop location is 

indicated by number 4 in figure 5.6. 
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Fig. 5.8 - Common sedimentary facies of the Almada turbidite 

system. 

(a) Unstratified, pebbly (petromict) conglomerate. outcrop 2 

in figure 5.6. 

(b) Unstratified conglomerate, containing boulder- to pebble­

sized mud intraclasts. Outcrop 1 in figure 5.6. 

(c) Disorganized, pebbly mudstone. Outcrop 3 in figure 5.6. 

(d) Slumped succession of mudstones and subordinate fine­

grained sandstones. Outcrop 3 in figure 5.6. 
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Fig. 5. 9 - Coarse-grained channel fills truncating a 10 m 

thick levee succession composed of interbedded bioturbated 

mudstones and thin-bedded, sandy turbidites. Outcrop 6 in 

figure 5.6. 
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mudstones (Fig. 5.8c}, and slump deposits (Fig. 5.8d}. 

Interbedded bioturbated mudstones and thin-bedded turbidites 

are interpreted as levee deposits; they occur truncated by 

(Fig. 5.9} or laterally associated with channel fills. 

Although the Almada basin turbidites are time equivalent to 

the early Maastrichtian turbidite successions of the Carapeba 

and Parga fields, their facies and sand body geometry are very 

similar to those of the early Eocene Lagoa Parda turbidite 

system. 

S.S. INSIGHTS TOWARD A DEPOSITIONAL MODEL FOR TRANSGRESSIVE 

TURBIDITES FROM IMMATURE PASSIVE MARGIN BASINS 

The comparison of the CarapebajPargo and Lagoa Parda 

turbidite systems with C-F-L models, Mutti's (1985) model, and 

models derived from studies of modern submarine fans has shown 

that none of these models can explain most of the geometrical 

characteristics and stratigraphic relationships shown by the 

systems studied in this thesis. Additionally, despite the fact 

that Carapeba/Pargo and Lagoa Parda turbidites have similar 

features, they also have important differences. This section 

contains a discussion of the similarities and differences 

between the two studied cases, in order to provide insights 

toward a depositional model for transgressive turbidites from 

immature passive margin basins. 
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5.5.1. Similarities between the studied turbidites 

The most important similarities between the two study 

cases are: 

(1) Carapeba/Pargo and Lagoa Parda turbidite systems are 

part of an overall transgressive succession that is 

characterized by onlapping, deepening-upward sedimentation 

throughout the eastern Brazilian marginal basins. 

( 2) Both systems accumulated in canyons, whose boundaries 

and depths were largely controlled by faults with variable 

orientation and activity (e.g. Figs. 3.2 and 4.3). 

( 3) Both systems typically comprise fining- and thinning­

upward turbidite successions at variable scales. In the 

CarapebajPargo turbidite system these general trends in grain 

size and bed thickness can be recognized within individual 

successions (Fig. 3.4), or in groups of successions (e.g. the 

Coniacian/Santonian CRP/PG-83 to CRP/PG-86 successions; Fig. 

3. 4) . In the Lagoa Parda turbidite system the fining- and 

thi nning-upward successions can be recognized within 

individual channel complexes (e.g. LP-CC2 in Fig. 4.23b), or 

in the larger-scale succession formed by channel complexes LP­

CC1 to LP-CC3 (Fig. 4.11). 

(4) Both CarapebajPargo and Lagoa Parda turbidites are 

characterized by coarse-, poorly-sorted, and subangular to 

angular grains, which are composed largely (35 - 50 %) of 

feldspar, and feldspar-rich rock fragments. Their source rocks 



336 

were Precambrian, feldspar-rich, igneous and high-grade 

metamorphic rocks, and their source areas (and associated 

basin margins) were characterized by high-relief, intense 

tectonic activity (faulting and uplifting), and a mostly humid 

and warm climate. A similar source area to that of the 

carapebafPargo and Lagoa Parda turbidites can be found today 

in the area of Rio de Janeiro. The beauty of this city is 

largely due to its rugged topography, which comprises steep 

mountains supported by Precambrian, igneous and high-grade 

metamorphic rocks, which stand up to 1,025 m above sea level. 

The climate is also .warm and humid, and large portions of 

these mountains are covered by tropical rain forest. 

5.5.2. Contrasts between the studied turbidites 

The major differences between the Carapeba/Pargo and 

Lagoa Parda turbidite systems are related to: (1) facies and 

sand body geometry; (2) relative physiographic position in the 

basin (i.e. more proximal or more distal, deeper or 

shallower); and (3) reccurrence intervals of successions or 

channel complexes, and individual turbidites. 

Facies and sand body geometry 

CarapebafPargo turbidites consist mainly (> 95 %) of 

graded beds up to 12 m thick, composed of small pebble (< 2 

em)- to granule-rich conglomerates and very coarse- to medium-
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grained sandstones. Minor erosion may have taken place at the 

base of individual turbidites, but together they form non­

channelized (tabular or lobate) sandstone bodies. These 

sandstone bodies occupy, in most cases, the entire width of 

the CarapebafPargo canyon. The canyon was shaped by the 

combined effects of subsidence along listric faults and 

erosion by high density turbidity currents. 

The Lagoa Parda turbidite system comprises mostly an 

association of: {1) graded beds up to 6 m thick, composed of 

unstratified, bouldery to pebbly conglomerates and very coarse 

to coarse-grained sandstones, and parallel-stratified, medium­

to fine-grained sandstones; and {2) interbeddings of 

bioturbated mudstones and thin-bedded(< 70 em), parallel- to 

ripple cross-laminated, fine- to very fine-grained sandstones . 

The coarser-grained facies fill deep channels cut by high 

density turbidity currents, and the finer-grained facies build 

asymmetrical levees associated with these channels. Lagoa 

Parda channel complexes are characterized by a high degree of 

cannibalization, i.e. most of the channel fills eroded at 

least part of older channel fills and levee successions. As a 

result of the common amalgamation of up to 23 channel fills 

and the partial preservation of levee deposits between channel 

fi l ls, Lagoa Parda channel complexes show a complicated, 

mul ti-storied sand body geometry (Fig. 4.11). 

Boulder- to large pebble (> 2 cm)-sized exogenic 

sediments are common in the Lagoa Parda field, but they are 
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absent in the CarapebafPargo area; however, the latter system 

has no levee deposits and a much smaller proportion of finer­

grained sandstones. Most of the fine-grained sand seems to 

have been flushed downcanyon toward more distal portions of 

the Campos basin. 

The turbidite systems studied in this thesis exhibit not 

only very different sand body geometries, but they also 

contain sand bodies with dimensions at distinctly different 

scales. CarapebafPargo sandstone bodies can be one order of 

magnitude wider and longer than those at Lagoa Parda (Table 

5.3). Additionally, CarapebafPargo turbidite successions show 

a retrogradational stacking (Fig. 3.4), whereas Lagoa Parda 

channel complexes are vertically stacked by up-lap 

sedimentation (compare Figs. 4.23b and 4.24a, which are 

transversely- and longitudinally-oriented to the Regencia 

canyon thalweg). 

Physiographic position 

The fossil assemblages found in the interbedded mudstones 

suggest that Lagoa Parda turbidites were deposited in a 

shallower setting than those at CarapebafPargo. The early 

Eocene Regencia canyon was filled with mudstones containing 

deep neritic to upper bathyal (200 - 500 m) foraminifera 

(Azevedo, 1985), whereas the late Cretaceous Carapeba/Pargo 

trough contains mid to lower bathyal (1,000 1,500 m) 

foraminifera (Azevedo et al., 1987a). 
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Table 5.3 - Typical geometry and dimensions of sand bodies in 
the Carapeba/Pargo and Lagoa Parda turbidite 
systems. 

TURBIDITE 
SYSTEM 

Carapeba/Pargo 

Successions 

Lagoa Parda 

Channel 
fills 

Channel 
complexes 

SAND BODY 
GEOMETRY 

Tabular or 
lobate 

THICKNESS 
(m) 

27 - 140 

Channel fill 9 - > 50 

Complex, 20 - 100 
multi-storied 

WIDTH 
(km) 

1 - 12 

0.2 - 1 

0.3 - 1.2 

LENGTH 
(km) 

> 20 

> 1 

> 2 

Lagoa Parda field is close to the head of Regencia canyon 

(2 - 8 km; Figs. 4.1 and 4.4) and to its northern margin (< 1 

km; Figs. 4.1 and 4.3). The head of the canyon that contains 

CarapebajPargo turbidites is not preserved; however, these two 

fields are located about 90 to 110 km (measured along the 

canyon axis) from the landward limit of occurrence of late 

Cretaceous turbidites (Fig. 3.1). It follows that the Lagoa 

Parda turbidite system accumulated in a more proximal setting 

than the CarapebajPargo turbidite system. This situation is 

probably one of the main reasons why coarser-grained sediments 

are preserved in the Lagoa Parda field. Very proximal settings 

like the Regencia canyon probably would be able to capture 

larger amounts of very coarse sediments; these, in turn, could 
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have been introduced by fan deltas, or directly intercepted 

f rom littoral-drift systems (as observed in some canyons off 

California; Inman et al., 1976; Hess and Normark, 1976). 

Reccurrence intervals 

CarapebafPargo turbidite successions have average 

durations of 900,000 years (each of the six Coniacian/ 

Santonian success ions) and 4 0 0, 0 0 0 years (each of the two 

early Maastrichtian successions). Lagoa Parda channel 

complexes have average duration of only 144,000 years (all of 

the nine channel complexes included in the early Eocene 

Neochiastozygus chiastus zone span 1.3 m.y.). 

The average reccurrence intervals for individual 

turbidites in the CarapebafPargo turbidite system range from 

15,000 to 38,000 years. Much shorter reccurrence intervals can 

be estimated for the Lagoa Parda turbidites, i.e. only 800 and 

80 years, respectively for channel fill and levee turbidites. 

5.5.3. Building a model based on the carapebajPargo and Lagoa 

Parda turbidite systems 

Texture and composition of sediments 

Despite their textural differences, CarapebafPargo and 

Lagoa Parda turbidites are typically coarse-grained, and 

texturally- and composionally immature. These characteristics 

seem to be a function of the high tectonic activity (faulting 
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and uplifting) in the source area and basin margins, which 

probably had high relief and steep slopes, and showed 

deltas/fan deltas directly feeding narrow, faulted shelves. 

Development of turbidite successions 

During times of ice-free continents (e.g. late Cretaceous 

to early Tertiary), short(< 1 m.y.)-time reccurrence in the 

development of turbidite successions can not be explained 

purely by eustatic sea level fluctuations. In immature passive 

margin basins, turbidite successions could develop in response 

to phases of increase in sediment supply via deltajfan delta 

systems; these, in turn, would respond to fault reactivation 

and increasing uplift in the source area and basin margins 

(e.g. CarapebajPargo), or to climatic fluctuations (shorter 

reccurrence intervals; e.g. Lagoa Parda) . Such pulses of 

increasing sediment supply could be able to shift coastal 

depocenters seaward across narrow and steep shelves, and 

possibly induce short-term falls of relative sea level. The 

larger the magnitude of these sea level falls, the greater 

would be the probability for development of regional 

unconformities or local erosion surfaces bounding turbidite 

successions. 

Facies successions 

Both CarapebajPargo and Lagoa Parda turbidite systems 

show well-defined fining- and thinning-upward successions. 
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These successions could have been controlled mostly by 

decreasing sediment supply, which in turn would have resulted 

from the combined effects of an overall, eustatic sea level 

rise, and decreasing tectonic activity at the basin margin and 

source area (CarapebafPargo) or decreasing climatically­

controlled denudation rates in the source area (Lagoa Parda) • 

Decreasing tectonic activity would induce progressive erosion 

of uplifted continental blocks, with resulting slope reduction 

in the source area. This would be followed by a decrease in 

the amount and rate of accumulation of coarser-grained 

sediments in areas more susceptible to failure. As a result, 

slope failures (and related turbidity currents) would become 

gradually less frequent and finer-grained, giving rise to 

fining- and thinning-upward successions. The overall trend of 

sea level rise, in turn, would not allow progradation of 

coastal depositional systems, and the possible development of 

thickening- and coarsening-upward turbidite successions or 

shallower-water sedimentation. These patterns of sedimentation 

took place by the combined effects of decreasing tectonic 

subsidence and long-term sea level fall, as recorded for the 

(late) early Eocene/mid Eocene to recent, marine regressive 

megasequence of Campos and Espirito Santo basins (Chang et 

al., 1988, 1992; Guardado et al., 1990). 

Confinement to canyons and retrogradational stacking 

A generalized, long-term sea level rise would tend to 
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gradually move coastal depocenters landward; as a result, the 

amount and rate of accumulation of coarser-grained sediments 

in areas more susceptible to failure (e.g. shelf/slope break) 

probably would decrease, with turbidity currents becoming less 

frequent, smaller, and finer-grained. Middleton and Neal 

(1989) demonstrated experimentally that turbidite thickness 

and lateral extent (or travel distance of turbidity currents) 

can be related to the original volume and concentration of the 

turbidity currents, their speed, and the settling velocity of 

the grains transported by them. All other things being equal, 

larger turbidity currents would travel longer distances. It 

follows that the long-term trend of sea level rise would 

likely result in deposition from turbidity currents in 

successively shorter distances from their point of initiation. 

Thus, the depocenters of coarse-grained turbidites would tend 

to migrate upcanyon, giving rise to retrogradational 

successions. For example, the offset terminations of the 

various CarapebafPargo turbidite successions suggest a minimum 

retrogradation of 20 km (Fig. 3.4). However, the very proximal 

Lagoa Parda turbidite system lacks retrogradational stacking, 

probably due its structural confinenment and lack of available 

space for retrogradation (during most of the early Eocene the 

head of the Regencia canyon was defined by a N-oriented, very 

active fault, which was only 2 km distant from Lagoa Parda 

field; Fig. 4.4). 

It is important to point out that, regardless of the 
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influence of sea level fluctuations, turbidite sedimentation 

within a canyon would take place only if there is a 

significant reduction in the gradient of the canyon floor, 

causing the turbidity currents to decelerate. Therefore, the 

hypothesis for retrogradational stacking presented above 

requires that the increase in basin floor gradient by thermal 

contraction and sediment load be minimal; otherwise, the 

increasing gradient would result in turbidite accumulation in 

the same position, or even farther basinward, bypassing the 

study area. Passive margin basins are characterized by a 

series of half-grabens stepping-down seaward; however, the 

common rotation of blocks along listric faults may reduce (or 

even reverse) basin floor gradient in many of these fault­

bounded basin segments (e.g. Fig. 5.10). Typical seismic 

profiles of the campos basin (e.g. Guardado et al., 1990, 

their figure 5) show throughout the marine transgressive 

megasequence a steeper profile for the most proximal, 60 km­

wide part of the basin. Beyond this point, including the 

Carapeba/Pargo area, a much more gentle profile (flat or even 

dipping landward) is presented. Another cause for local 

decrease in basin floor gradient is related to the creep and 

withdrawal of underlying evaporite beds. It has been suggested 

(Figueiredo and Mohriak, 1984; Guardado et al., 1990) that 

salt flowage favoured the development of the listric faults 

(including those that bound the CarapebafPargo canyon) and 

also formed depresssions capable of impounding turbidites. 



Fig. 5.10 - Distribution in time and space of the most 

important styles of turbidite sedimentation developed in the 

eastern Brazilian margin, during the long-term trend of sea 

level rise from the Coniacian to the early Eocene. Canyon fill 

turbidite successions were developed during relative sea-level 

falls that punctuated an overall transgressive setting. These 

relative sea level falls were probably induced by phases of 

increased sediment supply, which, in turn, would have 

responded to tectonic reactivations in the source area and 

basin margin, or to climatically-controlled denudation rates 

in the source area. Some of the unconformities that bound 

turbidite successions are tentatively correlated (with ages 

indicated) to eustatic sea level falls recognized by Haq et 

al. (1988). Dashed lines indicate a typical structural profile 

into which late Cretaceous and early Tertiary canyons were 

incised. In general, turbidite styles changed from non­

channelized (tabular/lobate) turbidites that accumulated in 

more distal settings (with gentler canyon floor gradient), to 

unleveed and leveed, channelized turbidites that incised into 

more proximal and possibly steeper settings. More distal 

turbidite successions typically display retrogradational 

stacking, which may be absent in more proximal turbidite 

successions due their proximity to the faulted basin margins 

and related lack of available space for retrogradation. A more 

detailed explanation for this figure is presented in the text. 
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Most modern canyons or submarine channels developed in 

passive margin basins {e.g. East Coast of North America and 

Gulf of Mexico) are characterized by mostly muddy axial fills 

{e.g. Shepard and Dill, 1966; Stubblefield et al., 1982), 

accumulated during the Holocene highstand. Gravel and sand 

believed to be relict Pleistocene deposits have also been 

found in some of these large erosional features {e.g. Farre et 

al., 1983; Piper et al., 1988). Despite the extensive research 

on modern submarine canyons of North America {e.g. Shepard and 

Dill, 1966; Inman et al., 1976; Twichell and Roberts, 1982; 

Farre et al., 1983; Graham and Bachman, 1983) and Europe {e.g. 

Kenyon et al., 1978; Malinverno et al., 1988; Nelson and 

Maldonado, 1988), very little is known about their filling 

successions, because of the lack of deep coring and extensive 

dating. The Mississipi canyon is one of the best studied 

modern canyons along the passive margins of the United States 

(e.g. Coleman et al., 1983; Goodwin and Prior, 1989). It was 

cut at least 30,000 years ago, during the late Wisconsin 

glaciation; it shows a 700 m thick, mostly mud-rich filling 

section, which is composed of distal prodel taic sediments, and 

debris flow and mud flow deposits (Goodwin and Prior, 1989). 

Most of these sediments (515 m) were deposited between 19,000 

and 7,500 years ago. Only 20m of hemipelagic to pelagic clays 

have been deposited in the canyon axis in the last 7, 500 

years, following the Holocene sea level rise. Goodwin and 

Prior (1989) recognized a progradational, offlap stacking in 
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the mud-rich filling of the Mississipi canyon, which contrasts 

with the coarse-grained, retrogradational turbidite 

successions found in the late Cretaceous/early Tertiary 

eastern Brazilian margin. 

McHargue and Webb (1986) presented probably the only 

example of retrogradational stacking in the transition canyon/ 

upper fan channel of a modern fan. They suggested (in their 

figure 12) that packages containing high-amplitude, 

discontinuous reflectors (sandy channel fills ?) may onlap 

packages of low-amplitude, discontinuous reflectors (muddy 

lateral accretion on canyon walls ?). However, they 

interpreted this stratigraphic relationship as a result of the 

great sediment supply in this setting: "initially, flow 

velocity was sufficient to erode a deep valley beyond the 

canyon mouth. Eventually, however, the system aggraded, 

burying the erosional valley, constructing levees, and 

infilling the canyon mouth" (McHargue and Webb, 1986, p.175). 

Several canyons have been incised into the Cenozoic 

deltaic progradational successions of the Texas Gulf Coast, 

but they are typically cut into and filled with muddy 

sediments (e.g. Winker, 1982; Galloway et al., 1991). These 

canyons may comprise a lower, onlapping fill developed by 

retrogressive slumping, and an upper offlapping fill recording 

final canyon filling by coastal progradation toward the shelf 

edge (Galloway et al., 1991) . Contrasting with the successions 

described in this thesis, the prograding continental margins 
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of the Texas Gulf Coast are characterized by a long-term 

history of sediment oversupply (Galloway et al., 1991), which 

was probably favoured by the Cenozoic, long-term trend of sea 

level fall (Haq et al., 1988, p.95). 

Good examples of channelized, coarse-grained turbidites 

in fining-upward successions have been found in ancient 

canyons; e.g. the Eocene Torrey canyon (north of San Diego, 

California; May et al., 1983), and the Upper Cretaceous 

Rosario Formation (Baja California, Mexico; Morris and Busby­

Spera, 1988). In both examples the fining-upward successions 

were interpreted to have developed during a lowstand and 

subsequent rise in sea level, which resulted in a gradual 

decrease in supply of coarse-grained sediments. In these 

studies, however, retrogradational stacking of coarse-grained 

turbidites was not recognized. 

The Annot Sandstone (Eocene, French Maritime Alps) may 

show thick (> 200 m) successions of interbedded mudstones and 

coarse-grained turbidites (Cremer, 1983). These sandstones 

typically comprise tabular sandstone bodies that fill deeply 

incised canyons (e.g. Cremer, 1983, his figures 49, 50, and 

56). Some of these tabular sandstone bodies seem to be 

composed of amalgamated channel fills that internally display 

lateral accretion surfaces (Bouma and Coleman, 1985; Bouma, 

1990). However, a large part of these tabular sandstones lack 

internal channeling, and, therefore, represent good analogues 

to the Carapeba/Pargo reservoirs. 
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styles of turbidite sedimentation 

The CarapebafPargo, Lagoa Parda, and Almada turbidite 

systems record important segments of the evolution of 

turbidite sedimentation along the eastern Brazilian margin, 

from the Coniacian/Santonian (Marthasterites furcatus zone; 

Fig. 3.42) to the early Eocene (Neochiastozygus chiastus zone; 

Fig. 4.37). During this long time interval (about 32 m.y.), 

the overall sedimentation style in the Campos and Espirito 

Santo basins was controlled by a generalized, eustatic trend 

of sea level rise. Almost all of the turbidite systems 

recognized within this succession fill deeply-incised, fault 

controlled canyons or shallower, broad troughs established in 

deep neritic to lower bathyal (200 - 2,000 m) settings. 

A tentative model for the distribution in space and time 

of the most important styles of turbidite sedimentation 

developed in the eastern Brazilian marginal basins, during the 

long-term trend of sea level rise from the Coniacian to early 

Eocene, is presented in figure 5. 10. This model is based 

essentially on the CarapebafPargo and Lagoa Parda turbidite 

systems, with subordinate input from the Almada turbidite 

system described by Bruhn and Moraes {1989). Limitations of 

this model are related to the relatively small areas covered 

in detail by this study. Very little is known about the early 

Eocene turbidites located outside the onshore Regencia canyon. 

The two wells drilled immediately offshore record a decreasing 

thickness for the entire early Eocene succession (including 
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coarse-grained turbidites) (Fig. 4. 4); however, the early 

Eocene canyon could extend farther offshore, with a SE­

oriented thalweg located southward from these two offshore 

wells (Fig. 4.1). In the Campos basin, Coniacian to 

Maastrichtian turbidites pinch out eastward from Parga field, 

over a distance of at least 40 km - beyond this point there is 

no well control (at about the 1,000 m isobath; Fig. 3.1). 

Conversely, thick, coarse-grained sandstones interbedded with 

mudstones containing a mid to lower bathyal foraminiferal 

fauna can be found upstream from the Carapeba field (Fig. 

3 .1); however, these rocks are poorly cored and the well 

control is widely spaced. In the Almada canyon, turbidites 

were studied only in the outcropping part of the basin; only 

three wells were drilled in the offshore portion of the canyon 

(Fig. 5.5), but no cores were recovered. 

Five distinct styles of turbidite sedimentation can be 

identified and are discussed in detail below. 

style A: unconfined, basin floor turbidites (?) 

(Coniacian/Santonian; e.g. turbidite succession A in Fig. 

5.10). Turbidite deposition was preceeded by canyon cutting. 

Although the canyons described from the studied basins had 

their boundaries and depths largely controlled by faulting, 

erosion by high-density turbidity currents also was important 

during their evolution (as shown for the carapeba/Pargo area; 

p. 165 - 166). In the Campos basin there is a widespread 
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unconformity between the late Cenomanian/early Turonian and 

Coniacian/Santonian successions, which is probably related to 

an important eustatic sea level fall in the late Turonian (90 

- 89 Ma; Fig. 3.42). This sea level fall favoured erosion by 

high-density turbidity currents along canyons, and probably 

moved the turbidite depocenters to unconfined settings seaward 

(turbidite succession A in Pig. 5.10). Erosion also took place 

along most of the western and shallower portions of the campos 

basin, where the sedimentary record of the late Turonian is 

largely missing. However, the occurrence of Coniacian/ 

Santonian turbidites beyond the present bathymetry of 1,000 m 

remains a speculation (Fig. 3.1). 

style B-E: canyon-confined, non-channelized turbidites 

displaying retrograda tional stacking (coniacian/ santonian; 

e.g. turbidite successions B to E in Fig. 5. 1 o) : With the 

return to rising sea level conditions, and following an 

overall trend of sea level rise, turbidite depocenters would 

gradually have moved back into canyons carved into the slope 

and shelf, as long as the canyon floors showed a sufficient 

gradient decrease to decelerate turbidity currents (Fig. 

5.10). In this context, tectonically- or climatically­

controlled increase in sediment supply would have induced the 

development of turbidite successions (and possibly also short­

term, relative sea level falls) that punctuated the overall 

transgressive setting. Some erosion and canyon modification 
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occurred immediately before or even during the accumulation of 

a new turbidite succession (e.g. CRP/PG-S4 in Fig. 3.22; and 

CRP/PG-S4 to CRP/PG-S6 in Fig. 3.24). 

Canyon filling would have started during times of larger 

sediment input, when larger turbidity currents would have 

deposited thicker, tabular or lobate sand bodies in more 

distal, low-gradient areas (e.q. turbidite succession B in 

Fiq. 5 .10) ; these deposits eventually occupied the entire 

width of the canyon (e.g. CRP/PG-S3 in Fig. 3.2). During the 

long-term trend of sea level rise, a series of tabular/lobate 

turbidite successions back-filled the canyons, in a 

retrogradational stacking (Fig. 3.4; turbidite successions B 

toE in Fiq. 5.10). Depending on the magnitude of the short­

term, relative sea level falls, the turbidite successions 

would be underlain by local erosion surfaces with variable 

areal extent (e.g. CRP/PG-S5 in Fig. 3.23; turbidite 

successions B toE in Fiq. 5.10). These erosion surfaces, in 

turn, would have been carved by turbidity currents that 

deposited their load in the carapebafPargo area or farther 

downcanyon, even in places that have not been drilled yet. An 

example of the first situation is probably given by succession 

CRP/PG-SS (Figs. 3.4 and 3.23). Its base is defined by a local 

erosion surface in the westernmost part of Carapeba field, 

which becomes a correlative, non-erosive surface toward Pargo 

field. Therefore, one could speculate that the turbidity 

currents that scoured the substrate in Carapeba field may have 
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deposited their load farther downcanyon in Parga field. 

style P: canyon-confined, channelized turbidites (leveed 

or unleveed) that are replaced C?) downcanyon by non­

channelized turbidites (Maastrichtian to early Paleocene; e.g. 

turbidite succession Pin Pig. 5.10): Eustatic sea level fall 

occurred at 75-74 Ma (late Campanian) (Haq et al, 1988; Fig. 

3.42) and may have been responsible for a relatively short 

seaward shift of the preferential sites for turbidite 

sedimentation in the early Maastrichtian (Fig. 3.4, and 

turbidite succession P in Pig. 5.10). The campanian 

sedimentary record is very thin in the Campos basin (only 24 

min the Carapeba/Pargo area). This has been attributed to 

very low sedimentation rates following a widespread 

transgression (Azevedo et al., 19878a). However, important 

erosion of Campanian and even older sediments can be indicated 

by: (1) the absence of the worldwide, late Campanian index 

fossil (foraminifera) Globotruncana calcarata (Caron, 1985) in 

the Campos basin (Guardado et al., 1990); and (2) the 

occurrence of the early Maastrichtian Tetralithus trifidus 

(calcareous nannofossil) zone directly overlying the Albian 

Nannoconus truitti truitti zone in a large area (> 1,300 km2) 

of the southern campos basin (Richter, 1987). 

However, following the long-term trend of sea level rise 

believed to be responsible for the retrogradational stacking 

of style B-E, turbidite depocenters probably would have been 
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moved landward again, this time even closer to the high­

relief, faulted basin margins (Fig. 5.10). These proximal and 

structurally-confined settings would be characterized by 

higher sediment input (via deltas/fan deltas or interception 

of littoral-drift systems) and higher canyon-floor gradients 

(as for example, the structurally-controlled submarine canyons 

off California; Shepard and Dill, 1966; Inman et al. 1976; 

Hess and Normark, 1976). As a result, more erosive turbidity 

currents would cut channels. The most powerful of these 

currents probably would be able to form non-channelized 

sandstone bodies farther downcanyon (turbidite succession F in 

Fig. 5.10), in areas with lower gradient (eventually occupying 

sites farther downbasin in comparison with older successions; 

compare CRP/PG-S6 and CRP/PG-S8 in Fig. 3.4, and turbidite 

sucessions E and Fin Fig. 5.10). The remaining currents would 

have filled leveed or unleveed channels (Almada turbidite 

system, Figs. 5.4 to 5.6; and turbidite succession F in Fig. 

5 .10) in a process still poorly understood. The coarse­

grained, late Cretaceous/early Tertiary turbidite channel 

fills found along the eastern Brazilian margin typically show 

a small lateral extent, both in transverse and longitudinal 

direction (e.g. Bruhn and Moraes, 1988, 1989; Cosmo and 

Palhares, 1988; Alves et al., 1990; Duarte et al., 1990). The 

longitudinal extent of these channel fills may have been 

further reduced due to erosion by younger channels, but in 

many cases their geometry seems to be originally restricted. 
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One could speculate that coarse-grained turbidites may have 

been imprisoned within localized depressions or areas with 

local decrease in gradient within these deeply-incised 

channels. Leveed channels (some channels of style F, and style 

I} aggraded onto the canyon floor; therefore, it could also be 

speculated that the gradient along the thalweg of these 

smaller, perched channels could be gentler than the adjacent 

canyon floor gradient, thus favouring local turbidite 

accumulation. 

The more distal, non-channelized turbidites of style F 

typically comprise thinner deposits than the underlying 

successions (e.g. compare CRP/PG-S7 and CRP/PG-SS with CRP/PG-

S6 in Fig. 

5.10}. It 

3. 4; and turbidite successions B to F in Fiq. 

important to point out that, although time-

equivalent channelized and non-channelized turbidites have 

been found in the Almada and Campos basins, respectively, the 

lateral transition between these two types of deposits has not 

been documented so far in the marine transgressive 

megasequence of the eastern Brazilian margin. 

style G-B: canyon-confined, unleveed, channelized 

turbidites (late Paleocene to early Eocene; e.q. turbidite 

successions G and Bin Fiq. 5.10): This style is characterized 

by deeply incised, unleveed channels, which are mostly filled 

with boulder- to pebble-rich conglomerates and very coarse- to 

coarse-grained sandstones. Style G-H can be found in the late 
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Paleocene and early Eocene successions of the Regencia canyon 

(e.g. LP-CC1 and lowermost LP-CC2 channels; Fig. 4.11). These 

two successions are bounded at the base by unconformities 

(Fig. 4.4) that become correlative conformities basinward 

(Gomes et al., 1988). These unconformities are well-defined in 

the Regencia canyon, where late Paleocene or early Eocene 

turbidite-bearing successions may directly overlie early 

Maastrichtian counterparts (Figs. 4.3 and 4.4). Exploratory 

drilling in areas outside the large submarine canyons of 

Espirito Santo and Bahia Sul basins (Fig. 2.5) has so far not 

found turbidites equivalent in time to the late Paleocene and 

early Eocene channel fills. Late Paleocene and early Eocene 

rocks are largely absent in the campos basin (Guardado et al., 

1990), where mid Eocene sandstones and mudstones of the marine 

regressive megasequence may unconformably overlie early 

Paleocene mudstones of the marine transgressive megasequence 

(e.g. Fig. 3. 4) . 

Style G-H can be differentiated from style F by the 

absence of time-equivalent non-channelized turbidites, by the 

absence of levee topography associated with the channel fills, 

and by the wider channel fills (the average widths of LP-CC1 

and Almada basin channels fills are 690 and 165 m, 

respectively) • The unleveed channels of style G-H can be 

interpreted as having been cut by faster, coarser-grained, and 

thinner turbidity currents than those responsible for eroding 

the Almada basin channels. The turbidity currents that cut the 
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late Paleocene/early Eocene channels were developed in more 

proximal and possibly steeper settings than the turbidity 

currents responsible for cutting the early Maastrichtian 

channels. However, the broader and (possibly) deeper incision 

of the early Tertiary channels could also be interpreted as an 

effect of the stronger structural confinement and smaller 

width of the younger canyons. For example, in the 6 km wide, 

early Tertiary Reg~ncia canyon (Fig. 4.3), a larger number of 

turbidity currents would have scoured the same site than in 

the 10 km wide, early Maastrichtian Almada canyon (Fig. 5.4). 

style I: canyon-confined, leveed, channelized turbidites 

(early Eocene; e.g. turbidite succession I in Pig. 5.10): This 

style is characterized by leveed channels filled mostly with 

sandstones and very subordinate conglomerates. The uppermost 

channel fills of LP-CC2 and LP-CC3 are good examples (Fig. 

4.11). These channels are interpreted as having been cut and 

filled by slower, finer-grained, and thicker turbidity 

currents than those responsible for the development of style 

G-H channels. The passage from style G-H to style I was 

probably due to a generalized decrease in sediment supply, 

which in turn would have resulted from the combined effects of 

the overall, eustatic trend of sea level rise trend, and the 

decreasing fault activity at the basin margin and source area 

of the early Eocene Esp1rito Santo basin. The channel 

complexes of styles G-H and I do not show retrogradational 
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This is probably due to their structural 

confinement. Despite the overall sea level rise, little space 

was available for retrogradation due to deposition close to 

the high-relief, faulted basin margins (Fig. 4.4; and 

turbidite successions G to I in Piq. 5.10). A similar scenario 

is found in the modern Lake Tanganyika (east Africa), where 

high and steep escarpments along the lake margin allow only a 

minimal lateral facies migration during lake-level 

fluctuations (Cohen, 1990). 

Turbidite sedimentation in very proximal, confined 

settings (styles G-H and I) can be influenced by higher­

frequency variations in sediment supply related to climatic 

fluctuations. Climatically-controlled increase in sediment 

supply may have developed pulses of turbidite sedimentation 

along the canyons (e.g. the nine channel complexes of the 

early Eocene Neochiastozygus chiastus zone; Fig. 4.2); 

however, the associated relative sea level falls probably had 

a short duration and small magnitude, as suggested by the lack 

of erosion surfaces bounding the several channel complexes. 

The very proximal site of deposition of styles G-H and I could 

represent one of the causes for the shorter reccurrence 

interval of individual turbidite beds in the Lagoa Parda field 

than in the Carapeba and Pargo fields. Larger amounts of 

coarse-grained sediments could have been intercepted directly 

from littoral drift systems by the more proximal Regenc:ia 

canyon, as observed in some canyons off California (e.g. 
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Shepard and Dill, 1966; Inman et al., 1976; Hess and Normark, 

1976). Shepard and Dill (1966) described the movement of up to 

15 em-diameter cobbles along Californian canyons. 

Sedimentation of the chronostratigraphic packages 

represented in figure 5.10 ended with turbidite-poor 

successions, which accumulated during relatively long time 

spans. These muddy successions indicate times of exceptional 

sediment starvation along the eastern Brazilian margin. The 

starvation probably resulted from the combined effects of the 

long-term trend of sea level rise, and periods of tectonic 

quiescence in the source areas and basin margins. The 

duration, maximum thickness, and compacted accumulation rates 

for the three terminal, turbidite-poor successions identified 

in this study are as follow: (1) Campanian (Eiffelithus 

eximius zone, 10 m.y.); 24 min the carapeba field (0.02 

cmj1, 000 yr.); (2) late Maastrichtian to early Paleocene 

(Arkhangelskiella cymbiformis, Cruciplacolithus primus, and 

possibly also Lanternithus duocavus zones; 7.2 to 10.2 m.y.); 

118m in the Carapeba field (0.11- 0.16 cm/1,000 yr.); and 

(3) early Eocene (Tribrachiatus orthostylus zone; 2.8 m.y.); 

157 m in the Reg~ncia canyon (0.56 cm/1,000 yr.). Higher 

accumulation rates can be estimated for younger turbidite-poor 

successions. This trend can be explained in two ways: (1) a 

greater thickness of underlying sediments was eroded along the 

unconformities that bound the top of older muddy successions; 

and (2) a larger sediment input was available for the 
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development of younger and more proximal muddy successions. 

The time span considered in the discussion above (from 

the Coniacian/Santonian Marthasterites furcatus zone to the 

early Eocene Tribrachiatus orthostylus zone) is about 34.8 

m.y. For at least 23 m.y., or 66 % of that time (Campanian, 

late Maastrichtian, early Paleocene, and part of early 

Eocene), no important turbidite sedimentation occurred in the 

Campos and Esp1rito Santo basins. It follows that the 

uppermost portion of the marine trangressive megasequence 

records sediment starvation, and the accumulation of mostly 

muddy sediments at very low rates. 

5.6. EXXON'S SEQUENCE STRATIGRAPHY 

"Sequence stratigraphy is the study of genetically 

related facies within a framework of chronostratigraphically 

significant surfaces" (Van Wagoner et al., 1990, p.1). The 

sequence is the fundamental stratal unit for sequence­

stratigraphic analysis. The sequence is defined as "a 

relatively conformable succession of genetically related 

strata bounded at its top and base by unconformities or their 

correlative conformities" (Mitchum, 1977, p. 210}. The 

stratigraphic analysis using sequences or unconformity-bounded 

strata was first developed by Sloss in 1948 (Sloss, 1988). 

However, the sequence stratigraphic analysis that is widely 
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applied today was largely improved and promoted by geologists 

from the Exxon Production Research Company in Houston (e.g. 

Payton, 1977, and references therein; Vail, 1987; Van Wagoner 

et al., 1988, 1990; Posamentier and Vail, 1988; Posamentier et 

al., 1988). Exxon's sequence stratigraphy actually started as 

seismic stratigraphy ("the study of stratigraphy and 

depositional facies as interpreted from seismic data"; 

Mitchum, 1977, p.210), and only more recently it incorporated 

data from cores, well logs, and outcrops into the 

stratigraphic analysis (e.g. Van Wagoner et al., 1990). 

Depositional sequences are interpreted to be formed 

during one cycle of eustatic change, and their bounding 

unconformities are inferred to be related to eustatic-fall 

inflection points (e.g. Posamentier and Vail, 1988). When the 

rate of sea level fall exceeds the rate of subsidence, and the 

shoreline is significantly moved toward the shelf break, 

widespread erosion takes place, including the cutting of 

canyons into the slope and shelf. In this case, turbidites 

accumulate on the slope and in the basin, making part of the 

lowstand systems tract, which is the lowermost set of 

contemporaneous and interrelated depositional systems 

recognized in the sequence (e.g. Posamentier and Vail, 1988; 

Van Wagoner et al., 1988, 1990) (Fig. 1.6). 

Turbidites can be recognized mostly in three different, 

non-coeval stratigraphic positions within the lowstand systems 

tract (e.g. Posamentier and Vail, 1988; Posamentier et al., 
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1991; Vail et al., 1991}: basin floor fan, slope fan, and 

shingled turbidites on the lowstand wedge. Basin floor fans 

(bff in Fig. 1.6} are composed of sand-rich lobes or sheets 

accumulated on the sequence basal boundary during relative sea 

level lowering. Slope fans (lower part of the lowstand wedge; 

sf in Fig. 1.6} include mostly sand-poor, channel-levee 

complexes, developed on the basin floor fan or on the slope, 

in response to decreasing rates of sea level fall. Lowstand 

wedges are largely made of prograding shorelines and deltas; 

however, besides the slope fans, they also may present 

localized shingled turbidites, which may be attached to or 

detached from the clinoform toes of the entire lowstand 

prograding complex. The lowstand wedge accumulates mostly 

during the later part of a rapid sea level fall and following 

lowstand, downlapping the slope fan and basin floor fan. The 

subsequent successions that comprise a depositional sequence 

(transgressive- and highstand systems tract; Fig. 1.6} 

typically lack important turbidite sedimentation (e.g. 

Posamentier and Vail, 1988; Posamentier et al., 1991; Vail et 

al., 1991}. The transgressive systems tract is composed of a 

retrogradational succession formed during a time of 

progressive rise in sea level and decreasing sediment input. 

The highstand systems tract is represented by an increasingly 

progradational succession, deposited during highstand. 

Principles of Exxon's sequence stratigraphy have been 

successfully applied in the study of some of the turbidite 
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successions from the marine regressive megasequence in Brazil 

(e.g. Beltrami et al., 1989; Guimaraes et al., 1989; 

Carminatti and Scarton, 1991). However, there are many 

problems in their application to the analysis of turbidite 

successions from the marine transgressive megasequence, 

including the turbidites studied in this thesis; these 

problems will be discussed below. 

Thick, coarse-grained (turbidite) sandstone successions 

displaying blocky well log pattern are typically assigned to 

lowstand fans (e.g. Vail et at., 1991). These facies comprise 

most of the CarapebafPargo turbidite system; however, in the 

study area these facies fill structurally-controlled canyons 

incised into the late Cretaceous slope of Campos basin. On the 

other hand, slope fans have been considered by Exxon's 

sequence stratigraphy as largely composed of mud-rich channel­

levee complexes (e.g. Posamentier and Vail, 1988; Posamentier 

et al., 1991). In a more recent paper, Vail et al. {1991, 

their figure 15) introduced the concept of "proximal slope 

fans", which are thought to be formed by canyon fill, coarse­

grained turbidites, and slump and debris flow deposits. 

However, Vail et al. (1991) do not explain in their text both 

the geometry and the spacial and temporal relationships of 

coarse-grained, proximal slope fans with finer-grained, 

channel-levee complexes. It follows that one could correlate 

the Carapeba/Pargo turbidite successions to the proximal slope 

fans of Vail et al. (1991). However, two aspects must be 
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considered when correlating each of the CarapebafPargo 

successions to individual sequences: 

(1) Some of Carapeba/Pargo turbidite successions are 

bounded at the base (in the study area) by regional 

unconformities or local erosion surfaces, but there are also 

others that are bounded by conformable contacts; additionally, 

the upcanyon extent of these surfaces is largely unknown. 

(2) The development of individual successions seem to 

have been induced by tectonically-controlled increase in 

sediment supply. The increasing sediment supply may also have 

induced relative sea level falls and related submarine 

erosion; however, this influence may have been restricted to 

the Campos basin, or even only to the CarapebafPargo canyon. 

Few turbidite systems similar to the canyon fill, coarse­

grained channel-levee complexes of the Lagoa Parda field have 

been described in the literature (e.g. Morris and Busby-Spera, 

1988; Bruhn and Moraes, 1989). This type of turbidites are not 

included in Exxon's sequence-stratigraphic schemes. 

5.7. CONTRIBUTIONS TO OIL EXPLORATION AND PRODUCTION 

Very influential schemes like Exxon's sequence 

stratigraphy have emphasized the importance of lowstand basin 

floor fans as major petroleum exploration targets (e.g. 

Posamentier et al., 1991). These turbidite systems do form the 



365 

largest petroleum reservoirs in Brazil (e.g. Carminatti and 

Scarton, 1991; Peres, 1993). However, this study shows that 

canyon fill, coarse-grained turbidites may comprise thick 

successions of potentially high-quality reservoirs. This 

thesis also suggests that thick successions of coarse-grained 

turbidite reservoirs can accumulate in passive margin basins 

even during long-term trends of sea level rise, as long as 

intense tectonic activity takes place at the basin margin and 

adjacent hinterland. Coniacian to Maastrichtian, trough­

confined turbidites contain an original oil-in-place volume of 

243 x 106 m3 ( 1. 528 billion bbl) in the Campos basin only 

(Figueiredo and Martins, 1990). In the Gabon basin, time­

equivalent turbidites contain about 69 % of the Gabonese oil 

reserves (Teisserenc and Villemin, 1990). 

This thesis provides detailed models of the internal 

architecture and reservoir geometry of two very distinct types 

of turbidite reservoirs (Table 5. 3) . CarapebafPargo reservoirs 

are typically widespread, non-channelized (tabular or lobate) 

sandstone bodies that occupy in most cases the entire width of 

a fault-controlled canyon. However, the uppermost sandstones 

of some of the Carapeba/Pargo turbidite successions are 

laterally restricted and may display complicated compensation 

arrangements (Figs. 3.21 to 3.23). 

Lagoa Parda reservoirs are relatively restricted channel 

fills that show variable width, thickness, and sand body 

orientation (Table 4.5). As a result of the common 
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amalgamation of many channel fills and the partial 

preservation of levee deposits between channel fills, Lagoa 

Parda channel complexes show a complicated, multi-storied sand 

body geometry (Figs. 4.23 and 4.24). This study shows that a 

detailed picture of this type of reservoir can be obtained 

only from those oil fields presenting a large number of 

closely-spaced wells, like Lagoa Parda (Fig. 4.5). Another 

important contribution of this study is the indication that 

channel fill reservoirs can also show a relatively restricted 

longitudinal extent. Submarine channels may extend 

continuously for thousands of kilometers (e.g. Chough and 

Hesse, 1976; Carter, 1988), but they may not be entirely 

filled with sandy turbidites, as they can also be eroded by 

younger channels. 



6. CONCLUSIONS 

(1) The Carapeba/Pargo and Lagoa Parda turbidite systems 

fill canyons that were shaped by the combined effects of 

subsidence along listric faults and erosion by high density 

turbidity currents. They make part of a late Albian to early 

Tertiary transgressive succession, which is characterized by 

onlapping, deepening-upward sedimentation throughout the 

eastern Brazilian marginal basins. 

(2) The ConiaciacianfSantonian to early Maastrichtian 

CarapebafPargo turbidite system was built up by 181 to 198 

coarse-grained turbidites ( 0. 5 - 12 m thick) • It can be 

subdivided into eight facies successions mainly on the basis 

of distinct trends of grain size and bed thickness. Some of 

these successions may also be bounded by regional 

unconformities or local erosion surfaces. The successions have 

average duration in the range 0.4 to 0.9 m.y. 

(3) Carapeba/Pargo turbidite successions are 27 to 140 m 

thick, and contain 7 to 58 turbidites. Seven successions have 

well-defined fining-upward and fining-downstream (eastward) 

367 
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trends in grain size distribution, and three successions also 

show well-defined variation trends in sandstone thickness and 

lateral distribution: younger or more distal sandstones become 

thinner-bedded and more discontinuous. 

(4) Carapeba/Pargo turbidite successions form 1 to 12 km 

wide, non-channelized (tabular or lobate) sandstone bodies. In 

most cases they occupy the entire width of the canyon. They 

were stacked in an overall retrogradational pattern for at 

least 20 km, recording the backfilling of the CarapebajPargo 

canyon. 

(5) The early Eocene Lagoa Parda turbidite system 

contains unstratified, coarse-grained beds up to 6 m thick, 

and interbeddings of bioturbated mudstones and thin-bedded (< 

70 em), stratified, fine-grained sandstones. 

(6) The Lagoa Parda coarser-grained facies fill at least 

38 deeply-incised channels; the channel fills are 9 to > 50 m 

thick, 210 to > 1,050 m wide, and > 1 km long. 

(7) The Lagoa Parda finer-grained facies typically build 

asymmetrical levees, which are higher and thicker on the left 

side (looking downstream) of their associated channels. Levee 

asymmetry is probably an effect of Coriolis force. Nine levee 

successions (up to 50 m thick) are associated with the 20 
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youngest channels. 

(8) The channel fills suggest successive channel 

abandonment, probably through relatively rapid avulsions. 

Avulsions of unleveed channels took place randomly, whereas 

leveed channels show preferential avulsion to the right 

(looking downstream; this is opposite to the direction of 

preferential levee growth). Levee topography was, therefore, 

an important control on channel avulsion. 

(9) The Lagoa Parda channel fills can be grouped into 

three channel complexes, on the basis of thicker interbedded 

mudstones, different filling facies, and changes in dominant 

paleoflow orientation. These channel complexes seem not to be 

bounded by regional unconformities or local erosion surfaces. 

They have an average duration of 144,000 years. 

( 10) The overall Lagoa Parda turbidite succession is 

characterized by channel fills that become narrower, thinner, 

and finer-grained upward. Lagoa Parda channel complexes do not 

display retrogradational stacking, as was defined in the 

carapebajPargo turbidite system. 

(11) Comparison of the CarapebajPargo and Lagoa Parda 

turbidite systems with the channel-feeding-lobe models of the 

1970's and 1980's, and with models derived from studies of 
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modern submarine fans, has shown that none of these models can 

explain the geometrical characteristics and stratigraphic 

relationships displayed by the systems studied in this thesis. 

(12) Carapeba/Pargo and Lagoa Parda turbidites are 

largely composed of 

composionally-immature 

coarse-grained, texturally­

turbidites, which typically 

and 

form 

canyon-confined, fining- and thinning-upward successions. 

However, their sand body geometry and dimensions are very 

distinct. 

(13) The textural and compositional 

carapebafPargo and Lagoa Parda turbidites 

immaturity of 

seem to be a 

function of the tectonic activity (faulting and uplifting) in 

the source area and basin margins, which probably had high 

relief and steep slopes, and showed deltas/fan deltas directly 

feeding narrow, faulted shelves. 

( 14) The development of fining- and thinning-upward 

successions in the CarapebafPargo and Lagoa Parda turbidite 

systems was probably controlled by decreasing sediment supply, 

which, in turn, would have resulted from the combined effects 

of the long term trend of sea level rise of the late 

Cretaceous and early Tertiary, and phases of decreasing 

tectonic activity at the basin margin and source area 

(CarapebafPargo turbidite successions) or decreasing 



371 

climatically-controlled denudation rates in the source area 

(Lagoa Parda channel complexes). 

( 15} The first-order, eustatic sea level rise in the 

eastern Brazilian margin during the late Cretaceous and early 

Tertiary gradually would have moved the coastal and turbidite 

depocenters landward, and would have kept coarse-grained 

turbidites restrained to canyons. 

(16} Canyon fill turbidite successions were developed in 

the eastern Brazilian margin during relative sea level falls 

that punctuated the overall transgressive setting of the late 

Cretaceous and early Tertiary section. Only a few of these 

turbidite successions can be correlated with global, eustatic 

sea level curves. The relative sea level falls were probably 

induced by phases of increased sediment supply, which, in 

turn, would have responded to tectonic reactivation in the 

source area and basin margin, and/or to climatically­

controlled denudation rates in the source area. 

(17} Different styles of turbidite sedimentation can be 

recognized in the Coniacian/Santonian to early Eocene, 

transgressive succession of the eastern Brazilian marginal 

basins. In general, turbidite styles changed from non­

channelized (tabular/lobate} turbidites accumulated in more 

distal settings (with a gentler canyon floor gradient} 
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(Coniacian/Santonian to early Maastrichtian Carapeba and Pargo 

turbidites), to unleveed and leveed, channelized turbidites 

incised into more proximal and possibly steeper settings 

(early Eocene Lagoa Parda turbidites). More distal turbidite 

successions typically display retrogradational stacking, which 

may be absent in more proximal turbidite successions due their 

proximity to the faulted basin margins and related lack of 

available space for retrogradation. 

(18) Influential schemes such as Exxon's sequence 

stratigraphy have emphasized the importance of lowstand basin 

floor fans as major petroleum exploration targets. It is 

concluded here that canyon fill, coarse-grained turbidites may 

comprise thick successions of potentially high-quality 

reservoirs. It is also shown that thick successions of coarse­

grained turbidite reservoirs can likely accumulate in passive 

margin basins even during long-term trends of sea level rise, 

as long as intense tectonic activity takes place at the basin 

margin and adjacent hinterland. 

(19) Detailed models of internal architecture and 

reservoir geometry of two very distinct types of turbidite 

reservoirs were developed in this study. Carapeba/Pargo 

reservoirs are typically widespread, non-channelized (tabular 

or lobate) sandstone bodies. On the other hand, Lagoa Parda 

reservoirs are relatively restricted channel fills that show 
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variable width, thickness, and orientation; as a result of the 

common amalgamation of many channel fills and the partial 

preservation of levee deposits between channel fills, Lagoa 

Parda channel complexes show a complicated, multi-storied sand 

body geometry. 

(20) Finally, it is concluded that these Brazilian 

turbidite successions differ from most of the well-known 

turbidite systems. Therefore, this study provides important 

models to guide oil exploration and production in turbidites 

accumulated in tectonically-active passive margin basins, 

during long-term sea level rise. These models can be applied 

not only to the Brazilian marginal basins, but also to other 

passive margin basins, as in particular the basins of the 

western African margin. 
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