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Depositional, diagenetic and stratigraphic
aspects of Macaé Group carbonates
(Albian): example from an oilfield from
Campos Basin

Aspectos deposicionais, diagenéticos e estratigrdficos em
carbonatos do Grupo Macaé (Albiano): exemplo de campo petrolifero
da Bacia de Campos

Juliana Okubo'*, Ricardo Lykawka?, Lucas Verissimo Warren?,
Julia Favoreto?!, Dimas Dias-Brito?®

ABSTRACT: Carbonate rocks from the Macaé Group (Albian) repre-
sent an example of carbonate sedimentation related to the drift phase
in Campos Basin. This study presents depositional features, integrating
them with diagenetic and stratigraphic aspects of the Macaé Group
carbonates including the upper part of the Quissama Formation and
the lower part of the Outeiro Formation. Macroscopic analyses in cores
and microscopic ones in thin sections allowed the recognition of eleven
sedimentary facies - nine of them corresponding to the Quissama For-
mation and two of them representing the Outeiro Formation. These fa-
cies were grouped into five facies associations. Oolitic grainstones and
oncolitic grainstones are interpreted to be deposited in shallow depth
probably in shoals above the fair weather wave base. The interbanks
between shoals were formed in less agitated waters and characterized by
deposition of peloidal bioclastic packstones and wackestones represen-
tative of sedimentation in calm waters. Bioclastic packstones and oo-
litic packstones/wackestones represent allochthonous deposits related
to the beginning of the regional drowning that occur in upper Quis-
sama Formation. Pithonellids wackestones and bioclastic wackestones
with glauconite are related to deep water deposits, characteristics of the
Outeiro Formation. Post-depositional features revealed the action of
diagenetic processes as, micritization, cimentation, dissolution, com-
paction, dolomitization and recrystallization occurred during the eo-
and mesodiagenesis phases. Vertical facies analysis suggests shallowing
upward cycles stacked in a sequence progressively deeper towards the
top (from the Quissama Formation to the Outeiro Formation).

KEYWORDS: Carbonate Rocks; Quissama Formation; Outeiro
Formation; Facies; Diagenesis.

RESUMO: As rochas carbondticas do Grupo Macaé (Albiano) representam
a sedimentagdo carbondtica relacionada ao inicio da fase drifte na Bacia de
Campos. Discutem-se aqui aspectos deposicionais, diagenéticos e estratigrdficos
das rochas carbondticas do Grupo Macaé, englobando a por¢do superior da For-
magio Quissamd e a porgio basal da Formagio Outeiro. Andlises macroscpi-
cas em testemunbos e microscépicas utilizando-se liminas delgadas permitiram
o reconhecimento de onze ficies sedimentares — nove delas correspondentes a
Formagio Quissamd e duas & Formagio Outeiro. Estas foram agrupadas em
cinco associagies de ficies, relacionadas as diferentes posicoes fisiogrdficas de uma
plataforma carbondtica. Os bancos carbondticos estdo relacionados i deposicio
de grainstones ooliticos e grainstones oncoliticos em profundidades rasas, acima
do nivel de base de ondas de tempo bom (NBTOB). Os baixios oncoliticos ou
interbancos foram formados em dguas menos agitadas e sio caracterizadas pela
deposicio de packstones peloidais biocldsticos e wackestones, representativos da
sedimentagdo em dguas calmas Packstones biocldsticos e wackestone/packstones
ooliticos representam depsitos aldctones relacionados ao inicio do afogamento
regional da plataforma que ocorre na porcio superior da Formagio Quissami.
Wackestones com pitonelideos e wackestones biockisticos com glauconita sio
aqui relacionados a depdsitos de dgua profunda, caracteristicos da Formagio
Outeiro. As feicies pds-deposicionais revelaram a atuagio de processos diagenéti-
cos de micritizagdo, cimentagdo, dissolugdo, compactagio, dolomitizagio e re-
cristalizagio, ocorridos nas fases eo- e mesodiagenética. A andlise da sucessio
vertical das fiicies indica a presenca de diversos ciclos de raseamento ascendente,
empilhados com uma tendéncia retrogradacional da sequéncia em diregio ao
topo (passagem da Fm. Quissama para Fm. Outeiro).

PALAVRAS-CHAVE: Rochas Carbondticas; Formagcio Quissama;
Formagdo Outeiro; Ficies; Diagénese.
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Albian carbonates from Campos Basin

INTRODUCTION

During Albian Age, large carbonate sedimentation plat-
form began to form along the eastern coast of Brazil and
western coast of Africa, resulting from the Gondawanaland
break-up and the South Atlantic opening (Ojeda 1982).
In Campos Basin, this carbonate sedimentation is repre-
sented by the Quissama and Outeiro formations, respec-
tively proximal and distal successions (Esteves e# al. 1987).

Previous studies on the same stratigraphic interval were
carried out by several authors, some of them focused on
the regional characterization of the Quissama Formation
(Falkenhein er 2. 1981, Guardado er 2/.1989), while oth-
ers have specifically centered on the dynamic of the oil pro-
ducing fields (Franz 1987, Spadini 1992, Guimaraes 1994).
Here, we present the depositional aspects of the Quissama
and Outeiro formations based on the detailed description of
drill cores and analysis of petrographic facies and microfa-
cies, integrating with diagenetic features of the rock succes-
sion. The study area is located in the southwestern portion
of the Campos Basin (Fig. 1), covering lithostratigraphically,
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- Albian calcarenites
[ Coquinas + calcarenites [__] Oligocene-miocene turbidites

the upper portion of Quissama Formation and the basal
portion of the Outeiro Formation.

GEOLOGICAL CONTEXT

The origin and evolution of Campos Basin is related to
the Gondwana breakup (Eocretaceous) and is marked by the
breakup of South America and Africa plates with the sub-
sequent formation of South Atlantic Ocean (Ojeda 1982,
Dias et al. 1990, Milani et al. 2000).

The tectono-sedimentary evolution of this basin occurred
in three phases: rift, posrift and drift, that corresponds,
respectively, to continental, transitional and marine superse-
quences (Dias ez al. 1990, Ponte & Asmus 2004, Winter ez al.
2007). The continental sequence (Neocomian-Eoaptian) was
deposited during the mechanical subsidence from the rift
phase and includes the basalts of the Cabitinas Formation
and continental sediments of the Lagoa Feia Formation.

The transitional sequence (Neoaptian) is characterized
by the evaporites of the Retiro Formation deposited in a

Albian-cenomanian tubidites
Turonian-maastrichtian turbidites

- Paleocene-eocene turbidites

Figure 1. Location map of the studied area in southwestern portion of Campos Basin (modified from Bruhn et al. 2003)

244

Brazilian Journal of Geology, 45(2): 243-258, June 2015



Juliana Okubo et al.

period of shallow marine transgression pulses over continen-
tal areas and relative tectonic quiescence (Dias ez a/. 1990).

The marine sequence (Albian-Recent) marks the begin-
ning of the open marine deposition during thermal subsid-
ence associated with the drift phase. This stage begins with
carbonate sedimentation (Macaé Group) and grade to a
mainly siliciclastic succession (Campos Group) affected by
intense halokinesis (Winter ez 2/ 2007).

"The Macaé Group sedimentation occured during Albian Age
in early drift context and comprises the Goitacds, Quissama,
Outeiro, Imbetiba and Namorado formations (Fig. 2).

The Quissama Formation is formed by grainstones
and packstones, constituted by oncoids, ooids, peloids and
diverse bioclasts, associated with NE shoals (Guardado ez /.
1989) deposited in high to moderate energy environment.
The Outeiro Formation is composed of fine carbonate lay-
ers, interbedded with marl and shale, deposited in response
to a gradual rise in sea level and the drowning of the shallow
carbonate platform of the Quissama Formation. These car-
bonate rocks have abundant content of pelagic microfossils,
like calcispheres (pitonellids), planctonic foraminifera and
radiolarians (Dias-Brito 1982).

MATERIALS AND METHODS

This study is based on macroscopic descriptions of eleven
core wells and petrography analysis of 237 thin sections.
Two of the eleven wells cores are continuous (A3 and A10)
and have a length of about 100 to 150 meters, respectively,
covering the whole studied interval, i.e., the upper part of
Quissama Formation and basal portion of Outeiro Formation.

Macroscopic analysis was carried out with the support
of microscopic analysis, and focused on the detailed descrip-
tion of bedding, texture, faunal (bioclastic) content and dia-
genetic features. Rock names followed the classifications of
Dunham (1962) and Embry and Klovan (1961) and facies
were grouped in facies association according the Walker
(1992) protocol. Cyclic analysis of the stratigraphic suc-
cession was based on the subdivision of metric swallowing
upward cycles defined at the base and at the top by trans-
gressive surfaces (Pratt ez 2/. 1992). The differences between
the sedimentary facies and the thickness of the cycles define
the succession architecture (agradational, retrogradational
or progradational).

FACIES AND FACIES ASSOCIATION

The sedimentary facies defined for Quissama and Outeiro
formations are shown in Tab. 1 and illustrated in Figs. 3 to 6.
The facies were grouped into five facies associations (FA),
which are: oncolitic-oolitic shoals (FA1), oncolitic shallows/
interbanks (FA2), protected marine (FA3), reworked depos-
its/allochthonous (FA4) and deep water (FA5).

The facies code used in this work is composed by the
first three capital letters, in which the abbreviation represent
the textural rock types of carbonate rocks, followed by three
lowercase letters that representing the most abundant con-

stituent (ooids-ool, oncoids-onc, peloids-pel, etc.).

Oncolitic-oolitic shoals (FA1)

This facies association is predominantly composed
of oncolitic grainstones (GST onc), followed by oolitic
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5 S‘__’: < % Formation Nw Shelf break . SE g
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2 006@ Imbetidal 3
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4 gl 3 5
g s fzu £ Outeiro|z
1054 5 B 3
110 < Quissama
Goitacas Fm. &l '..< Polimitic conglomerates and poorly-sorted sandstones
Quissama Fm. Il "Ml Dolomites at base and oolitc and oncolitic calcarenites
Outeiro Fm. [ESIEEE  Calcilutites with planktonic biota (calcispherulidae and foraminifer) to shales
Imbetiba Fm. [ Burrowed marls with benthic and planktonic foraminifera and radiolarians
Namorado Fm. === Layrs of turbic sandstones

GT: Goitacds Formation, QM: Quissama Formation; OUT: Outeiro Formation; IMB: Imbetiba Formation; NAM: Namorado Formation.

Figure 2. Stratigraphic chart of the Albian section in the Campos Basin (Winter et al. 2007)
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Table 1. Sedimentary facies of the Quissama and the Outeiro formations

Code Facies Description Process
Composed of ooids well-sorted (300 to 500 pm), peloids (100 to Oscillatory subaqueous
. 200 pm) and aggregate grains (1 mm), showing partial to total Y - d -
Oolitic S . . . . flow associated with
GST ool ; micritization. Two cementation phases: acicular fringe, which . .
grainstone . : . . reworking by fair weather
keeps open the framework during eodiagenesis, and mosaic, wave good orbitals
which obliterates almost all intergranular pores. g
Composed of oncoids well-rounded and well-sorted, from 500 Oscillatory subaqueous flow
to 700 um, whose cores are composed of echinoids and benthic associated with reworking
GST onc Oncolitic foraminifera. It also occurs aggregate grains, ooids, peloids and by fair weather wave good
grainstone rare bioclasts. Acicular cement, locally dissolved or detached do orbitals. The encapsulation
grao (mechanical compaction). Pores enlarged by dissolution, of bioclasts occurs because
sometimes creating vugs. cyanobacteria films activity.
Composed of coarse portion (> 2 mm), which contains Ofslzﬁa;;);‘gc?:ia:iq;??# S
subrounded to irregular aggregate grains, produced by oncoids reworking bv fair weather
Oncolitic agglutination; and medium/fine portion (100 to 200 pm), wave googl, orbitals in
GST onc pel peloidal composed of peloids, mollusk fragments (< 500 pm) and rare rotecti d environment
grainstone benthic hyaline foraminifera. The edges of oncoids and bioclasts pThe encapsulation of '
are micritized. Pores enlarged by dissolution or filled by a drusy . P
mosaic/granular cement bioclasts occurs because
’ cyanobacteria films activity.
Oscillatory subaqueous flow
Oncolitic Composed of oncoids (500 pm), microncoids e peloids (100 pm), assscgtiii’\g’:t];;faz%:ng
PCK onc bio bioclastic echinoids and benthic hyaline foraminifera in a micritic matrix. ooﬁ orbitals in protected
packstone Echinoids showing syntaxial overgrowth. g . P .
environment. Intercalation
with decantation periods.
Oscillatory subaqueous flow
Peloidal Composed of oncoids (500 pm), microncoids e peloids (100 pm), associated with reworking
. ; . echinoids and benthic hyaline foraminifera dispersed in matrix. by fair weather wave
PCK pel bio bioclastic o - - - - . .
Jckstone Echinoids showing syntaxial overgrowth. Dissolution creates good orbitals in protected
P bioclasts molds and enlarges pores. environment. Intercalation
with decantation periods.
Fragments (> 2mm) of mollusks, echinoids, benthic
PCK bio Bioclastic agglutinated and hyaline foraminifera dispersed in a micritic Rip currents in storm
packstone matrix. Pithonelids, planctonic foraminifera and opaque events/ Episodic gravity flow
minerals are rare.
. Ooids (500 pm) and red algae (1 mm) dispersed in carbonate
Oolitic . - . - . . .
matrix rich in pelagic elements (pithonelids as Pithonella Rip currents in storm
WCK/PCK ool = wackestone/ . - . . . o .
ackstone sphaerica, planctonic foraminifera as Favusella washitensis e events/ Episodic gravity flow
p Hedbergella sp.) and echinoids fragments.
WCK Wackestone Mostly cqmposed of matrlx., containing bloclastg (pithonelids and Subaqueous decantation
echinoids) and sometimes euhedral dolomite crystals.
Mostly composed of matrix, containing pithonelids (Pithonella
WCK pit Pithonelid sphaerica e P ovalis) aind .radlolarlans, Benthic and planktonic Subaqueous decantation
wackestone foraminifera, echinoids fragments are rare. It occurs
framboidal pyrites.
Bioclastic Subaqueous decantation
. wackestone Mostly composed of matrix, containing angular detrital quartz q .
WCK bio - . . . Lo . . associated with very low
with grains, rounded glauconite grains, echinoids and rare pithonelids. . .
glauconite sedimentation rate
DOL Dolomite Brownish to gray dolomite, which are composed of euhedral _

dolomite crystals (100 pm).

GST ool: oolitic grainstone; GST onc: oncolitic grainstone; GST onc pel: oncolitic peloidal grainstone; PCK onc bio: oncolitic bioclastic packstone; PCK pel
bio: peloidal bioclastic packstone; PCK bio: bioclastic packstone; WCK/PCK ool: oolitic wackestone/packstone; WCK: wackestone; WCK pit: pithonelid
wackestone; WCK bio: bioclastic wackestone with glauconite; DOL: dolomite.
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grainstones (GST ool). Both facies are grain-supported, well-
sorted, with good roundness, high sphericity and spherical
to ellipsoidal grains (Figs. 3A, 3B, 4A and 4B).

Rare bioclasts and rare micrite content suggest that
these facies have been formed in agitated water, possibly
under the constant action of the fair weather wave’s orbitals.
High-energy environments are responsible for the intense
fragmentation of bioclasts by wave action and represent a
stressful environment for certain organisms. Moreover, high-

energy environments are more favorable to ooid formation

(Fig. 4A), by the oscillatory flow produced by fair weather
wave orbitals in shallow depths.

Oncolitic shallows or interbanks (FA2)
This facies association is predominantly composed of
oncolitic peloidal grainstones (GST onc pel), followed by
oncolitic bioclastic packstones (PCK onc bio), which are
illustrated in Figures 3C and 3D. In these facies, the hydro-
dynamic energy was high enough to keep moving the bio-
clasts and peloids (Dahanayake 1978). The core of aggregate

'..'L...'._'. e
r.;_-*.%1. 3 } ?

. e
ey A o

AN

3

o
|

Figure 3. Facies corresponding to FA1 (A and B) and FA2 (C and D). (A) oolitic grainstone with aggregate grains,
massive structure and gray color given by the cementation; (B) oncolitic grainstone, showing massive to mottled
structure with probably burrowing filled by sediment; (C) oncolitic peloidal grainstone, showing bimodal particle
size, partially filled by cement; (D) oncolitic bioclastic packstone, showing brownish color, mottled structure and

macroscopically visible bioclasts (red arrow)
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grains and oncoids (Figs. 4C and 4D) are often composed
by peloids. However, it does not produce agitation and tur-
bulence enough to trigger the formation of ooids (Simone
1980). Thus, we interpret that these facies were generated
from the subaqueous flows with less intense or frequent water
agitation, wherein the fair weather wave orbitals do not have
enough energy to rework the bottom sediments constantly.
This sedimentation conditions are consistent with protected
areas between oolitic shoals and oncolitic shallows.

Marine facies below the fair weather
wave base (FA3)

This facies association is composed of wackestones
(WCK), followed by peloidal bioclastic packstones (PCK pel
bio). Compared with FA1 and FA2, this facies association
shows higher micritic content (Figs. 5A and 5B), suggesting

sedimentation in calm water conditions, probably at greater
depth. The fauna is rich in echinoids and planktonic foramin-
ifera (Figs. 6A and 6D), which suggests that these sediments
were deposited in open marine environment, probably in
offshore conditions. Due the micritic content and the pres-
ence of marine bioclasts, it is assumed that this facies asso-
ciation was deposited by decantation in relatively deep sea
conditions, probably under the action of fair weather wave
orbitals (below the fair weather wave base orbitals).

Reworked deposits (allochthony) (FA4)
This facies association consists of bioclastic pack-
stones (PCK bio) and oolitic wackestones/ packstones
(WCK/PCK ool) and occurs in the contact between the
Quissama and the Outeiro formations. The combination
of shallow-water diagnostic elements — like ooids and

Figure 4. Photomicrographs of the facies grouped into FA1 and FA2. (A) oolitic grainstone composed of ooids
(Oo), aggregate grains and peloids. The intergranular pore space was obliterated by drusy mosaic or granular
cement; (B) oncolitic grainstone showing a thin fringe cement around the oncoids (Onc); (C) oncolitic peloidal
grainstone exhibiting multiple granulometric sizes of aggregate grains (Agr) and peloids (P). Note the absence of
cementation; (D) oncolitic peloidal packstone composed of oncoids (Onc), peloids and bioclasts of predominantly

echinoids (E), sometimes showing syntaxial overgrowth
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mollusks — and deep-water diagnostic elements — as these rocks involves the transport of coarse sediment
pithonelids dispersed in the matrix — is interpreted as from shallower to deeper areas of the carbonate platform.
sedimentation of allochthonous grains (Figs. 5C, 5D, Two possibilities are suggested to explain this transport:
6B and 6C). The depositional process interpreted for rip currents and gravity flows.

Figure 5. Facies corresponding to FA3 (A), FA4 (B and C) e FAS5 (D and E). (A) peloidal bioclastic packstone, showing
brownish color, mottled structure and patches of bioturbation; (B) peloidal bioclastic packstone, richer in bioclasts;
(C) fragments of bivalves (red arrow) dispersed in bioclastic packstone, showing mottled structure; (D) oolitic
wackestone/packstone, showing granular texture and e dark brown patches, probably due to oil saturation;
(E) intercalation between pithonelids wackestone (clearer and massive/mottled) and marl (darker and laminated);
(F) bioclastic wackestones. The small dark spots are glauconite grains
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Rip currents may form at the joining of the two oppo- coast, allowing the formation of a bottom stream towards
sitely directed longshore currents, especially during storm the open sea. These currents represent a unidirectional
events in which the sea level has a momentary rise on the flow with enough energy to erode and transport a range

Figure 6. Photomicrographs of the sedimentary facies. (A) peloidal bioclastic packstone composed of peloids and
bioclasts, as echinoids and bivalve fragments. Planktonic foraminifera (Pf) at the top of the photo; (B) bioclastic
packstone showing mollusks fragments (Bi), echinoids (E) and planktonic foraminifera (Pf); (C) oolitic wackestone/
packstone composed of oolitic grains (Oo) and red algae dispersed in a matrix rich in pithonelids (Pit); (D) bioclastic
wackestone showing echinoids (E) and siliciclastic fragments; (E) pithonelid (Pit) wackestone with some
radiolarians (R), opaque minerals and rare planktonic foraminifera (Pf); (F) wackestone containing siliciclastic
clasts, echinoids (E) and glauconite grains (Gl)
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of sediment sizes from shoreface to offshore (Walker &
Plint 2006).

Gravitational flows (laminar regime, grain-dominated)
produced during episodic events such as earthquakes and
storms may explain the allochthonous characteristic of the
deposits. During high-frequency cycles of rising sea level,
destabilization of shallower deposits may occur, causing resed-
imentation of these sediments in deeper water conditions.
In other words, high frequency transgressive incursions in
the coast can be the trigger mechanism for mass flows.

We did not found convincing evidences leading to one
or another hypothesis, such as characteristic sedimentary
structures or event beds with thinning upward. Possibly,
the occurrence of these facies in adjacent oil fields could
contribute to a better understanding of the sedimentary

processes interpreted for this facies association.

Deep-water facies (FA5)

This facies association is predominantly composed of
pithonelid wackestones (WCK pit). Bioclastic wackestones
with glauconite (WCK bio gl) are less frequent and occur
only in the upper part of the studied interval (Outeiro
Formation). The ocurrence of this micritic facies (Figs. 5E
and 5F) suggests, as well as FA3, that these rocks have been
formed by a decantation processes in deep and calm-wa-
ter environments. The presence of pitonelids, radiolarians
(Fig. 6E), and glauconite (Fig. 6F) reinforces a deeper bathy-
metric context that are interpreted for the FA3.

DIAGENESIS

The main processes that conditioned the diagenetic evo-
lution of the upper part of the Quissama Formation were:
micritization, recrystallization, cementation, dissolution,
dolomitization and compaction. The sequence of diagenetic
events (Fig. 7) suggests the occurrence of at least four differ-
ent diagenetic environments: marine phreatic, meteoric phre-
atic, mixing zone and burial in the eo- and mesodiagenesis.

Early eodiagenesis occurred in a marine environment with
active circulating water, evidenced by an isopachous acicu-
lar fringe cement precipitated around the grains (Fig. 8A),
particularly in GST onc facies. On the other hand, a marine
stagnant environment (free of reworking by waves and cur-
rents) favored the micritization of grains and the forma-
tion of a micrite envelope around bioclasts (gastropods and
bivalves), in various facies (Fig. 8B).

At the interface between the meteoric and marine envi-
ronments, the sea water and meteoric water are mixed,
resulting in low salinities, which associated with low sedi-
mentation rates can form dolomite crystals (Longman 1980).
Dolomitization (Fig. 8C) occurs in several facies (GST onc,
PCK onc and WCK).

The presence of fringe and mosaic cementation, disso-
lution, sintaxial overgrowth and recrystallization suggest
that diagenesis took place under meteoric-phreatic envi-
ronment. Eodiagenesis iniciated with the precipitation of a
prismatic fringe cement (Fig. 8D), mostly in the GST onc

Diagenetic processes Marine

Mixing Meteoric Subsurface

Micritization

Acicular cement

Prismatic cement

Dissolution

Syntaxial cement

Eodiagentesis

Drusy mosaic/
Granular cement

Recrystallization

Dolomitization

Pressure solution

Blocky cement

Meso

Stylolitization

Figure 7. Relative chronology of the diagenetic processes in different environments
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facies. With the oscillation of the main sea level, the ear- Some of the meteoric-phreatic environment processes,
ly-lithified sediment was exposed to meteoric percolation, as drusy mosaic or granular cementation (Fig. 8F), sintaxial
producing molds of bioclasts and enlargement the inter- overgrowth and recrystallization, may have continued to occur
granular pores (Fig. 8E). during early mesodiagenesis (in shallow subsurface settings).

Figure 8. Diagenetic features indicative of eodiagenesis. (A) acicular isopachous fringe cement (red arrow) filling
partially the intergranular pore space; (B) micritic envelope (red arrow) around bioclast; (C) partial dolomitization
(red arrow) in wackestone; (D) prismatic fringe cement (red arrow) filling partially the intergranular pore space;
(E) dissolution of the intergranular space (red arrow), increasing the porosity of the rock; (F) drusy mosaic or
granular cement (red arrow) filling all the intergranular pore space
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When the sediment pile begins to thicken, burial condi-
tions take place and the effect of lithostatic pressure becomes
progressively more significant. During this diagenetic stage,
blocky cement is produced, as well as pressure solution and
stylolites. Compaction processes are evidenced by pressure
solution (Fig. 9A) that evolve, progressively, to stylolitization
(Fig. 9B). In cement free facies, dissolved planar contacts are
formed. In facies marked by fringe-cement, the lithostatic
pressure can lead to detachment of the fringe (Fig. 9C).
Solutions supersaturated in CaCO, percolate the intergran-
ular pores during burial of the rocks and crystallize a mosaic
of euhedral calcite crystals, with 100 to 200 um (Fig. 9D).

VERTICAL FACIES SUCESSION AND
CICLICITY ANALYSIS

The stratal stacking pattern in the A3 and A10 wells are
composed of a set of metric cycles. These cycles were defined

using the concept of shallowing upward cycles (Pratt ez al.
1992). In this concept, cycles are delimited at the base and
at the top by planar contacts interpreted as indicative of epi-
sodic flooding surfaces, corresponding to arrangements facies
interpreted as deposited under the same base level cycle in
the peritidal context (Pratt ez al. 1992, Einsele ez al. 1991,
Kerans & Tinker 1997). The identified shallowing upward
cycles correspond to the three types of hypothetical verti-
cal succession, or ideal cycles that are illustrated in Fig. 10.

In cycles A and B, the base of the vertical succession is
represented by low-energy facies (wackestones and peloidal
bioclastic packstones), evolving to moderate-energy facies
of oncolitic grainstones/packstones and oncolitic bioclastic
packstones, culminating in high-energy facies (oolitic and
oncolitic grainstones).

Cycle Cis distinguished from the others by the presence
of pithonelid wackestones with or without glauconite, inter-
preted as low-energy facies, covered by allochthonous facies
as bioclastic packstone and oolitic wackestone/packstone.

Figure 9. Diagenetic features indicative of mesodiagenesis. (A) planar contacts (red arrow) dissolved between
larger grains, produced by pressure solution; (B) horizontal stylolites (red arrow), after cementation; (C) fringe
cement detached from grain surface (red arrow), produced by compaction. Pores enlarged by dissolution; (D) blocky

cement (red arrow) filling all the intergranular pore space

253

Brazilian Journal of Geology, 45(2): 243-258, June 2015



Albian carbonates from Campos Basin

The stacking pattern of the cycles in both wells (Fig. 11) sug-
gests a progressively deeper environment towards the top of the
succession. This interpretation is supported by the abundance
of shallow-water facies (grainstones) in the basal and interme-
diate portions of the succession, transitioning to deep-water
facies with pithonelids characteristically pelagics. Toward the
top of the succession, shallowing portions of the cycles become
progressively thinner, whereas deeping portions of the cycles
become thicker indicating a retrogradational architecture.

The occurrence of allochthonous elements in the facies
(FA4) immediately below the pelagic sedimentation containing
glauconite (FA5) suggests a transgressive surface delimiting
these deposits that is correlated to the beginning of drown-
ing event in a transgressive tract, as described in the passage
of the Albian to Cenomanian successions in the Brazilian
Continental Margin (Koutsoukos & Dias-Brito 1987).

DEPOSITIONAL MODEL

During the mid-Cretaceous, separation of South America
and Africa plates evolved to an open ocean environment
and the installation of extensive homocline carbonate ramp
(Spadini ez al. 1988, Dias et al. 1990). Azevedo et al. (1987)
and Koutsoukos and Dias-Brito (1987), based on paleoeco-
logical analysis of foraminifera, described an Albian carbonate
ramp with low gradient, characterized by large areas covered
by marine water shallower than 30 meters.

The oncolitic-oolitic shoals (AF1) described here are com-
pared to stabilized oolitic belts defined by Spadini (1992).
Modern carbonate systems, such as the Bahamas, are consid-
ered analogous to Quissama Formation carbonates, especially

in terms of the geometry of the shallow carbonate banks.
According to Bruhn er al. (2003), the Albian shoals have
a thickness of 20 m and are elongated 1 km-wide and up
to 2,5 km long. These shoals are considered small analogs
of the elongated bodies of Joulter Cays and Exumas Island
in the Bahamas, with an average length of banks varying
between 30 and 45 km in length and 10 to 15 km in width
(Ball 1967, Grasmueck & Weger 2002). Depositional models
for Lily Bank carbonate sediments (Bahamas) reveals coarser
sediments with no micrite fraction on the crests of the bars,
whereas finer sediments are deposited in environments with
relatively low energy as the troughs between carbonate banks
(Rankey ez al. 2006). This configuration suggests a direct rela-
tionship between the bathymetry, hydrodynamics energy of
the environment and the grain fraction found in the different
physiographic positions of the bars and oolitic shoals (Fig. 12).

The accommodation space was filled according to the
depositional paleotopography, which represents a variation
in the water depth inside the shoal. Between the bars and
shoals crests, protected troughs were formed, allowing the
deposition of GST onc pel and PCK onc bio. These facies,
are characterized by enveloped grains, peloids and greater
amount of micrite, related to lower energy sites. In terms of
depositional energy, these sediments are equivalent to Andros
Island rudstones and mud-poor packstones from Harris ez al.
(2015), which were interpreted as deposited in water depths
ranging from 5 to 10 feet deep. These interbank regions can
be compared to deposits of sandy peloidais sheets of inner
platform defined by Spadini (1992), interpreted as the product
of variations in depositional energy between the bank crests.

Peloidal bioclastic packstones and wackestones are associ-
ated to the deposition in low energy environments. In these
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Figure 10. Ideal shallowing upward cycles interpreted for the studied succession
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facies, some foraminifera — such as the miliolids — could
suggest sedimentation under hypersaline conditions, prob-
ably in confined environments such as ponds (Debenay &
Guillou 2002). However, these miliolids were not found
so frequently in the succession. The presence of planktonic

foraminifera (Favusella washitenses), which have clearer
paleoenvironmental meaning, suggests deposition in open
sea conditions. From the foraminifera data available in the
studied rocks, this facies association can both occur toward
the open sea and toward the continent.
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Figure 11. Columnar section evidencing the vertical stacking pattern of the shallowing upward cycles, sedimentary
facies, facies associations and the location of all photos presente
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The regional drowning that marks the contact between
the Quissami to Outeiro formations reflects a particular
environmental in which the allochthonous facies (FA4) was
deposited. These deposits are formed by episodic pulses
and are composed of reworked, rounded carbonate grains,
which are deposited in offshore conditions. This process
results in the deposition of a great volume of sediments
containing bioclasts and ooids from proximal areas dis-
persed in a micritic matrix. For Gruzczynski ez al. (1993),
many of these shallower portions of the platform deposits
are erroneously interpreted as turbidites, but they can be
associated with rip currents action or subaqueous gravity
mass flows.

On the other hand, as mentioned above, storm events,
earthquakes and high-frequency oscillations in base level
rise (Badenas & Aurell 2001) could also destabilize shal-
low deposits (such as shoals), triggering non-cohesive
gravitational flows (dominated by grains) and producing
allochthonous deposits in deeper areas. In this context,
the transgression would be interpreted as diachronous,
where the deeper portions could be flooded at the same

time that shoal facies are still depositing laterally in the
shallower portions.

Pelagic facies, such as the FAS5, correspond lithostrati-
graphically to Outeiro Formation and resulted from depo-
sition in deep water, possibly in distal portions of the basin.
This interpretation is supported by the occurrence of glau-
conite and high content of micrite in these rocks. Several
studies on the occurrence of glauconite in marine environ-
ment suggest that this mineral is only formed in deep envi-
ronments, which tend to have very low sedimentation rates
(Odin & Morton 1988) at depths usually between 30 and
2,000 meters (Porrenga 1967). Based on this premise, the
occurrence of glauconite in Macaé Group is interpreted as
a decrease in carbonate production during the drowning/
transgression of the shallow platform. Although exceptions
may occur, as exemplified by Cambro-Ordovician glau-
conite-bearing sandstones of southwestern US (Chafetz
& Reid 2000) and the Mesoproterozoic stromatolites of
China (Mei ez al. 2008), the relationship between glauc-
onite formation in marine sediments and depth must be
taken with caution.
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Figure 12. Depositional model inferred for the carbonate platform in the Campos Basin during the Albian Age.

Note the physiographic position of this model compared to the scheme of Guardado et al. (1989)
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CONCLUSIONS

Macroscopic and microscopic analyses of cores from
Albian carbonate rocks from the Campos Basin allowed the
following conclusions to be drawn:

1. Eleven sedimentary facies occur in the studied interval,
which corresponds to the upper part of the Quissama
Formation and the basal portion of the Outeiro Formation.
These facies characterize sedimentation in high-energy
environments (oncolitic and oolitic grainstones), mode-
rate energy environments (oncolitic peloidal grainsto-
nes and oncolitic bioclastic packstone) and low-energy
environments (peloidal bioclastic packstone and wackes-
tone). Bioclastic packstone and oolitic wackestone/packs-
tone occur only on the contact between Quissama and
Outeiro Formation and are considered allochthonous
facies. Glauconite-bearing wackestones and pithonelids
wackestones are only present in the Outeiro Formation.
Dolomitized layers have a restrict occurrence;

2. Distinct depositional environments were recognized within
a low slope homoclinal carbonate ramp system. Shallow
carbonate shoals are composed of oolitic and oncolitic
grainstones, which presents low micrite content and good
to excelent esfericity and sorting. Oncolitic peloidal grains-
tones and oncolitic bioclastic packstones were deposited
between these shoals due the energy variation associated
with depositional topography. Peloidal bioclastic packstones
and wackestones were formed in calm waters. The forami-
niferal content did not allowed the subdivision of more
specific environmental conditions. Allochtonous deposits
are interpreted as episodic and considered a product of rip
currents or gravity flows. Deep-water environments are
related to the alternation of light gray wackestones and
dark gray marls containing planktonic organisms;

3. At least three subsurface diagenetic environments can be
defined. The environment of marine phreatic with active
water circulation precipitated a thin isopachous fringe
around the grains. Stagnant marine water environment is

interpreted based on micritization of grains and the for-
mation of micritic envelope around some bioclasts (mainly
bivalves and gastropods). The meteoric-phreatic diagenesis
is represented by dissolution (enlarging the intergranular
pores and creating moldic porosity) and the precipitation
of equigranular mosaic cement. Burial diagenesis is charac-
terized mainly by stylolitization and blocky cementation,
besides recrystallization, equigranular mosaic cement, sin-
taxial overgrowth, already actives in the meteoric phreatic
environment. In further studies, cathodoluminescence and
scanning electron microscopy investigations could contri-
bute to the characterization of the dolomitization process,
particularly in regard its origin and spatial distribution;

4. 'The stacking pattern of the shallowing upward cycles
defined by two wells represents a progressively deeper
succession toward the top of the sequence. This is indi-
cated by shallow-water facies (grainstones) abundant in
the basal and intermediate portions of the succession,
passing to deep water facies with pithonelids (charac-
teristically pelagic). The allochthnous facies (FA4) may
reflect a transgressive surface, correlated to the begin-
ning of drowning event in a transgressive system tract,
as observed in the passage of the Albian to Cenomanian
successions in the Brazilian Continental Margin;

5. 'The studied depositional model suggests a direct rela-
tionship between the variations in hydrodinamic and
bathymetry and the grain size distribution of the sediments.
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