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ABSTRACT. Radiolarians and diatoms are documented for the first time from the mid- 
Cretaceous succession of the Sergipe Basin, a passive marginal basin in northeastern Brazil. 
Prevailing palaeoceanographic conditions are inferred for the episodes of siliceous radiolarian 
and diatom biomineralization/preservation. Radiolarian faunas are first recorded in the middle 
to upperalbian, from scatteredoccurrences, and subsequently throughout most of thecenomanian- 
Turonian succession. Spumellarian forms are dominant in all the sections. Nassellarian forms 
seem to have thrived in relatively deep-water environments, in middle neritic to upper bathyal 
pelagic biotopes, and have been recovered from upper Albian and uppermost Cenomanian to 
middle Turonian sediments. Diatom frustules are only recorded from upper Cenomanian and 
lower Turonian deposits. These seem to have been more abundant in shallower neritic 
environments. The onset of the radiolarian assemblages in middle-late Albian times (with 
waning low-oxygen pelagic conditions) is thought to be a response to better developed oceanic 
circulation patterns and to a water mass saturated in dissolved silica, perhaps generated by deep- 
sea volcanic processes in the formation of early oceanic crust and the mid-oceanic ridge in the 
northern South Atlantic. On the other hand, the record of radiolarian and diatom tests throughout 
the Cenomanian-'I'uronian succession is commonly associated with dysaerobic to quasi-anaerobic 
bottom conditions. This is not only in keeping with high epipelagic primary productivity in well- 
oxygenated surface waters and that the sea water apparently contained a high level of dissolved 
silica, but also suggests that the bottom and interstitial waters were enriched in carbon dioxide, 
had a low pH and slightly negative redox-potential (Eh). The overall conditions would have 
favoured the biomineralization and post-mortem preservation of siliceous organisms increasing, 
therefore, the radiolaria+diatom/foraminifera ratio in the sediments, which supports the conclusions 
of several previous authors. 

INTRODUCTION 
Radiolarians and diatoms are recorded for the first time 

from the mid-Cretaceous (middle Albian to Turonian) 
succession of the Sergipe Basin, a passive marginal basin in 
northeastern Brazil (Figs. 1,2). Their patterns of distribution 
and diversity demonstrate a close correspondence with the 
palaeobathymetry and overall palaeoceanographic conditions 
(depth-related in part) prevailing during the time on the 
northwestern margins of the South Atlantic. 

The systematics of the radiolarian microfauna studied is 
documented. Because of the great uncertainty regarding the 
systematic positions of diatom frustules recovered during this 
study, a taxonomic listing of species is not attempted. Rather, 
the microflora is briefly discussed in general informal terms 
(and arranged in morphotypes). The specimens may be 
preserved as unaltered siliceous tests and either pyritized (late 
Aptian radiolarians) or calcified tests, where the original 
amorphous silica forming the skeleton has been replaced. 

Localities and Well-Sections 
All assemblages examined during this study come from 

mid-Cretaceous outcrops and oil well-sections in the Sergipe 
Basin. The sites from which Albian to Turonian radiolarian/ 
diatom bearing sediments have been recovered are listed in 
the Appendix (UTM coordinates, local references, 
lithostratigraphic units) and their location can be found in Fig. 
I .  All studied Cenomanian-Turonian outcrop sections 
correspond to localities that were named and documented in 
full by Bengtson (1983, p. 63-71), to whom the reader is 
referred for complete locality descriptions. The toponyms and 
respective locality numbers used here follow the same 
references given in  the above work. Inferred 
palaeobathymetries of the studied sections were based on the 
interpretation of the patterns of paleoenvironmental 
distribution of foraminifera1 palaeocommunities and 
lithofacies and have been documented elsewhere (Mello er 
ul., 1989; Koutsoukos & Hart, in press; Koutsoukos et ul., in 
press - e.g. see Fig. 3). 

The Cenomanian-Coniacian succession (Cotinguiba 
Formation) has been studied in detail by Bengtson ( I  983) and 
Berthou & Bengtson ( 1  988), who established an ammonite 
biostratigraphic zonation and investigated the potential of 
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Fig. 2: Middle and Upper Cretaceous lithostratigraphy of the Sergipe basin (based on Ojeda & Fugita, 1976 and Bengtson, 1983). 
Tectonic evolutionary phases after Asmus & Baisch (1983). Abbreviations refer to lithostratigraphic ugits. 

microfacies analysis for stratigraphic correlation, respectively. 
An extensive survey and taxonomic revision has been recently 
carried out by the present first author on the foraminiferal 
microfauna recovered from the late Aptian-Maastrichtian 
succession. The dating of sections is mostly based on an 
integrated biostratigraphical scheme, currently in preparation, 
based on foraminifera and ammonites. 

Sample Preparation and Deposition of Types 
The studied assemblages were collected as a result of 

conventional preparation of samples for foraminiferal analysis. 
Laboratory sample preparation was mostly carried out in the 
‘Setor d e  Bioestratigrafia e Paleoecologia’ of the 
PETROBRAS’ Research Centre (CENPES), in Rio de Janeiro, 
Brazil. All the indurated samples were crushed prior to 
processing. Representative cuts of 60 grams (ditch-cuttings) 
and I20 grams of sediment (cores and outcrops) were taken 

from each sample and then immersed into a solution of 
concentrated hydrogen peroxide, and allowed to sit for about 
6-8 hours in a fume cupboard until break down. The 
disaggregated sediment was then washed through one fine- 
mesh sieve of 63pm to eliminate the clay. The residues were 
allowed to dry and were, subsequently, dry-sieved with three 
screens of 125pm, 250pm and 500pm mesh. All size fractions 
were examined and the microfossils (foraminifera, ostracods, 
radiolarians, micromolluscs) were picked out on a gridded 
tray and collected into one-hole slides, until a minimum 
representative count of approximately 300 specimens was 
reached. 

Samples from a complementary locality (Pati 1) were 
processed at the laboratories of the Department of Geological 
Sciences of Polytechnic South West, Plymouth, in a standard 
manner as follows. Samples were broken down into small 
pieces using a mortar and pestle. Crushed samples were then 
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dried and soaked in ‘White Spirit’ overnight. Excess solvent 
was decanted off and distilled water added ( lh)  until 
breakdown. Normal washing procedures and picking followed 
(as above). 

The specimens selected to be photographically recorded 
were mounted on standard copper stubs with double-sided 
tape, shadowcasted with approximately 13 A” coating of 
gold, and observed on a JEOL (JSM - T20) Scanning Electron 
Microscope, operated at 20Kv. Elemental analysis of test 
composition were carried out under a JEOL (JSM -35C) 
Scanning Electron Microscope with a Link System X-Ray 
Spectrometer (860B Series), operated at 25Kv. All figured 
specimens will be deposited and registered in the 
micropalaeontological collections of the PETROBRAS ’ 
Research Centre (CENPES). 

GEOLOGICAL SETTING 
The basin is the southern part of the Sergipe-Alagoas 

sedimentary complex, a structural1 y-elongated marginal basin 
located in northeastern Brazil (Fig. 1). It is closely related to 
the rifting and drifting phases of the South American and 
African continents in the Late Mesozoic (e.g., Asmus & 
Baisch, 1983). The understanding of the biostratigraphical 
and palaeobiogeographical characteristics of its Cretaceous 
stratigraphic sequence is, therefore, of foremost significance 
for studies relating to the early geological history and 
subsequent palaeoceanographic evolution of the northern 
South Atlantic Ocean. 

The marine sedimentary cycle in Sergipe (see Fig. 2) 
started with the deposition of extensive calci-siciliclastic and 
carbonate deposits (calcareous mudstones, oolitic/oncolitic- 
bioclastic packstones/grainstones, conglomerates, sandstones, 
mark and shales) of the Riachuelo Formation, from late 
Aptian to late Albian times (cf. Ojeda & Fugita, 1976; Feijb, 
1980; Koutsoukos et al., in  press). The subsequent 
Cenomanian-Coniacian phase comprises thick sequences of 
calcareous mudstones (Sapucari Member), in the onshore 
area, and mark and shales (Aracaju Member) scattered 
throughout the basin, of the Continguiba Formation (cf. 
Bengtson, 1983). The Cenomanian-Turonian succession has 
a typical transgressive pattern in seismic sections along the 
Brazilian continental margin (Beurlen, 1982) and is marked 
by an abrupt unconformity at its base. The geohistory and 
lithostratigraphy of the basin have been summarised in more 
detail previously (e.g., Schaller, 1969; Ojeda & Fugita, op. 
cit.; Feijo, op. cit.; Bengtson, op.cit.; Koutsoukos er al., op. 
cit.; and references therein). 

Albian-Turonian Palaeoceanography 
During mid-Cretaceous times the basin experienced the 

effects of periodic expansion and intensification of a mid- 
water oxygen-minimum zone, apparently ubiquitous in the 
northern South Atlantic at that time (e.g., Dias-Brito, 1982; 
Koutsoukos, 1984; Dias-Brito & Azevedo, 1986; Viviers, 
1986; Azevedo et al., 1987; Beurlen & Regali, 1987; Herbin 
etal., 1987; Arai, 1988; JacquinLkGraciansky, 1988; Magniez- 

Jannin & Jacquin, 1988; Spadini et al., 1988; and Mello et al., 
1989). The mid-Cretaceous palaeoclimate was warm and 
equable and the temperature gradient between polar and 
equatorial regions was significantly lower than today 
(Luyendyketal., 1972; Savin, 1977; Barron and Washington, 
1982; Brass etal.,  1982; Barron 1983).Therelativelyequable, 
warm palaeoclimate coupled with enhanced rates of 
evaporation at low latitudes and restricted physiography in 
the deep basins largely contributed to restrain bottom 
circulation, which led to the periodic development of stable 
salinity stratified water-masses and induced bottom oxygen 
depletion (Mello, 1988; Mello et al., op. cit.; Koutsoukos el 
al., in prep.). Higherrates of nutrient supply, probably resulting 
from increased continental runoff, led to widespread eutrophic 
conditions and to major changes in surface-water productivity. 

Three maxima in oxygen depletion (dysaerobic/anaerobic 
conditions) are noticed in the succession, from middle shelf to 
upper slope environments: 1) in the late Aptian-earliest Albian 
(see Fig. 3); 2) in the early Cenomanian; and 3) in the latest 
Cenomanian-earliest Turonian (Koutsoukos et al., in prep. ). 
Waning low-oxygen pelagic conditions (dysaerobic to aerobic) 
are apparent in the upper Albian succession of Sergipe 
(Koutsoukos et al., in press; Fig. 3), a probable consequence 
of less restricted oceanic exchange between the South and 
North Atlantic, with the establishment of more open oceanic 
circulation patterns. During early to middle Cenomanian 
times, lowering sea-level and more humid climate (increased 
continental runoff) coupled with at least two NW-SE 
transpressional pulses along the equatorial margin (R.P. de 
Azevedo, 1988, and personal communication, May 1989), 
could have further restricted the oceanic circulation patterns 
and contributed to the build-up of an oxygen-minimum zone 
of oceanic proportions. 

A latest Cenomanian sea level rise is noticeable in Sergipe 
by the occurrence of upper slope thin laminated pelitic 
sediments, represented by the only known exposure of the 
Aracaju Member (locality Pati 2), in a carbonate-dominated 
sedimentary cycle (Mello et al., op.cit.). There is evidence of 
an expansion of the oxygen minimum zone over the continental 
shelf during the latest Cenomanian-earliest Turonian times, 
sporadically affecting the upper epipelagic layers, and very 
probably associated with this sea level maximum (Mello et 
al., op.cit. ). This sea level rise in the latest Cenomanian is of 
world-wide significance (see Haq et al., 1987), as well as the 
rise and expansion of the oxygen minimum zone (Arthur 
et.al., 1987; Schlanger et al., 1987), the so-called “Oceanic 
Anoxic Event 2” (OAE) of Schlanger & Jenkyns (1976), 
Arthur & Schlanger (1979) and Jarvis et al. (1988). 

PREVIOUS STUDIES 
Recent investigations during the past two decades of mid- 

and Late Cretaceous radiolarian species have been given from 
the southeastern Brazilian margin (Campos Basin: Kotzian & 
Eilert, 1987), western interior region of North America 
(Bergstresser, 1983), western Canada (Wall, 1975), California 
(Foreman, 1968; Pessagno, 1971, 1972 a, b, 1973, 1976, 
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Fig. 3: Stratigraphic distribution, relative abundance and depositional palaeoenvironments of foraminifera and associated microfossils 

Key: A<200 pm: 0 300-500pm; * rugose and non-rugose specimens. 
in the Albian section of well I-US-ME, with geochemical logs (taken from Fig. 16 of Koutsoukos et a/., in press). 

1977) NW African coastal basins (Agadir andTarfaya basins, 
Morocco: Thurow et ul., 1982; Wolfart, 1982; Kuhnt et ul., 
1986; Thurow & Kuhnt, 1986), northern Italy (Euganean 
Hills: Kuhnt et a/. ,  op.cit. ), Romania (Dumitrica, 1970), 
western Siberia, U.S.S.R. (Koslova & Gorbovetz, 1966), 
northern Australia (Surat Basin, Queensland: Haig & 
Barnbaum, 1978), from DSDP Sites in the Atlantic (Foreman, 
1977, 1978a, b; Wolfart, 1982), Pacific (Foreman, 197 1,1973 
b, 1975) and Indian Oceans (Foreman, I973a; Moore, 1973; 
Riedel & Sanfilippo, 1974; Renz, 1974), and from Campanian 
tropical and subtropical oceans (Empson-Morin, 1984). The 
systematic study of Cretaceousdiatoms has long been neglected 
and, elsewhere, very few accounts have appeared in  the 
literature. The more recent reports are from the western 
interior region of North America (Bergstresser & Krebs, 
1983), western Canada (Given & Wall, 1972; Wall, 1975), 
and northern Australia (Haig & Barnbaum, 1978). 

As can be seen, few studies have been published on the 
taxonomy and distribution of Cretaceous radiolarian taxa, 
and, even fewer on Cretaceous diatomaceous floras. This 
situation is made worse by the incomplete understanding of 
their biostratigraphical value and very rare preservation in the 
stratigraphical record, which usually places this less 
conspicuous microfossil group in a secondary level during 
conventional micropalaeontological studies. However, it is 
exactly this “rare” and ‘‘limited’’ occurrence in the 
stratigraphical record that makes the group a primary tool for 
palaeoecological and palaeoceanographical studies. The onset 
of radiolarians in middle Albian times and the drastic changes 
(in abundance and morphotypic composition) of the radiolarian 

and diatom populations in the uppermost Cenomanian- 
lowermost Turonian of Sergipe are both related to the major 
palaeoceanographic events which affectedmost of thenorthem 
South Atlantic. 

DISTRIBUTION OF MICROFOSSILS 
Radiolarians 

Low-diversity radiolarian assemblages are first recorded 
in Sergipe from rare occurrences in middle Albian outer shelf- 
upper slope sediments of the Taquari Member of the Riachuelo 
Formation (well I-US-I-SE, core #4: 552.50m and section 
56 1 -576m: Aim.hnosphuer.a (?) sp.: Orhiculiforma sp. - see 
Fig. 3 ) .  An upper Albian outer shelf-upper slope section (well 
ICRL-I-SE, core #2-#3: 1200.80-I214.50m) yield an 
abundant assemblage of pyritized nasselarians (Dictyomitru 
ex gr. multirostatu Zittel, Lithostrobus sp. A., Lithostrobus 
sp. B, Gongylothorux sp. A; P1. I ,  Figs, 1-2,4-5.9- 12). From 
further upper Albian middle shelf to upper slope sections 
(well 1 -CA- 1 -SE, core #2: 76 1.80m, section 795-9 15m) rare 
low diversity nasselarians (Gongylothoim sp. A) and 
spumellarians [Arachnosphueru (?) sp. A] are also recovered. 

Radiolarians are subsequently recorded throughout most 
of the Cenomanian-Turonian sections (see fig. 4). Nassellarian 
forms have been recovered only from uppermost Cenomanian 
to middle Turonian sections (PI. I ,  Figs 3 ,  6-8) and seem to 
have thrived in relatively deep-water environments, in middle 
to upper bathyal pelagic biotopes. Spumellarian forms (Pl. 2, 
Figs. 1 - I  I ; PI. 3, Figs. 1 - 14) are dominant in all the sections. 
In deeper water environments, however, members of the 
Spumellariina comprise about 70% of the species and 90% of 
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the total number of radiolarians (e.g., deep neritic-upper 
bathyal biotopes of the uppermost Cenomanian-lowermost 
Turonian; Figs. 4 and 5). In lower Cenomanian (localities 
Itaporanga 2-3, Itaperoa 3; well 1 -US- 1 -SE: 366-396m) and 
uppermost Turoniandeposits (locality Mata 1) the assemblages 
are exclusively composed of spumellarian forms (Pl. 2, Figs. 
1,7-11; P1.3, Figs. 2-3,7, 10-14). Furthermore, the changes 
in test size with depth of the spumellarian assemblages 
showed a “bimodal” pattern of distribution. The larger 
specimens ofArachnosphaera (?) sp. A (c. 300ymin maximum 
diameter), the most common Spummellariina, are usually 
recorded in deep neritic to upper bathyal environments, whereas 
the larger morphotypes of Phaselijorma (c. 230ym in 
maximum length) and Orhiculijorma c. 360pm in maximum 
diameter) usually being found in shallower neritic 
environments. 

The radiolarian faunas are more abundantly preserved in 
uppermost Cenomanian outer shelf-upper slope deposits 
(locality Pati 2), in lowermost Turonian middle-outer shelf 
sediments (locality Aroeirinha 4; well 1-US-1 -SE: core 
#I: 101.10m, section 276-351m) andin lower-upperTuronian 
middle shelf strata (locality Sgo Pedro 5). Higher diversity 
and increasing radiolaria/foraminifera ratios are also noticeable 
in these sediments. 

The studied radiolarian assemblages are preserved as either 
unaltered siliceous tests (Pl. 1, Fig. 6), pyritized (upper Albian 
radiolarians of well 1 CRL- 1 -SE) or calcified tests (occurring 
most frequently), where the original amorphous silica forming 
the skeleton has been replaced; preservational processes 
which commonly occur in carbonate deposits (de Wever, 
1983). The pyrite or calcite replacement processes apparently 
have not affected the preservation of fine details of the test 
surface, as seen in several nasselarian specimens (see P1. 1,  
Figs 1-2,4-5,9-12 - pyritized specimens; P1. 1, Figs. 3,743 - 
calcified specimens). 

The low diversity radiolarians from Sergipe (such as the 
assemblages of Dictyomitra ex gr. multicostata, Gongylothorux 
sp. A,Arachnosphaera (?) sp. A,Crucelta messinae Pessagno, 
Histriastrum anisum Foreman, Orhiculiforma ex gr. 
monticelloensis Pessagno, Phaseliforma ex. gr. laxa Pessagno 
and Pseudoaulophacus parqueraensis Pessagno; see Fig. 3 
and taxonomic notes) reveal taxonomic and morphotypic 
affinities with coeval assemblages reported from the 
southeastern Brazilian margin (Campos Basin: Kotzian & 
Eilert, 1987), Caribbean area (Puerto Rico: Pessagno, 1963), 
western interiorregion of theunited States (Colorado, Kansas, 
Wyoming: Bergstresser, 1983), eastern Atlantic regions (NW 
Africa, Morocco: Kuhnt et al., 1986), northern Australia 
(Queensland: Haig & Barnbaum, 1978), western Canada 
sedimentary basin (Alberta: Wall, 1975), and northeastern 
Pacific margin (California Coast Ranges: e.g., Pessagno, 
1971, 1972 a, b; Foreman, 1975). The evidence appears to 
suggest wide palaeobiogeographic distribution patterns of 
theseradiolarian taxaat low and high latitudesduring the mid- 
Cretaceous. 

Diatoms 
Diatom frustules are only recorded from uppermost 

Cenomanian (locality Pati 2) and 1owermostTuronian (locality 
Pati 1; well 1-US-1-SE: 336-351m) deposits (Figs 4 and 5). 
Six morphotypes are present in the assemblages (illustrated in 
P1. 4, Figs 1-14). An outcrop of the earliest Turonian age 
(locality Pati l), thought to have been deposited in a probable 
middle-outer shelf environment, yield an abundant diatom 
assemblage of discoid forms (morphotypes A, B and C), all 
represented by calcareous frustules, a result of preservational 
processes similar to the ones that affected the radiolarian 
assemblages. The record of diatom frustules in the uppermost 
Cenomanian-lowermost Turonian sections attests to the 
particular palaeoceanographic conditions at the time (see 
below). 

PALAEOECOLOGICAL IMPLICATIONS 
Preservation of Siliceous Tests 

In most recent sediments radiolarians and diatoms are 
absent through post-mortem dissolution of their tests. They 
are composed of relatively unstable amorphous silica (opaline 
biogenic silica) and are readily dissolved in normal sea water 
which is usually undersaturated with respect tonatural opaline 
silica (Berner, 197 1). Furthermore, during laboratory 
experiments carried out by the first author, extant diatom 
frustules have been shown to have higher fragility and 
susceptability to dissolution than radiolarian tests. Radiolarians 
are nowadays relatively common, however, only in certain 
areas of vigorous upwelling, such as the peri-equatorial Pacific 
and part of the northwestern African slope (e.g., Lisitzin, 
1972; Diester-Haass, 1978). 

In the outcrop sections of the Cotinguiba Formation chert 
nodules are commonly found, presumably formed from 
diagenetic dissolution andreplacement of the unstable opaline 
tests ofradiolarians anddiatoms by calcedony, with subsequent 
formation of chert at certain horizons where the remobilised 
silica was concentrated. Depleted oxygen concentrations 
occurred sporadically in the bottom waters, as suggested by 
the usual occurrence of thin laminated dark grey marls and 
calcareous black shales with high organic carbon contents 
(Mello, 1988; Koutsoukos et af., in prep. ). Enhanced primary 
productivity in the surface waters coupled with epi- and 
mesopelagic water masses saturated in silica (perhaps primarily 
contributed by deep-sea volcanism - cf. Berthou & Bengtson, 
1988), low pH and slightly negative redox-potential (Eh) of 
the bottom and interstitial waters, enriched in carbon dioxide, 
would have greatly favoured the biomineralization and post- 
mortem preservation of these fragile siliceous organisms in 
the sediments. 

Palaeoceanograph y 
The development and distribution patterns of siliceous 

assemblages in the mid-Cretaceous succession of Sergipe is 
closely related to major palaeoceanographic changes that 
occurred in the northern South Atlantic at that time. An 
idealised palaeoceanographic model integrating radiolarian 
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Fig. 4: Biochronostratigraphic distribution and relative abundance of radiolarians and diatoms in the Cenomanian-Turonian succession 
of the Sergipe Basin, onshore area. Composite data from outcrops and well-sections (see Appendix - 1 ) .  Vertical scale is 
approximate. 

and diatom assemblages is proposed for the Cenomanian- 
Turonian (see Fig. 5) .  

Spumellarian radiolarians are dominant throughout all the 
sequence. Nassellarian forms are recorded from upper Albian 
and uppermost Cenomanian to middle Turonian deposits and 
seem to have thrived in relatively deep-water environments. 
These radiolarian assemblages apparently suggest open-water 
conditions with a peak in abundance and diversity in middle- 
outer shelf or greater depths (i,e., in excess of 30/50 meters - 
Fig. 5) .  On the other hand, diatom frustules appear to have 
been more abundant in shallower neritic environments and 
have only been recorded from uppermost Cenomanian and 
lowermost Turonian deposits (Fig. 4 and 5) .  

The apparently restricted record of radiolarian-rich beds, 
generally limited to certain time-intervals and 
palaeogeographic settings. caused some workers to refer to 
them as 'The Radiolarian Event' (Jenkyns & Winterer, 1982), 
that is to say, times in the geological record when siliceous 
biogenic accumulations was favoured and usually associated 
with regional palaeoceanographic events (Jenkyns & Winterer, 
op.cit.; Baumgartner, 1984; Miskell et ul., 1985). Similar 
features have been reported for sediments from many areas of 
the world, deposited during OAE's (Kuhnt et ul., 1986; 
Schlangeretul., 1987) andduringolderupwellingevents (e.g. 
Mazagan Escarpment, offshore Central Morocco: Leckie, 

198 1 ; Monterey Formation, California: Katz & Elrod, 1983: 
Rayda Formation, Arabian Peninsula: Connally & Scott, 
1985). Upwelled nutrient-rich deep waters would promote 
high primary productivity in surface waters and favour a 
biogenic siliceousrecord (Jenkyns & Winterer, op. cit.; Leckie, 
op. cit.). However, the episodes of siliceous radiolarian and 
diatom biomineralization/preservation in Sergipe are not 
merely interpreted as indications of coastal upwelling events, 
as the palaeoceanographic evidence suggests restricted 
physiography at the deep-oceanic basic for most of the mid- 
Cretacious with salinity-stratified water masses (Mello rt a / , ,  
in press; Koutsoukos etul., in prep). High primary productivity 
in the epipelagic layers is most likely to have been a response 
to high nutrient levels (eutrophic conditions), perhaps largely 
controlled by increased continental runoff. Increa4ing sea- 
levels and improved deep circulation (such as in the latest 
Cenomanian-earliest Turonian) may also have significantly 
contributed to overturn nutrient-rich oxygen-depleted bottom 
waters and, consequently, increase surface-water productivity 
(cf. Arthur & Schlanger, 1979). 

The earlieronset of the radiolarian assemblages in mid-late 
Albian times (with waning low-oxygen pelagic conditions), 
through scattered occurrences, is inferred to be a response to 
better developed oceanic circulation patterns and to a water 
mass with high levels of dissolved silica, perhaps originated 
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by deep-sea volcanic processes in the formation of early 
oceanic crust and the mid-oceanic ridge. On the other hand, 
the record of radiolarians and diatoms throughout the 
Cenomanian-Turonian succession (Figs. 4and5) is commonly 
associated with dysaerobic to quasi-anaerobic bottom 
conditions. The higher abundance and diversity are observed 
in the upper Cenomanian-lower Turonian deposits (Fig. 4). 
These biotic patterns are recognised in coeval sediments of 
most marine basins (e.g. Jenkyns & Winterer, 1982; Thurow 
et al., 1982; Kuhnt et al., 1986; Arthur et al., 1987) and have 
been associated with high-sea level, increased productivity 
and the onset of intensified bottom oxygen depletion over the 
shelf during latest Cenomanian-earliest Turonian times. 

CONCLUDING REMARKS 
Radiolarian faunas are first recorded in the middle-late 

Albian (Riachuelo Formation), from scattered occurrences, 
and subsequently throughout most of the Cenomanian- 
Turonian succession (Continguiba Formation). Spumellarian 
forms [mostly represented by Arachnosphaera (?), Crucella, 
Orhiculiforma and Phaseliforrna species] are dominant in all 
the sections. Nassellarian forms seem to have thrived in 
relatively deep-water environments, in middle neritic to upper 
bathyal pelagic biotopes, and have been recorded from upper 
Albian and uppermost Cenomanian to lower-upper Turonian 
sediments. Dictyornitra ex gr. rnulticostata, Gongylothorax 
sp. A andLithostrohus spp. are the most common morphotypes 
of Nassellariina recovered during this study. Diatom frustules 
are only recorded from uppermost Cenomanian and lowermost 
Turonian deposits. These seem to have been more abundant in 
shallower neritic environments. 

The development of siliceous assemblages in the mid- 
Cretaceous succession of Sergipe is closely related with 
major palaeoceanographic changes that occurred in the 
northern South Atlantic at that time. The onset of theradiolarian 
assemblages in middle-late Albian times is thought to be a 
response to better developed oceanic circulation patterns and 
to a water mass with high levels of dissolved silica, perhaps 
generated by deep-sea volcanic processes in the formation of 
early oceanic crust and the mid-oceanic ridge. On the other 
hand, the record of radiolarians and diatoms throughout the 
Cenomanian-Turonian succession is not only in keeping with 
high epipelagic primary productivity in well-oxygenated 
surface waters, saturated in dissolved silica, but also suggests 
that the bottom and interstitial waters were enriched in carbon 
dioxide, had a low pH and a slightly negative redox-potential 
(Eh). The overall conditions would have favoured the 
biomineralization and post-mortem preservation of siliceous 
organisms increasing, therefore, the radiolaria+diatom/ 
foraminifera ratio in the sediments, which supports the 
conclusions of several previous authors. 

The low-diversity radiolarians from Sergipe reveal 
taxonomic and morphotypic affinities with coeval assemblages 
reported from the southeastern Brazilian margin (Campos 
Basin), Caribbean area (Puerto Rico), western interior region 
of North America (Colorado, Kansas, Wyoming), eastern 

Atlantic regions (NW Africa),  northern Australia 
(Queensland), western Canada sedimentary basin (Alberta), 
and northeastern Pacific margin (California Coast Ranges). 
The evidence appears to suggest wide palaeobiogeographic 
distribution patterns of these radiolarian taxa at low and high 
latitudes during the mid-Cretaceous. 

TAXONOMIC NOTES 
Phylum Protozoa 

Subphylum Sarcodina 
Class Actinopodea 

Subclass Radiolaria 

Entries and taxonomic remarks for each radiolarian species 
are brief. References are restricted to the original description 
of the species and to relevant references used in this study. 
Furthermore, because of the fragmentation of tests and common 
recrystallisation, no decision could be made on specific 
attribution of several morphotypes. Such forms were either 
placed in single species-groups, each regarded with broad 
morphological variability, or placed in open nomencla'ture. 

Order Polycystida 
Suborder Nassellariina 
Gongylothorux sp. A. 

(PI. 1, figs. 1-3) 

Remarks. This species is characterised by its small (c. 190- 
300pm in maximum diameter), subspherical shape, covered 
by sharply defined pentagonal or hexagonal depressions. 
Range. late Albian to earliest Turonian. 
Occurrence. wells 1 -CA- I SE, 1 -CRL-1 -SE, I -US- I -SE. 

Dictyornitru ex gr. multicmtutu Zittel 
(PI. I ,  figs 4-7) 

1876 Dictyomitra multicostuta Zittel: 8 I ,  pl. 2, fig. 2 
1976 Dictyonitra multicmtatu Zittel; Pessagno: 52, pl. 14, figs. 

1983 Dictyomitra multicostutu Zittel; Bergstresser: 880, figs. 6 

Remarks. Dictyornitru ex gr. multicostutu morphotypes are 
characterised by having a small (c. 200-210ym in maximum 
length) elongate, subconical test consisting of 8 to 1 Osegments, 
gradually increasing in diameter; in some cases the last 3 to 4 
segments have the same diameter, or the last two have 
progressively smaller widths; each segment has one transverse 
row of very small pores near the segment suture; the surface 
contains numerous longitudinal costae. 
Range. Late Albian to early-Late Turonian. 
Occurrence. Localities Aroeirinha 4, Pati 2, Srio Pedro 5, 
wells 1 -CRL- 1 -SE, 1 -US- 1 -SE. 

4-9 

a-d 

Dictynrnitra(?) sp. A 
(PI. I ,  fig. 8) 

Remarks. Test moderately large (c. 400ym in maximum 
length), elongate, subconical, consisting of approximately 
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nine segments, with the last two segments having slightly 
smaller diameter than the previous segment; test surface 
probably with small pores (not well distinguished due to bad 
preservation). The lack of vertical costae, if at all present, may 
be due to recrystallisation. The morphotypes somewhat 
resemble specimens of Dictyornitra rotundara (Aliev) 
illustrated by Foreman ( 1978-a, p. 841, pl. 1,  figs. 1-3) from 
the late Albian-Cenomanian of Angola Basin. However, 
because of uncertainty as to the exact diagnosis of the present 
species it is tentatively assigned to the Dictyornitra genus. 
Range. Latest Cenomanian. 
Occurrence. Locality Pati 2 (rare occurrence) 

Li thos t rdm sp. A 
(PI. 1, figs. 9-1 1 )  

Remarks. Specimens of Lithostrohus sp. A have a small 
(about 290pm in maximum length), elongate, subconical test 
with 6 segments, gradually increasing in diameter, with the 
last segment having slightly smaller diameter than the previous 
one; last 4 segments inflated, with well-defined segmental 
strictures; reticulate test surface covered with numerous small 
polygonal depressions. 
Range. Late Albian 
Occurrence. Well 1 -CRL- 1 -SE. 

Lithostrxhs sp. B 
(PI. 1, fig. 12) 

Remarks. Lithostrvbus sp. B morphotypes are distinguished 
by having a minute (c. 160pm in maximum length), elongate, 
subconical test with 6 segments, gradually increasing in 
diameter; test surface covered with numerous small pores. 
Range. Late Albian. 
Occurrence. Well 1 -CRL- 1 -SE. 

Suborder Spumellariina 
Arachnosphaeru (?) sp. A 

(PI. 2, figs. 1-3) 

Remarks. This is by far the most abundant species-group 
amongst the spumellarians. They are characterised by spherical 

shaped specimens of variable sizes (c. 1 10-360pl9inmaximum 
diameter), with a spongy wall texture and very thin pores. 
Range. Late Albian to Turonian 
Occurrence. Localities Aroeirinha 4, Itaporanga 2-3, Itaperoh 
3, Mata I ,  Pati 2, Pedra Branca 17, SBo Pedro 5, wells 1-CA- 
1 -SE, 1 -US- 1 -SE. 

Crucella invini Pessagno 
(PI. 2, figs. 4-6) 

197 1 Crucella irwini Pessagno: 55, pl. 9, figs. 4-6. 
Remarks. Specimens of C.  invini are characterised by having 
large (c. 400-450pm in maximum diameter) tests with four 
long and slender rays, tapering distally and nearly equal in 
length; central area with shallow lacuna. 
Range. Latest Cenomanian to early-Late Turonian. 
Occurrence. Localities Pati 2, SBo Pedro 5. 

Crucella rnessinae Pessagno 
(PI. 2, figs. 7-8) , 

197 1 Crucella messinae Pessagno: 56,  pl. 6, figs. 1-3. 

Remarks. The species is distinguished by its moderately 
large (c. 330-380 pm in maximum diameter) cruciform test 
with cylindrical longitudinal rays and by lacking a lacuna in 
its central area. 
Range. Early Cenomanian. 
Occurrence. Locality Itaperoa 3. 

Crucella (?) sp. A 
(PI. 2 ,  figs. 9-1 I )  

Remarks. This species is characterised by having a large (c. 
400-SSOpm in maximum diameter) test with shorter rays, 
subcylindrical longitudinally; rays and central area planiform 
horizontally. 
Range. Early Cenomanian to middle Turonian. 
Occurrence. Localities Itaperoa 3, Siio Pedro 5 ,  well 1-US- 
I -SE. 

Histiastrurn anisurn Foreman 
(PI. 3, fig. 1)  

Explanation of Plate 1 
All illustrations are scanning electron photomicrographs. 

Scale bars = IOOpn. 

Radiolarians (Nasselariina) 
Figs. 1-3 Gongylothorm sp. A Fig. I ,  2, well I-CRL-I-SE, #2: 1203.20m (upper Albian); Fig. 3, well 1-US-I-%, # I :  101.10rn 

(lowermost Turonian). 
Figs. 4-7. Dictyomitru ex gr. rnulricmtutu Zittel. 
Figs. 4.5, well I-CRL-I-SE, #2: 1203.20m (upper Albian); l;ig. 0, locality Aroeirinha 4 (lowermost Turonian); Fig. 7, well 1-US-I- 

Fig. 8. Dkfyornitru (?) sp. A, locality Pati 2 (uppermosl Ccnoinanian). 
Figs. 9-1 I .  Lirhostrobus sp.A, specimens from well I -CKI,-I-SII; #2: 1203.20m (upper Albian). 
Fig. 12. Lithostrobus sp. B, specimens from well I -Cl<l,- I -Sli, #2: I203.20m (upper Albian). 

SE: 366-38 Im (lowermost Turonian). 
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1978 Histiastrum anisum Foreman: 841, pl. 1, figs. 5-7 
Remarks. The species is distinguished by its large (c. 480 pm 
in maximum length) test with the presence of three to four 
irregularly developed arms. 
Range. Latest Cenomanian. 
Occurrence. Locality Pati 1 (rare occurrence). 

Orbiculiforrna ex gr. monticelloensis Pessagno 
(Pl. 3, figs. 2-5) 

1973 Orbiculiforma monticelloensis Pessagno: 72, pl. 16, figs. 

Remarks. Test small (c. 240-36Opm in maximum diameter), 
disc-shaped, nearly circular in outline, with a vertical to 
rounded periphery; central cavityrelatively wide and shallow; 
centre slightly raised; fine meshwork. 
Range. Early Cenomanian to early-Late Turonian. 
Occurrence. Localities Aroeirinha4, Itaperoa 3, Siio Pedro 5, 
well 1 -US- 1 -SE. 

5-6, pl. 18, figs. 1-2 

Phaseliforma ex gr. laxa Pessagno 
(PI. 3, figs. 6-7) 

1972 Phaseliforma laxa Pessagno: 276, pl. 23, figs. 7-9. 
Remarks. Specimens of P. ex gr. laxa are characterised by 
having small (c. 140-230pm in maximum length), elongate, 
subellipsoidal tests, varying in width (c. 70-130pm in 
maximum width); smooth surface with fine meshwork. 
Range. Cenomanian. 
Occurrence. Localities Itaperoa 3, Pati 2. 

Pseudoaulophacus parqueraensis Pessagno 
(Pl. 3, figs. 8-9) 

1963 Pseudoaulophacus parqueraensis Pessagno: 204, pl. 2, 

1972 Pseudoaulophacus parqueraensis Pessagno; Pessagno: 

Remarks. This species is distinguished by its moderately 
small (c. 300pm inmaximumdiameter),circulartest, lenticular 
in peripheral view; lobate periphery with 9 lobes, each lobe 
bearing a short spine, which is commonly not preserved. 
Range. Latest Cenomanian to earliest Turonian. 
Occurrence. Localities Aroeirinha 4, Pati 2. 

figs 4, 7, pl. 6, figs. 4-5. 

309, pl. 30, fig. 4. 

Spongotripus (?) sp. A 
(Pl. 3, figs. 10-12) 

Remarks. Moderately large (c. 300-400pm in maximum 
diameter), irregular shaped specimens, with apparently three 
to four rays and thickened central area. 
Range. Early Cenomanian. 
Occurrence. Locality Itaperoh 3. 

Genus and species indet 
Spumellariinid sp. A. 

(Pl. 3, figs. 13-14) 

Remarks. This species is distinguished by having a small (c. 
200-320pm in maximum diameter) test with three irregularly 
developed rays (which give the test a triangular shape) and 
thickened central area. 
Range. Early Cenomanian. 
Occurrence. Locality Itapero6 3. 

Class Diatomacea 

Remarks. Specimens of morphotypes D, E and F, with an 
angular or rounded periphery, are tentatively thought to be 
diatom frustules, mostly based on their non-spongy, smooth 
and even outer surface and general similarity to the group. 

Morphotype A 
(Pl. 4, figs. 1-2) 

Remarks. Small (c. 200-230pm in maximum diameter), 
broad, thin, flattened discs (biscuit shape). 
Range. Earliest Turonian. 
Occurrence. Locality Pati 1. 

Morphotype B 
(Pl. 4, figs. 3-4) 

Remarks. Small (c. 190pm in maximum diameter), broad, 
moderately thick, flattened discs, with a vertical periphery 
(pill-shaped). 
Range. Earliest Turonian. 
Occurrence. Locality Pati 1. 

Explanation of Plate 2 
All illustrations are scanning electron photomicrographs. 

Scale bars = 100pm. 

Radiolarians (Spumellariina) 
Figs. 1-3. Arachnosphaera (?) Fig. 1, locality Mata 1-5 (uppermost Turonian); Figs. 2, 3, locality Pedra Branca 17 (lower to middle 

Figs. 4-6. Crucella irwini Pessagno, locality Pati 2 (uppermost Cenomanian). 
Figs. 7-8. Crucella messinae Pessagno, locality Itaperoa (lower Cenomanian). 
Figs. 9-1 1. Crucella (?) sp. A Fig. 9, locality Itaperoa 3 (lower Cenomanian); Figs. 10, 11, well 1-US-I-SE. #1: 101.10m (lowermost 

Turonian). 

Turonian). 
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Morphotype C 
(Pl. 4, figs. 5-8) 

Remarks. Minute (c. 120-190ym in maximum diameter), 
thick, flattened discs (drum-like forms). 
Range. Latest Cenomanian to earliest Turonian. 
Occurrence. Locality Pati 1, Pati 2, well 1 -US- 1 -SE 

Morphotype D 
(Pl. 4, figs. 9-10) 

Remarks. Moderately small (c. 280ym in maximum diameter), 
lenticular, moderately thin, biconvex discs (lentil-shaped); 
surface smooth and even. 
Range. Latest Cenomanian. 
Occurrence. Locality Pati 2. 

Morphotype E 
(Pl. 4, figs. 11-12) 

Remarks. Moderately small (c. 300pm in maximum diameter), 
broad, moderately thick, flattened discs, with a rounded 
periphery (biscuit-shaped); surface smooth and even. 
Range. Latest Cenomanian to earliest Turonian. 
Occurrence. Localities Pati 1. Pati 2. 

Morphotype F 
(Pl. 4, figs. 13-14) 

Remarks. Small (c. 240pm in maximum diameter), short, 
thick, flattened disc, with a rounded periphery (pill-shaped); 
surface smooth and even. 
Range. Latest Cenomanian. 
Occurrence. Locality Pati 1. 
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Explanation of Plate 4 
All illustrations are scanning electron photomicrographs. 

Scale bars = 100pm. 

Diatoms 
Figs. 1-2. Morphotype A. (Broad, thin, flattened discus; biscuit-shaped); Fig. I ,  lateral view. Fig. 2, peripheral view: locality Pati I 

(lowermost Turonian). 
Figs. 3-4. Morphotype B (Short, moderately thick, vertical periphery; pill-shaped); Fig. 3, lateral view, Fig. 4, peripheral view; locality 

Pati 1 (lowermost Turonian). 
Figs. 5-8. Morphotype C (Thick flattened discs; drum-like); Fig. 5. Specimen I ,  peripheral view; Figs. 6,7. specimen 11, Fig. 6, lateral 

view, Fig. 7. peripheral view; specimens I & I1 from well 1 -US- 1 -SE: 336-35 1 m (lowermost Turonian). Fig. 8, specimen 111, 
peripheral view, from locality Pati 1 (lowermost Turonian). 

Figs. 9-10. Morphotype D (Lenticular, biconvex; lentil-shaped), Fig. 9, lateral view, Fig. 10, peripheral view, locality Pati 2 (uppermost 
Cenomanian). 

Figs. 1 1-12. Morphotype E (Rounded periphery, broad, moderately thick morphotype; biscuit-shaped); fig. 1 1, lateral view, Fig. 12, 
peripheral view, locality Pati 2 (uppermost Cenomanian). 

Figs. 13- 14. Morphotype F (Rounded periphery, short, thick morphotypes; pill-shaped); Fig. 13, lateral view, Fig. 14 peripheral view, 
locality Pati 2 (uppermost Cenomanian). 
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APPENDIX 
DESCRIPTION OF LOCALITIES AND WELL SECTIONS 
I - Locality Data (Cenomanian-Turonian) 

The following information is provided for each outcrop: 
( 1 )  Cross-reference with toponyms and respective locality 

numbers documented by Bengtson (1983), p. 63-71), for the 
Cenomanian-Coniacian sections. 

(2) Lithostratigraphic unit. 
(3) Ammonite (inferred after Bengtson, op.cit. ) or 

foraminifera1 biozone and assigned stage. 
(4) Geographic coordinates, according to the international 

'Universal Transverse Mercator' (UTM) grid system (starting 
point at the central meridian 39" of Greenwich). 
Locality A: ( I )  Itaporanga 2-3. (2) Continguiba Formation, 
Sapucari Member. (3) Graysotiites Zone; lower Cenomanian. 
(4). UTM 8783700 N/ 684925 E. 
Locality B: (1) Itaperoa 3. (2) Cotinguiba Formation, Sapucari 
Member. (3) G~.a~soni tes  Zone: lower Cenomanian, (4) UTM 
878540 N/ 686300 E. 

Locality C: (1) Pati 2. (2) Cotinguiba Formation, Aracaju 
Member. (3) Glohigerinelloides hentonensis (Morrow)- 
Hedhergella (W) .  aprica (Loeblich & Tapan) Oppel-zone; 
uppermost Cenomanian. (4) UTM 8803100N/ 692875 E. 
Locality D: (1) Pati 1. (2) Continguiba Formation, Aracaju 
Member. (3) Pseudutissotia Zone; lowermost Turonian. (4) 
UTM 8802900 N/ 693350 E. 
Locality E: ( 1 )  Aroeirinha4. (2) Cotinguiba Formation, Sapucari 
Member. (3) Pseudotissotia Zone: lowermost Turonian. (4) 
UTM 8802400 N/ 693800 E. 
Locality F: (1) S5o Pedro 5. (2) CotinguibaFormation, Sapucari 
Member. (3) Hoplitoides Zone; lower-Upper Turonian. (4) 
UTM 8800085 N/ 696370 E. 
Locality G: (1) Mata I .  (2) Cotinguiba Formation, Sapucari 
Member (3) Suhprionocyclus Zone; uppermost Turonian. (4) 
UTM 8799975 N/ 701375 E. 
Locality H: (1) Pedra Brdnca 17. (2) Cotinguiba Formation, 
Sapucari Member. (3) Pseudotissotia Zone / Hoplitoides Zone; 
lower Turonian. (4) UTM 8805710 N/ 703100 E. 

I1 - Location of Borehole Sites (Onshore Area) 
Well 1-CA-1-SE Geographic coordinates: Lat. 10" 5 4  30" S- 
Long. 37" 07' 45" W. 
Well 1-CRL-1-SE Geographic coordinates: Lat. 10" 59' 45" S- 
Long. 37" OY' 00" W. 
Well 1-US-1-SE Geographic coordinates: Lat. 10" 50' 10" S- 
Long. 37" 12' 00" W. 
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