» DOI: 10.5327/Z2317-4889201400010004

ARTICLE

Strontium isotope stratigraphy
of the Pelotas Basin

Estratigrafia de isdtopos de estréncio da Bacia de Pelotas
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ABSTRACT: Strontium isotope data were obtained from foraminifera
shells of the Pelotas Basin Tertiary deposits to facilitate the refinement of
the chronostratigraphic framework of this section. This represents the
first approach to the acquisition of numerical ages for these strata. Stron-
tium isotope stratigraphy allowed the identification of eight depositional
hiatuses in the Eocene—Pliocene section, here classified as disconformities
and a condensed section. The reconnaissance of depositional gaps based
on confident age assignments represents an important advance consid-
ering the remarkably low chronostratigraphic resolution in the Cenozo-
ic section of the Pelotas Basin. The recognition of hiatuses that match
hiatuses is based on biostratigraphic data, as well as on global events.
Furthermore, a substantial increase in the sedimentation rate of the up-
per Miocene section was identified. Paleotemperature and productivity
trends were identified based on oxygen and carbon isotope data from the
Oligocene-Miocene section, which are coherent with worldwide events,
indicating the environmental conditions during sedimentation.

KEYWORDS: foraminifera; Pelotas Basin; strontium isotopes;
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RESUMO: Dados da razio isotdpica de estréncio foram obtidos a
partir da andlise de conchas de foraminiferos recuperadas dos depdsitos
tercidrios da Bacia de Pelotas visando o refinamento do arcabougo
cronoestratigrdfico dessa segio. Este artigo representa a primeira abor-
dagem @& obtengio de idades numéricas para esses estratos. A estrati-
grafia de isétopos de estroncio permitiu a identificacio de oito hiatos
deposicionais na se¢io Eoceno—Plioceno, aqui classificados como des-
conformidade, além de uma secio condensada. O reconhecimento de
hiatos deposicionais representa um importante avango, considerando
a baixa resolucio cronoestratigrdfica da secio cenozdica da Bacia de
Pelotas. Além disso, foi identificado um substancial aumento na taxa
de sedimentagio na secio neomiocénica. Tendéncias gerais de paleo-
temperatura e produtividade foram identificadas com base em dados
das razées isotdpicas de oxigénio e carbono da se¢io Oligoceno—Mioce-
no. Essas tendéncias sio coerentes com eventos globais, evidenciando as
condigoes ambientais durante a sedimentagio..
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INTRODUCTION

The Pelotas Basin is a marginal basin filled by sediments
deposited during different stages of the South Atlantic Ocean
opening. The Tertiary section represents the sedimentation
during a regressive period that was repeatedly interrupted,
allowing the formation of disconformities surfaces. Deposits
of this age in the Brazilian continental margin became an
important target for exploration due to the occurrence of
hydrocarbon reserves, including giant oil and gas fields in
the Santos and Campos basins.

Although several authors have focused their studies in the
Pelotas Basin (e.g. Fontana 1990, 1996; Abreu 1998; Rosa
2007; Castillo ez al. 2009; Contreras ez al. 20105 Stica et al.
2014), only sparse estimations of age obtained from bio-
stratigraphic studies are available (Gomide 1989, Coimbra
et al. 2009; Guerra et al. 2012). The absence of volcanic
rocks suitable for geochronological analysis and the abun-
dance of calcareous microfossils in the dominant siliciclastic
sedimentary rocks present a favorable scenario for the use of
strontium isotope data to obtain chronostratigraphic data
for the Paleogene—Neogene section of the Pelotas Basin.

The use of strontium isotopic ratio variations through
time as a dating method allows accurate relative age deter-
minations. The best resolution obtained from this method
was registered at steeped segments of the standard curve
as particular segments of the Cenozoic including Neogene
and Paleocene, with the best temporal resolution from
late Eocene to middle Miocene and from late Pliocene
to Pleistocene (Elderfield 1986; Hess et /. 1986; Hodell
et al. 1991; Hodell & Woodruff 1994; Oslick ez al. 1994).
Previous applications of #Sr/%Sr ratio data in Tertiary
sediments were presented by Depaolo and Finger (1991),
Sugarman et al. (1993), Lavelle (2000), Ehrenberg ez al.
(2007), and Parras et al. (2012), which achieved suitable
results in terms of age constraints.

This study seeks to present a chronostratigraphic frame-
work based on the Sr-isotope relative ages for the Pelotas
Basin Tertiary deposits obtained from foraminiferal shells
analyses. Additionally, condensed sections and depositional
gaps were identified. Major climatic and paleoproductivity
were also related to the interval studied.

GEOLOGICAL SETTING

The Pelotas Basin corresponds to the South America
continental margin between 28°40’S and 34°S, limited at
north by the Florianépolis High (Brazil) and at south by
the Polonio High (Uruguay) (Kowsmann ez a/.1974; Rosa
2007). The basin area is approximately 210,000 km?, from
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which an area of 40,000 km? is emerged (Fig. 1). The thick-
ness of the sedimentary column reaches 12,000 m on the
depocenter (Fontana 1996). In terms of structural frame-
work, the Pelotas Basin presents incipient post-depositional
deformation, represented by tilted blocks with strata dipping
seaward (Fontana 1987; Rosa 2007). The Rio Grande Cone
is a 4,000-m-thick depositional feature formed during the
Neogene and located in the southern portion of the Pelotas
Basin, where there are flat-lying detachments linking nor-
mal faults at the top of the slope to thrusts at the bottom.

‘The basin was partially developed over the continental crust
(Pre-Cambrian basement, Gondwana sediments, and basaltic
rocks extruded during the pre-rift phase), and the remainder
over the oceanic crust floor on its distal portion (Fontana 1990).

The studied interval corresponds to a part of a major
Paleocene—Holocene regressive supercycle that encompasses
proximal siltstones and sandstones assigned to the Cidreira
Formation and mudstones with rare intercalations of turbid-
itic sands, which are designated as Imbé Formation (Dias ez a/.
1994; Fontana 1996; Bueno et 4. 2007). The Cidreira Formation
deposits prograde to the basin distal portions, inter-fingering
with the Imbé Formation sediments. In the late Paleocene, depo-
sition of the regressive section is characterized by prograding
clastic wedges with increasing sedimentary input.

MATERIALS AND METHODS

‘The studied material consists of foraminiferal shells recov-
ered from cutting and core samples collected from three off-
shore wells drilled by Petrobras in the Pelotas Basin (Fig. 1).
‘The studied sections consist of shales with intercalations of
marls, siltstones, and sandstones (Fig. 2).

The ¥ St/%Sr ratio was obtained from 103 cutting sam-
ples taken from two drill-holes (PEL-1A and PEL-2A) from
which 18 samples were collected in the drill-hole PEL-1A
(from 2,142 to 3,708 m) and 85 samples were collected from
drill-hole PEL-2A (from 720 to 2,619 m) (Fig. 2). In addi-
tion, three core samples (1,300, 1,303.6, and 1,304.05 m)
from drill-hole 2-RSS-1, composed of grayish shales con-
taining abundant calcareous microfossils, were analyzed.

The sample preparation followed the conventional
micropaleontological techniques for calcareous micro-
fossils. Foraminiferal shells were separated from the bulk
sediment by hand-picking under a stereomicroscope
Olympus-SZ1145 and, subsequently, well-preserved shells
were selected for isotopic analysis.

Selection of foraminiferal shells involved inspection
under a stereomicroscope. The selected shells do not present
evidences of dissolution, recrystallization, overgrowths, or
internal filling. Only in the top of the studied sections glassy
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Figure 1. Location map of the Pelotas Basin with the
situation of the studied drill-holes.

foraminifera were found. Along the section, the selected
planktonic shells had a frosty appearance and were assumed
to be well-preserved. Planktonic foraminiferal tests are gen-
erally more sensitive to post-depositional alterations than
benthic ones due to its densely perforated wall. Shells of liv-
ing planktonic foraminifera have a glassy appearance under
the stereomicroscope. However, this type of preservation is
unusual among assemblages of deep-sea sediments and fossil
planktonic foraminifera tests are mostly frosty, indicating a
minor degree of diagenetic alteration (Pearson ez a/. 2001).

Among the selected specimens from the fraction > 150 pm,
some were separated and submitted to scanning electronic
microscope imaging to confirm the wall preservation because
diagenetic alterations can occur in micrometer scale (Sexton
et al. 2006; Williams ez a/. 2007).

The ultrastructure preservation assessment was made
to guarantee the selection of preserved material for analyt-
ical purposes, as post-depositional alterations could lead to
misinterpretations (Lohmann 1995; Brown & Elderfield
1996; Shieh ez 2/ 2002).

The selected specimens were crushed under ultrapure
water (Milli-QQ) and then ultrasonically washed with ultrapure
water. ¥/Sr/*Sr ratio analyses were carried out at the Isotopic
Geology Laboratory of the Federal University of Rio Grande
do Sul, Brazil. The samples were dissolved in 500 mL of 5
N HNO, for 60 minutes at 60°C and then centrifuged for
10 minutes and dried at 120°C. Subsequently, the samples
were dissolved in 250 mL of 5 N HNO,.

Strontium was extracted using a mixture of StSpec™ resin,
5N ultrapure HNO, and Milli-Q water and then collected
in a mixture of Milli-Q water with 7 N HNO, and H,PO,.
Samples were loaded on rhenium filaments with 2 mL of

H,PO, and 1 mL ofTaClS.
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Figure 2. Lithological logs of drill-holes 1A and 2A and
indication of the sampling points for strontium ratio
analyses.
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Isotopic ratios were measured in dynamic mode with a
VG Sector 54 multi-collector mass spectrometer. An average
of 100 — 120 ratios was collected with a 1-volt %Sr beam.
Strontium ratios were normalized to ¥Sr/*Sr = 0.1194.
Analyses were adjusted for instrumental bias arising due to
periodic adjustment of the collector positions as monitored
by laboratory internal standards. The mass discrimination
effect was corrected by the conventional internal correction
technique, which provides the radiogenic St/*Sr isotopes
ratios using the non-radiogenic *Sr/*Sr isotopic ratios as
0.1194 (Nier 1938). The adjustment of analyses was based
on instrumental bias and the reported values were previ-
ously corrected. During the period in which the samples
were evaluated, 14 standards were analyzed.

Measurements for the NIST SRM 987 standard were
87Sr/%Sr = 0.710250 £ 0.000007. The average for all blanks
was < 30 pg/g of strontium. Blank correction for strontium
isotopic compositions was insignificant.

Strontium and calcium concentrations were determined
with ICP-MS by Activation Laboratories Ltd., Ontario,
Canada. Sr/Ca ratios were also used to evaluate the preser-
vation of the original composition of the shells. The num-
ber of specimens selected to evaluate strontium and calcium
concentrations varied from 2 to 15 specimens per sample
depending on specimen size. A total of 75 samples were ana-
lyzed, from which 32 samples were from drill-hole PEL-2A,
31 samples were from drill-hole PEL-1A, and 12 samples were
from the 2-RSS-1 drill-hole. The samples were dissolved in
aqua regia at 90°C for two hours. The solution was diluted
and analyzed using an ICP/MS 6000 that provides a detec-
tion limit of 0.5% for strontium and 0.01% for calcium.

Carbon and oxygen isotopic analyses were performed
in 36 samples from the drill-hole PEL-2A at the Isotope
Geology Laboratory of the Federal University of Pard, Brazil.
The number of test samples varied from 2 to 6 per sample
depending on the size of specimens.

CO, gas was extracted from the foraminiferal tests using
100% orthophosphoric acid at 70°C. The gas was ana-
lyzed using an online KIEL-III system coupled to the mass
spectrometer Finnigan MAT-252. The results obtained are
reported in the conventional d notation in per mil (%o)
relative to Chicago PDB standard. Analysis of the standard
NBS-19 during this study presented average values of $"*C
and 80 of 2.0 and -2.13%0 PDB, respectively.

RESULTS

Well-preserved foraminiferal shells were selected through
observation under the stereomicroscope. To assure the selec-

tion of well-preserved shells some of the previously selected
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specimens were separated to proceed for Sr/Ca ratio anal-
ysis. The Sr/Ca ratios ranged from 0.70 mmol mol™” to
2.29 mmol mol™ (Table 1). These data are consistent with the
range of St/Ca ratios recorded for Recent-to-Eocene Atlantic
Ocean foraminifera shells and carbonates compiled from the
literature (Hampt & Delaney 1997; Lea ez al. 1999; Lear
et al. 2003; Hall & Chang 2004). These data indicate a good
preservation of the foraminiferal shells in the studied samples.

It is worth mentioning that along the studied drill-holes,
foraminiferal shells presenting evident contaminant phases
and/or dissolution features were observed. A study of the
post-depositional features observed in foraminiferal tests in
the Miocene section of the same wells had been presented
by Anjos-Zerfass ez al. (2011).

In the drill-hole PEL-2A, ¥St/*Sr values range from
0.707660 to 0.708850 and standard deviation (2s) ranges
from 0.000014 to 0.000128 (Appendix 1). The ¥Sr/*Sr
ratio obtained from the drill-hole PEL-1A samples oscillated
between 0.707069 and 0.709209, and values of 2s ranged
from 0.000011 to 0.000058 (Appendix 2). The strontium
ratio from the core of the drill-hole 2-RSS-1samples varied
from 0.708766 to 0.708697 and 2s ranged from 0.000028
to 0.000050 (Appendix 2).

The standard curve used for age assessment was derived
from the database compiled by McArthur ez 4/ (2001) and
McArthur and Howarth (2004). The chronology is based on
the International Commission of Stratigraphy Time Table 2012.

The estimated ages for well PEL-1A range from 14.9 to
34.15 Ma, and the section of drill-hole PEL-2A spans from
3.7 to 54.41 Ma. In drill-hole 2-RSS-1, ¥St/*¢Sr relative
ages range from 15.28 to 16.60 Ma (Fig. 3). Ages older
than 40 Ma should be considered with caution due to the
scatter in the dataset and the small amount of samples
analyzed. Moreover, the segment of the reference curve
between 40 and 55 Ma is less steeped and, consequently,
provides a lower temporal resolution.

The distribution of the estimated ages throughout the
studied wells facilitated the identification of depositional
gaps and the estimation of sedimentation rates.

Two hiatuses were identified in the studied section of
drill-hole PEL-1A: (i) late Oligocene (Chattian, 24.45 Ma)
to early Miocene (Aquitanian, 22.70 Ma) at 3,402 m and
(ii) early to middle Miocene (Burdigalian to Langhian,
17.8 — 14.9 Ma) at 2,142 m (Fig. 4).

Six hiatuses were recognized in the sampled section of drill-
hole PEL-2A: (i) early Eocene (Ypresian, 50.47 — 48.88 Ma)
at 2,547 m, (ii) late Eocene to early Oligocene (Bartonian—
Rupelian, 40.6 —33.65 Ma) at 2,259 m, (iii) early Oligocene
(Rupelian, 32.38 — 30.65 Ma) at 2,187 m, (iv) early to
late Oligocene (Rupelian—Chattian, ca. 28 — 25.6 Ma) at
2,061 m, (v) middle to late Miocene (Langhian—Tortonian,
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Table 1. Sr/Ca ratio data (mmol.mol?)

Drill-hole D(:‘:;h mnf:{ Cn"’:ol_l Drill-hole Dfr‘r’sh mmS:1/ i‘i‘ol_l Drill-hole D:fgh mmS:l/ i‘;‘ol_l
PEL-2A 1,044 121 PEL2A | 2331 2.29 PEL-1A 3,186 0.88
PEL-2A 1,008 1.34 PEL2A | 2,529 159 PEL-1A 3258 0.88
PEL-2A 1,098 130 PEL2A | 2,529 162 PEL-1A | 3276 0.79
PEL-2A 1116 1.40 PEL-2A | 2,547 156 PEL-1A 3,312 0.84
PEL-2A 1,134 162 PEL-2A | 2,601 117 PEL-1A | 4104 132
PEL-2A 1,170 136 PEL-1A | 2,142 1.04 PEL-1A | 4140 123
PEL-2A 1,188 1.30 PEL-1A | 2178 120 PEL-1A | 4230 111
PEL-2A 1224 136 PEL-1A | 2178 1.04 PEL-1A | 4338 1.00
PEL-2A 1242 138 PEL-1A | 2214 136 PEL-1A | 4356 1.0
PEL-2A 1,260 135 PEL-1A | 2232 131 2-RSS-1 | 1,500.8 1.60
PEL-2A 1,296 150 PEL-1A | 2,304 1.40 2-RSS-1 | 1,301.15 2,01
PEL-2A 1314 134 PEL-1A | 2340 132 2-RSS-1 | 1,301.75 094
PEL-2A 1,332 134 PEL-1A | 2376 136 2RSS-1 | 1,30225 1.47
PEL-2A 1,332 129 PEL-1A | 2412 147 2-RSS-1 | 1,303.60 1.49
PEL-2A 1,350 139 PEL-1A | 2484 161 2-RSS-1 | 1,304.05 139
PEL-2A 1368 123 PEL-1A | 2448 135 2-RSS-1 | 1,305.55 1.48
PEL-2A 1,386 134 PEL-1A | 2592 135 2RSS-1 | 1,506.10 155
PEL-2A 1,440 1.83 PEL-1A | 2628 118 2-RSS-1 | 1,306.10 2.06
PEL-2A 1,440 0.70 PEL-1A | 2,664 124 2-RSS-1 | 1,507.10 156
PEL-2A 1,476 132 PEL-1A | 2700 1.34 2-RSS-1 | 1,30855 1.94
PEL-2A 1512 1.59 PEL-1A | 2700 132 2-RSS-1 | 1,30855 147
PEL-2A 1818 128 PEL-1A | 2736 152
PEL2A | 2,097 142 PEL-1A | 2772 1.03
PEL2A | 2115 113 PEL-1A | 2962 102
PEL2A | 2187 133 PEL-1A | 3114 098
PEL2A | 2223 0.94 PEL-1A | 3132 0.78
PEL2A | 2295 1.09 PEL-1A | 3168 0.88

14.94 —11.4 Ma) at 1,350 m, and (vi) late Miocene (Tortonian— DISCUSSION

Messinian, 8.65 — 5.7 Ma) at 978 m (Fig. 4).

The ages obtained from drill-hole 2-RSS-1 indicate a
hiatus in the early Miocene (Burdigalian, 16.5 — 15.28 Ma)
at 1,301.17 m.

Stable isotope data obtained from drill-hole PEL-1A
ranged from -1.56 to 3.01%o and between -1.25 and 2.58%o
for oxygen and carbon, respectively. In drill-hole PEL-24,
values of 8O ratio ranged from -1.59 to 1.86%o and 8"*C
ratio varied between -1.77 and 2.31%o (Tab. 2).
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Post-depositional/burial processes

Sample preservation was assessed by evaluating shells’
microstructure using scanning electronic microscope imag-
ing, Sr/Ca ratio, and carbon and oxygen isotope analyses.
The studied samples’ Sr/Ca ratios values match with the
range of values recorded for Tertiary deposits foramin-
ifera shells from the South Atlantic, indicating the pres-
ervation of the shells’ original composition.
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Figure 3. 8’Sr/®Sr ratio data of drill-holes PEL-1A and PEL-2A and the corresponding relative ages.
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Figure 4. Hiatuses identified in the section of drill-holes PEL-1A and PEL-2A.

Most of the 880 and 8"C data acquired for the studied
section correspond to average values referred to in the literature
for Tertiary carbonates as confirmed in the compilation pre-
sented by Veizer et al. (1999). The 6'*O values do not co-vary
with 8"*C values (Fig. 5), representing evidence of original
isotopic composition preservation of most studied samples.

The group of samples presenting lighter and scattered
8'"%0 and 8"°C values may be related to the replacement of
the foraminiferal calcite by isotopically lighter cements.
This may be due to the shell’s interaction with isoto-
pically lighter water associated with the organic matter
oxidation and enrichment of the dissolved carbon in
2C (Savin & Douglas 1973; Scholle & Arthur 1980;
Killingley 1983; Williams ez al. 2005).

Shells exhibiting dissolution features were found in drill-hole
PEL-2A in an interval dated as late Miocene (9.46 — 10.35 Ma),
whereas in the sampled section of drill-hole PEL-1A, this type
of post-depositional alteration was not observed. Dissolution
takes place during the interaction of carbonates with water
sub-saturated in calcium carbonate (Collen & Burgess 1979).
Accordingly, the partial shell dissolution in the more proxi-
mal well PEL-2A may be related to meteoric water infiltration
caused by a regressive event, which could be associated with
the above-mentioned Tortonian—Messinian hiatus.

Shells presenting an oxidized coating were found in an
interval that ranges from Burdigalian to Tortonian in drill-
hole PEL-2A and in the Burdigalian section of well PEL-1A.
The oxidized shell concentration may be related to a regressive
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Table 2. Stable isotope data obtained from the studied samples

Drill-hole D(enlgh 618((:/03)1)13 5“(?,/(:;)3 Drill-hole Df:l;h 518(00/3)3 513(5/:3)3
PEL-2A 1,008 186 112 PEL-2A 2421 011 075
PEL-2A 1,044 -050 227 PEL-2A 2,457 -0.83 132
PEL-2A 1,098 -0.39 1.67 PEL-2A 2,529 -1.41 -0.17
PEL-2A 1116 057 153 PEL-2A 2,601 135 092
PEL-2A 1134 018 192 PEL-1A 2178 274 -1.09
PEL-2A 1,152 -0.81 1.45 PEL-1A 2,214 1.55 0.27
PEL-2A 1,170 -047 223 PEL-1A 2232 275 0.09
PEL-2A 1,188 053 159 PEL-1A 2,268 301 038
PEL-2A 1,206 -0.74 2.31 PEL-1A 2,340 1.33 0.01
PEL-2A 1,224 0.58 1.28 PEL-1A 2,376 0.71 1.79
PEL-2A 1242 0.5 168 PEL-1A 2,412 0.66 138
PEL-2A 1278 023 130 PEL-1A 2,448 001 1.00
PEL-2A 1,296 0.12 1.43 PEL-1A 2,466 0.77 1.75
PEL-2A 1,514 -0.09 123 PEL-1A 2,484 0.40 145
PEL-2A 1,332 028 163 PEL-1A 2,502 232 -0.04
PEL-2A 1,350 0.53 1.01 PEL-1A 2,556 2.60 -0.24
PEL-2A 1,368 084 079 PEL-1A 2,592 264 -0.49
PEL-2A 1,386 0.40 121 PEL-1A 2,628 0,67 192
PEL-2A 1,440 0.83 0.12 PEL-1A 2,664 -0.13 2.23
PEL-2A 1,458 037 131 PEL-1A 2,700 1050 258
PEL-2A 1476 020 003 PEL-1A 2,736 038 182
PEL-2A 1512 337 009 PEL-1A 2,772 2.50 075
PEL-2A 1,566 -1.59 151 PEL-1A 2,808 0.48 161
PEL-2A 1,602 0.8 115 PEL-1A 2,862 -0.89 162
PEL-2A 1638 041 189 PEL-1A 2,898 0.59 142
PEL-2A 1,818 1.02 1.03 PEL-1A 2,962 0.31 -0.40
PEL-2A 2,097 111 -0.05 PEL-1A 3,024 061 034
PEL-2A 2115 001 177 PEL-1A 3,042 125 028
PEL-2A 2,187 0.80 -0.54 PEL-1A 3,114 1.38 0.34
PEL-2A 2295 -0.99 -1.07 PEL-1A 3,186 1120 -0.80
PEL-2A 2,331 136 172 PEL-1A 3258 156 125
PEL-2A 2,403 -062 146 PEL-1A 3276 101 0.06
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Figure 5. 5'®0 versus §'°C plots for the studied drill-holes.

event that promotes the reworking of the Miocene deposits
by exposing areas of the platform. This matches the discon-
tinuities including the Burdigalian section mentioned above.

In drill-holes PEL-1A and PEL-2A, foraminifera shells
affected by cementation and neomorphism were found imme-
diately below the interval containing coated shells, which
forms the studied section’s older interval. Recrystallization
represents an important process of mineralogical stabiliza-
tion in which a textural modification takes place due to the
replacement of the shell’s biogenic calcite by larger crystals.
Degradation of the shell’s original texture is caused by suc-
cessive episodes of dissolution and re-precipitation, result-
ing in the complete replacement of the biogenic calcite by
inorganic calcite (Pearson & Burgess 2008). Recrystallization
affects the shell’s isotopic composition as the water in which
the neomorphic calcite had been precipitated presents a dis-
tinct composition (Williams ez a/. 2005).

Hiatuses and sedimentation rates

Based on the ages obtained from ¥Sr/*Sr ratios, it was
possible to recognize eight hiatuses in the studied section: six
in drill-hole PEL-2 and two in drill-hole PEL-1A (Fig. 4).
The significance of these hiatuses is based on their correla-
tion with events registered in adjacent basins.

The hiatus identified in the early Eocene section
(Ypresian) spanning 5.9 Ma in drill-hole PEL-2A can be
correlated to a discontinuity reported by Koutsoukos (1982)
(ca. 47.2 = 51 Ma) in the basin northern portion.

The hiatus identified in the early Oligocene section
(Rupelian) involving a time span of 1.73 Ma can be related
to the erosional unconformity and its correlative confor-
mity reported by Contreras et a/. (2010) that cover the inter-
val between ~30 and 33.9 Ma.

A gap was identified in drill-hole PEL-2A in the Rupelian—

Chattian interval spanning 2.41 Ma. In this same interval
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Contreras et al. (2010) also indicated a discontinuity, which
was interpreted as a maximum flooding surface. In this case,
the hiatus corresponds to the record of a condensed section.

A hiatus between late Oligocene (Chattian) and the early
Miocene (Aquitanian), which involves a time span of 1.75
Ma, was recorded in drill-hole PEL-1A. This hiatus can be
correlated with the unconformity identified by Anjos and
Carrefio (2004) between the late Oligocene and early Miocene
in the northern portion of the Pelotas Basin, based on plank-
tonic foraminifera biostratigraphy.

A disconformity identified between early and late Miocene
(Burdigalian—Langhian) spanning 2.9 Ma in drill-hole
PEL-1A and 1.21 Ma in drill-hole 2-RSS-1 can be related
to the erosional event of Burdigalian age (ca. 17.4 Ma),
named “Event E” that was registered in the southeastern
portion of the Brazilian continental margin (Antunes 1989;
Abreu & Savini 1994). Furthermore, other authors (Vail &
Hardenbol 1979; Haq ez al. 1988) have referred to a eustatic
fall for this age.

Another hiatus was identified in the Miocene section in
drill-hole PEL-2A. This major discontinuity between the
middle and late Miocene (Langhian—Tortonian) spanning
3.54 Ma that involved the complete Serravalian stage and
part of the Tortonian and Langhian stages can be related to
a hiatus between middle and late Miocene (~12 — 10 Ma) in
the Pelotas Basin as proposed by Koutsoukos (1982) based
on planktonic foraminifera biostratigraphy. Furthermore, an
erosive surface in the late Miocene section of the Pelotas Basin
(ca. 10 Ma) was reported by Fontana (1996). This hiatus was
also reported in other basins of the Brazilian continental mar-
gin (e.g. Viana e al. 1990; Rossetti 2001; Pasley ez al. 2004;
Arai 2000), representing a horizon of interregional correla-
tion in the basins of the Brazilian continental margin, caused
as a consequence of a sea-level fall in the middle Miocene
(Burdigalian—Serravalian).
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Up-section in the drill-hole PEL-2A, a hiatus was iden-
tified in the late Miocene section (Messinian—Tortonian), (m.10° years)
encompassing 2.95 Ma. A biostratigraphic study performed 0 100 200 300 400 500 600
by Gomide (1989) indicated the absence of the nanofossils 0 ' ' ‘ ' l
biozone N-630, of Tortonian age, in onshore wells drilled 2
in the Pelotas Basin. This indicates an unconformity involv-
ing at least the inferior portion of the early Miocene section. 4
Sedimentary rates were calculated based on the strontium |\|
isotopic ratio curve of drill-hole PEL-2A, which has a major &
data density. The results are shown in Fig. 6. The hiatuses con- g
sidered as unconformities are represented as gaps, as the lack 1
of sedimentary section by probable sub-aerial erosion would 10+ I —
induce a bias on the sedimentation rates. From the base of -
the studied section at 2,619 m (54.41 Ma) to 2,097 m (28.50
Ma) the sedimentation rates range from 18 to 51 m/10° years. 144
Only a short interval around 47 Ma presented higher rates
(about 88 m/10° years). Despite the fact that the section is 164
cut by some unconformities (Ypresian, Eocene-Oligocene, 18
Rupelian), the sedimentation rates are kept constant and
relatively low. 20-
Between 2,079 and 2,043 m (28.00 — 25.25 Ma), sed-
imentation occurred at the lowest rates for the entire sec- 221
tion (around 13 m/10° years). This interval probably con- 24,
tains the maximum flooding surface reported by Contreras —
et al. (2010) (Fig. 7). I 267
The sedimentation rates abruptly increased up-section o
00 28-
from 2,043 to 1,512 m (24.95 — 19.13 Ma); the background <
values were about 80 m/10° years. Two peaks of 385 m/10° 304
years and 300 m/10° years were observed at the age intervals
between 24.95 and 24.81 Ma and from 23.90 to 23.75 Ma, 324
respectively. The rates decreased between 1,512 and 1,386 m 54 I
(19.13 — 15.33 Ma), ranging from 29 to 37 m/10° years.
Above the middle-late Miocene unconformity the sed- 36
imentary rates reached the highest values for the entire sec-
tion. Between 1,386 and 1,260 m (10.55 — 9.85 Ma) the 58
rate was ca. 102 m/10° years. Between 1,260 and 1,098 m 40,
(9.85—9.40 Ma) the rate reached 576 m/10° years. These high
sedimentation rates can be related to the Rio Grande Cone, 42
a coeval feature developed in the southern portion of the
Pelotas Basin. The Rio Grande Cone has been interpreted as 44
a clastic wedge developed under higher rates of continental 46-
denudation (Alves 1977). Studies of large structures such as
the Rio Grande Cone and Amazon Cone point out the high 48-
sedimentation rate due to the higher sedimentation input
. . . 50
from larger river systems in short periods. One of the best
examples is the Amazon Fan, which is a sedimentary wedge 52-
containing thin-skinned structures with 10 km thickness and Hiatuses
approximately 300 km long (Cobbold e /. 2004) with an 54
average rate of up to 10,000 m/10° year (Flood & Piper 1997).
In the Rio Grande Cone more than 4 km of sediments were

deposited in a restricted area of 28,900 km? (Castillo-Lopez Figure 6. Sedimentation rates for drill-hole PEL-2A.
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Figure 7. Cross-section through the studied drill-holes, showing the important horizons identified.

2008) and is located close to the analyzed drill holes; hence,
the estimated sedimentation rate of 576 m/10° years during
an interval of hundred thousand years in the upper Miocene
is quite reasonable for the studied area.

Between 1,098 and 990 m (9.40 — 8.65 Ma) the sedi-
mentation rates had diminished to around 77 m/10° years.
Above the Tortonian—Messinian unconformity (between 990
and 828 m, 5.65 — 5.25 Ma) the rates increased again, ca.
231 m/100 years. The rates dropped to about 58 m/10° years
between 828 and 720 m (5.25 — 3.70 Ma).

Thermal events and paleoproductivity
Based on oxygen and carbon isotope ratio data from
the early Oligocene to late Miocene of drill-hole PEL-2A,
it was possible to recognize paleotemperature trends and
variations in productivity throughout the studied interval.
From the early Oligocene to late Miocene (Burdigalian)
a progressive lowering of 8'®O indicates a period of gradual
warming, culminating at 19.13 Ma, with a minimum 8O
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value of -3.37%o (Fig. 8). This event is consistent with reports
of a warming trend through late Oligocene to early Miocene
(Savin ez al. 1981; Hodell & Kennett 1985; Spezzaferri 1995).

From the early Miocene (Burdigalian, 19.13 Ma) to
middle Miocene (Langhian, 14.97 Ma) a positive §'*O
excursion tends to suggest a recrystallization effect caused
by the preferential removal of the 'O (Killingley 1983;
Williams ez al. 2005). This oxygen shift is supposed to be
caused by a diagenetic process as the interval between ca.
17 and 15 Ma represents a global warm period character-
ized as the middle Miocene Climatic Optimum (Zachos
eral. 2001). Additionally, neomorphism features were fre-
quently observed in the shells recovered from this interval.
As recrystallization can occur in micrometric scale, poorly
preserved shells might have been selected, which might
have influenced the stable isotope analyses.

The interval between 14.97 Ma (Langhian) and 10.4 Ma
(Tortonian) was poorly sampled, precluding a consistent
interpretation.
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Figure 8. 5'®0 and 4'*C data versus age for drill-hole
PEL-2A.

In the late Miocene, from 10.4 Ma (Tortonian) to
6.93 Ma (Messinian) a major cooling trend was interpreted
based on a 8'*O positive excursion (Fig. 8). This tempera-
ture decline is coherent with the paleoclimatic scenario of
the late Miocene, which was characterized by worldwide
cooling and ice-sheet growth in Antarctica (Zachos ez al.
2001; Billups 2002). In addition, the beginning of this
cooling trend matched exactly the glaciation event Mi-6
of Miller et al. (1991), the age that was astronomically
calibrated by Turco ez al. (2001).

A 8C positive excursion between Rupelian (28.16 Ma)
and Aquitanian (21.44 Ma) indicate a gradual increase
in the productivity or the burial of organic matter. This
trend can be related, although slightly out-of-phase, to the
above-mentioned warming event as milder climates pro-
moted enhanced weathering of the continental rocks and,
consequently, increase in nutrient influx and productivity.
A carbon isotope ratio positive excursion at late Oligocene
to early Miocene (24.4 — 22.6 Ma) was reported by Hodell
and Woodruff (1994), and was called “carbon isotopic maxi-
mum at Oligocene-Miocene boundary”. This event has been
recognized by other authors such as Zachos ez al. (2001),
Zhao et al. (2001) and Mutti ez /. (2005).
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CONCLUSIONS

Integration of the chronostratigraphic data generated in
this study with biostratigraphic data compiled from the lit-
erature provides elements to refine the chronostratigraphic
framework of Tertiary section of the Pelotas Basin.

The recognition of hiatuses that match those based
on biostratigraphic data, as well as with global events,
demonstrates the quality of the isotope data obtained.
Strontium isotope relative ages represent an alternative
method to biostratigraphy with high-quality data, although
the application of both methods and the comparison of
the results are highly recommended.

The use of ¥Sr/%Sr ratios enabled the identification of six
hiatuses in the studied section of the drill-hole PEL-2A: (i)
early Eocene, (ii) late Eocene to early Oligocene, (iii) early
Oligocene, (iv) early-late Oligocene boundary, (v) middle—
late Miocene, and (vi) late Miocene (eight discontinuities in
the studied drill-holes). Two of them were observed in the
studied section of the drill-hole PEL-1A: (i) late Oligocene
to early Miocene and (ii) between early—middle Miocene.
A hiatus in the early Miocene section was recognized in the
drill-hole 2-RSS-1. The ages obtained from the drill-hole
2-RSS-1 indicate a hiatus in the early Miocene.

The early-late Oligocene hiatus is considered a maximum
flooding surface. The other hiatuses identified are related to
unconformities. The very high sedimentation rate estimated
for the Upper Miocene Section is linked to the formation
of the 4,000-m thick Rio Grande Cone structure situated
in close proximity to the analyzed drill holes.

Isotopic data (8"C and 8'®0) from the early Oligocene
to the late Miocene section from drill-hole PEL-2A support
the identification of a global warming trend.
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Appendix 1. Drill-hole PEL-2A 8’Sr/®Sr ratio data and the corresponding ages

_ 8 | _ g8 | _ 8
£ 5 4 | £ 5 4 | E 5 | 4
£t o % e | & (&l &| % e | B &l g | 5 o
Elel 2| 9 5 el 2| 7 5 2l 2| @ &
720 P 3.70 0.708489 0.000058 1,314 P 10.35 0.708935 0.000013 2,061 B 25.60 0.707711 0.000014
720 B 3.70 0.708606 0.000042 1,332 B 10.55 0.708869 0.000013 2,079 B 28.00 0.707938 0.000014
738 P 4.01 0.709209 0.000032 1,350 B 11.40 0.708846 0.000013 2,097 B 28.50 0.708039 0.000014
738 B 401 0.709034 0.000015 1,368 B 14.97 0.708687 0.000017 2,115 B 28.51 0.707679 0.000012
756 B 4.32 0.708837 0.000017 1,386 B 15.33 0.708691 0.000017 2,133 B 28.52 0.708039 0.000012
786 B 463 0.708939 0.000015 1,404 P 15.79 0.708734 0.000015 2,151 B 29.10 0.708016 0.000012
792 B 494 0.708934 0.000018 1,422 B 16.30 0.708472 0.000014 2,169 B 29.87 0.707752 0.000012
828 B 5.25 0.709028 0.000013 1,440 B 16.90 0.708488 0.000014 2,187 B 30.65 0.707961 0.000011
882 B 5.50 0.709021 0.000013 1,458 B 17.50 0.708509 0.000039 2,205 B 32.38 0.707898 0.000014
900 B 5.55 0.708807 0.000015 1,458 B 18.10 0.708311 0.000018 2,223 P 33.01 0.708136 0.000011
936 P 5.6 0.709087 0.000013 1,476 B 18.72 0.708532 0.000012 2,259 B 33.65 0.707826 0.000012
972 B 5.65 0.709059 0.000014 1,512 P 19.13 0.708374 0.000014 2,277 B 40.6 0.707069 0.000012
978 B 5.70 0.709011 0.000014 1,548 B 19.55 0.708468 0.000014 2,295 P 41.78 0.707878 0.000014
990 B 8.65 0.708924 0.000014 1,566 P 20.28 0.708247 0.000012 2,331 B 42.95 0.707789 0.000011
1,008 B 8.85 0.708967 0.000035 1,602 P 21.01 0.708384 0.000011 2,367 P 4413 0.707893 0.000012
1,026 B 9.15 0.709067 0.000019 1,620 B 21.22 0.70827 0.000018 2403 B 45.30 0.70777 0.000017
1,044 B 9.35 0.708909 0.000015 1,638 P 21.44 0.708467 0.000014 2,411 B 46.48 0.70781 0.000012
1,098 P 9.40 0.708906 0.000017 1,674 B 21.65 0.708342 0.000012 2,421 B 46.69 0.707872 0.000012
1,116 P 9.42 0.708952 0.000019 1,692 B 22.30 0.708259 0.000012 2,439 B 46.89 0.707807 0.000014
1,134 B 9.45 0.708905 0.000022 1,728 B 22.95 0.708477 0.000011 2,457 B 47.10 0.708095 0.000014
1,134 B 9.45 0.708834 0.000024 1,782 B 23.60 0.708223 0.000011 2,475 B 47.30 0.707896 0.000011
1,152 P 9.48 0.708916 0.000026 1,818 B 23.75 0.708319 0.000012 2529 B 48.88 0.707810 0.000012
1,170 B 9.51 0.708906 0.000017 1,863 B 23.90 0.708207 0.000014 2,547 B 50.47 0.707802 0.000011
1,188 P 9.54 0.708950 0.000019 1,899 B 24.32 0.708306 0.000012 2,601 B 52.44 0.707819 0.000012
1,206 P 9.57 0.708931 0.000021 1,917 B 25.53 0.707922 0.000014 2,619 B 54.41 0.707849 0.000012
1,224 P 9.60 0.708921 0.000014 1,935 B 24.75 0.708163 0.000011

1,242 P 9.65 0.708899 0.000014 1,953 B 24.81 0.707606 0.000012

1,260 B 9.85 0.708892 0.000017 1971 B 24.87 0.707693 0.000014

1,278 P 10.00 0.708914 0.000014 2,007 B 24.95 0.708155 0.000011

1,296 P 10.20 0.708951 0.000014 2,043 B 25.25 0.707960 0.000011

B=benthic foraminifera; P= Planktic foraminifera.
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Appendix 2. Drill-holes PEL-1A and 2-RSS-1 &’Sr/%Sr ratio data and the corresponding ages.

Drill-hole Depth (m) Type Age 87Sr/%6Sr Erro abs. (29)
PEL-1A 2,142 B 149 0.708785 0.000128
PEL-1A 2,178 B 17.8 0.708607 0.000113
PEL-1A 2,268 P 18.5 0.708548 0.000128
PEL-1A 2,304 P 189 0.708518 0.000128
PEL-1A 2,448 P 199 0.708525 0.000128
PEL-1A 2,736 P 20.9 0.708393 0.000128
PEL-1A 2,844 P 22.9 0.708263 0.000127
PEL-1A 2,988 P 211 0.708384 0.000016
PEL-1A 3,132 M 20.3 0.70842 0.000128
PEL-1A 3,168 B 20.15 0.708432 0.000014
PEL-1A 3,186 P 21.05 0.708384 0.000014
PEL-1A 3,258 P 215 0.708345 0.000014
PEL-1A 3,276 P 214 0.708362 0.000128
PEL-1A 3,312 P 21.8 0.708328 0.000014
PEL-1A 3,384 P 22.7 0.708274 0.000127
PEL-1A 3,402 P 24.45 0.708177 0.000113
PEL-1A 3,492 P 329 0.707869 0.000014
PEL-1A 3,510 P 34.15 0.708011 0.000014
PEL-1A 3,528 P 32.15 0.707913 0.000020
PEL-1A 3,582 P 30.95 0.707949 0.000016
PEL-1A 3,708 P 344 0.707793 0.000016
2-RSS-1 1,300 B 15.28 0,708766 0.000050
2-RSS-1 1,303.6 B 16.5 0,708689 0.000028
2-RSS-1 1,304.05 B 16.6 0,708697 0.000050

B=benthic foraminifera; P= Planktic foraminifera; M = mixed benthic and planktic foraminifera.
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