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Abstract: The faunas of the highly fossiliferous Pirabas Formation belong to the southern part of the
biogeographical unit known as “Neogene Tropical America’. This unit developed prior to the closure
of the Central American Seaway by the Isthmus of Panama. Until now, the age of the Pirabas Forma-
tion was inferred only from biostratigraphy. The Sr-isotope (*’Sr/*°Sr) values of pectinid shells from
the Pirabas Formation show that most parts of this unit were deposited during the Late Burdigalian
(about 16-17 Ma). Thisresult does not contradict biostratigraphic data and it constrains the age of the
Pirabas Formation more tightly than do previous estimates of age, it for future, more precise biogeo-

graphical comparisons.
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1. Introduction

The Pirabas Formation is one of the most fossilifer-
ous lithostratigraphic units of Brazil. It contains a high
number of taxathat represent mainly plants, microfos-
sils, mollusks, echinoderms, bryozoans, fishes, croco-
diles, and sirenians (see compilations of TAvora et al.
2004; Rosserti & Goes 2004). The formation occurs
on the northern and northeastern coast of Brazil (Para,
Maranh&o and Piaui states), and is overlain by Early-
Middle Miocene estuarine siliciclastic deposits of the
Barreiras Formation (RosserTi et al. 2013). The forma-
tion was deposited in environments typical of coastal
deposits, such as shallow platform, tidal flat, lagoon
and mangroves separated from the inner shelf by isand
barriers (FERreIRA 1977; GOEs €t al. 1990), and com-
prises mainly carbonates, intercalated with laminated
sltstones, and, less commonly, fine-grained sandstones.
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The stratal architecture indicates an overall prograda-
tional pattern, but sedimentation was influenced by cy-
clical transgressive-regressive events that affected both
lithology and biota (NoGuEIrA €t al. 2011; RosseTTI €t
al. 2013).

The location of the Pirabas Formation is signifi-
cant because it occurs in the southernmost part of the
Baitoan or Miocene Caribbean Province (WOODRING
1971, 1974; Peruch 1982, 1988, 2003; VErMED 2005),
abiogeographical unit of “Neogene Tropical America’,
developed before the Central American Seaway was
closed by growth of the Isthmus of Panama (WoobrinG
1966; JacksoN et al. 1993; AGuiLEra €t al. 2011; O’Dea
et al. 2016) (Fig. 1). The Brazilian fossi| faunaisthere-
forerelated closely to Caribbean ones, and, consequent-
ly, the accurate determination of its age is of utmost
importance in order to make appropriate correlations
across these areas in the Neogene.
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Fig. 1. Schematic map of Central America and northern South America. The outline of the Baitoan or Miocene Caribbean
Province, according to WoobrinG (1971, 1974), Petucu 1982, 1988, 2003) and VermEw (2005) isindicated by athick black
line. L Location of the rich fossiliferous assemblages of the Pirabas Formation. 2. Southern limit of the fossiliferous as-

semblages (impoverished) (FERrEIRA 1970; TAvora et al. 2010).

As detailed below, the age of the Pirabas Forma-
tion has been established on paleontological grounds,
and has been subject to one imprecise attempt at nu-
merical dating (BELucio & Tavora 2001). WHiTE (1887)
assigned a Cretaceous age to some beds of the Pirabas
Formation. The dating was questioned by WoobrING
(1926) and Oriveira (1953) who noted that WHiTE
(1887) had mixed fossils and localities thus resulting
in erroneous interpretations. In a brief note, Maury
(1919) proposed a Tertiary age for the Pirabas beds,
and suggested preliminary correlations. Later, in her
classic monograph, Maury (1925), assigned an Early
Miocene age to the Pirabas beds, mainly based on the
presence of the gastropod Orthaul ax pugnax (HEILPRIN
1887) (see also CookEe 1922). This age was overlooked
for many years.

Discussions of the age range represented by the
Pirabas Formation (Oligocene-Miocene or Early
Miocene) have been influenced by whether or not
outcrop or subsurface (borehole) information was
interpreted. Studies of outcrops seem to assign alimited
age range in the Early Miocene to the Formation, while

studies of borehole material indicate a more extensive
succession ranging in age from the Late Oligocene to
Early Miocene. These studies are reviewed below.
FeErrelrA et al. (1981), based on a study of
foraminiferafrom acore (VilaMae do Rio “48”, Irituia
town, Para state), considered that the lower and middle
portion of the formation are Oligocene in age, due
to the presence of Globorotalia opima (biozone N2,
BrLow 1969), while the upper portion is characterised
by a typical benthic Miocene assemblage. Later,
FErRNANDES (1984), FErRrREIRA €t al. (1984) and Fer-
NANDES & TAvora (1990) studying the foraminifera
from cores from Capanema, Belém and Irituia towns,
correlated the studied strata with the global biozones
N4 and N5 (Aquitanian-Burdigalian, BLow 1969),
based on the presence of an assemblage consisting
of Globorotalia opima, G. rohri, Globigerinoides
guadrilobatus altiaperturus, G. trilobus trilobus
(Early Miocene) (Eomiocene) and G. primordius
(base of Early Miocene). The presence, however, of
Globorotalia kugleri and Globoquadrina dehiscens
(Late Oligocene-Early Mioceng)), and the nannofossil
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Fig. 2. Geographic positions of localities mentioned in the text (black circles).

Triquetrorhabdulus carinatus (L ate Oligocene-Early
Miocene) (ConcHEYRO & TAvora (1992) allowed the
base of the formation to be extended downward to the
biozone N2 of BLow (1969), dating the whole sequence
as (Late Oligocene-Early Miocene) (N2—N5, Chattian-
Burdigalian). Studies throughout the Bragantina Zone
(Capanema and Maracand) and Belém confirmed this
age (FErNANDES & TAvora 1990, TAvorA & FERNANDES
1999).

Onthebasisof palynological studiesof material from
diverse outcropsin Para state, Leite (2004) recognized
the Crototricolpites annemariae, Echitricolporites
maristellae, and Polypodiaceoisporites potoniei
assemblage, compatible with Hoorn's (1993) concurrent
range zone of Psiladiporites—Crototricolpites and
Crassoretitriletes (Interval Zone sensu LORENTE
1986) from the Early-Middle Miocene. Later, studies
on the Baunilha Grande Ecofacies indicated a late
Early Miocene age (Zone T-13 of Malvacipolloides
maristellae according to JaramiLLo et a. 2011) (An-
tonioLi et al. 2015).

The age of the Pirabas Formation can be con-
strained by numerical methods. BELUcio & TAvora

(2001) made an early attempt to use &Sr/#Sr values of
pectinid shells to date the formation with Sr-isotope
stratigraphy. Unfortunately, they encountered some
methodological problems and only an abstract of their
work was published. Nevertheless, some aspects of this
abstract will be discussed |ater. Here three new 8Sr/%6Sr
values are presented and interpreted in terms of age to
show that the studied sections of the Pirabas Formation
are of Burdigalian (Early Miocene) age.

2. Material and methods

Sr-isotope stratigraphy is used to date three specimens of
Pectinidae from the Paleontological collection of the Mu-
seu Paraense Emilio Goeldi (MPEG). They correspond to
(nomenclature according to FERNANDES & TAvora 1989):
Chlamys (Chlamys) thalera (Maury 1925), from Ilha de
Fortaleza (0°4143" S; 47°10'23" W, Chlamys (Argopecten)
capanemensis FErrEIRA 1960, from Quarry B-11, Capanema
(1°722,82" S, 47°9'2,37" W); and Chlamys (Leptopecten)
latiaurata (Conrap 1837) from Quarry B5, Capanema
(1°7'31,51" S, 47°9'12,11" W). Representative specimens
of these nominal species are shown in Ramos et al. (2009).
The geographical locations from which the samples were
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Table 1. ¥Sr/*Sr ages obtained in thiswork and from BeLucio & TAvora (2001). During the period of measurement for this
study, the long-term 2 s.d. of measurement for NIST987 was 0.000 009.

L ocality Sample D | Species 87Sr/86Sr + Age Stage
Min |Mean| Max
ThisWork
Capanema, quarry B-11  |ArgB-11 | C. capanemensis | 0.708 641 | 0.000008 | 17.0 | 17.2 | 17.3 |Burdigalian
Capanema, quarry B-5 Arg B-5 C. latiaurata 0.708 669 | 0.000007 | 16.6 | 16.8 | 17.0 |Burdigalian
Ilha de Fortaleza Argl deF |C.thalera 0.708 721 | 0.000007 | 15.8 | 16.0 | 16.2 |Burdigalian
Standard NIST987 0.710 248 | 0.000 009
Bellicio & Téavora (2001)
Bed B-17 0.708 506 | 0.000058 | 18.13 | 18.79 | 19.55
Bed B-17 0.708453 | 0.000199 | 17.0 | 19.45 | 23.06
Atalaia 0.708900 | 0.000040 | 745 | 95 | 109
Atalaia 0.708 669 | 0.000065 | 15.86 | 16.78 | 17.64
Ilha de Fortaleza 0.708 671 | 0.000025 | 16.4 | 16.75 | 17.09
No standard data given

collected are shown in Fig. 2, and the stratigraphy of the
locationsis givenin Figure 3.

The samples were cleaned of adhering matrix by physi-
cal abrasion, and then broken into cm-sized pieces. The
pieces were cleaned by brief immersion in 1% nitric acid,
then washed with ultra-pure water, and finally weredried in
a clean environment. From these pieces, the best preserved
oneswere gently broken into sub-mm-sized pieces. From the
fragments, about 10 mg of the best-preserved pieces were
hand-picked under the microscope for later analysis. The
diagnostic features of good preservation are fragmentation
along the original layering to yield thin, sheet-like, fragments
of transparent calcite, and an absence of Fe or Mn stains. In
assessing alteration, we did not employ the common methods
of trace-element analysis, XRD, or stable-isotopic analysis
as more than 20 years experience with these methods has
shown that they are less sensitive at revealing alteration than
isvisual examination under the microscope. Examination
by CL is sometimes useful, but as some modern carbonate
shells have luminescent portions (Barsin et al. 1991) it is not
always diagnostic.

The picked samples were dissolved in nitric acid, evapo-
rated to dryness, and Sr was separated from the residue us-
ing column chromatography with Sr-Spec resin. All analyses
reported here have been adjusted to a value of 0.710248 for
NIST987, previoudy known as SRM987. Multiple replicates
of the standard NIST987 run before, during, and after the
isotopic analysis reported here gave an external precision of
0.000 009 (Table 1).

Numerical ages were derived from 8Sr/%Sr ratios using
the LOWESSS calibration curve of McARrTHUR €t al. (2012).
The uncertainties on the numerical ages are derived by com-
pounding the uncertainty of measurement with the uncer-
tainty on the calibration line.

3. Results and Discussion

Results are summarized in Table 1, along with the three
dates obtained from different species and from differ-
ent localities. The three ages span an age range of 1.2
myrs and indicate a late Burdigalian age (about 16-17
Ma) for the studied portion of Pirabas Formation. The
Burdigalian comprises the lapse between 20.44 and
15.97 Ma (Conen et al. 2013).

Previoudly, BELucio & TAvora (2001) presented in
an abstract the results of five #Sr/%Sr analyses of valves
of Chlamysfrom threelocalities of the Pirabas Forma-
tion. The values are reproduced here in Table 1. These
ages are problematical because firstly, the authors do
not provided &Sr/%Sr data for the standards that were
measured at the time of their analysis, so theinterlabo-
ratory bias is not known; the values cannot therefore
be directly compared to values presented here, nor can
they be reliably converted into numerical ages using
LOWESS 5, although thisis done in the present study
to provide tentative ages. Nevertheless, interlaboratory
biasis unlikely to be more than 0.000040 (McARTHUR
1994), equivalent in the early Neogene to an age range
of around 0.7 Ma, so these ages, although approximate,
remain indicative and are accepted here. More prob-
lematically is the fact that the Sr-isotope ratios, for the
most part, have large uncertainties (Table 1) which re-
sult in high uncertainties on derived age. Nevertheless,
as ¥Sr/%Sr increases at a high rate per myrs through
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Fig. 3. Stratigraphic sections of |1ha de Fortaleza (A) and
Quarry B5 (B) (modified from Gogs et al. 1990). The fos-
sils used for the Sr analyses come from the beds indicated
by asterisks.

the lower and middle Miocene (sensu lato), the large
uncertainties in &Sr/%Sr introduce an age uncertainty
of no more than 3.6 Ma (Table 1). Finally, the agesin
BeLucio & TAvora (2001) were derived using an early
Sr-isotope calibration (DePaoLo & INGRAM 1985) rather
than one of the more up-to-date calibrations available
in 2001 Here we use the more recent calibration of
McARTHUR €t al. (2012). Note that the ages of BELucIo
& TAvora (2001) could not be adjusted for interlabora-
tory bias, so they arelikely to be systematically in error
by up to aputative 0.7 Ma.

BeLucio & TAvora (2001) attribute the differences
between resultsfrom de I1ha de Fortaleza + Atalaiaand
B 17 to differencesin sample preparation, , the first two
being cleaned by mechanical methods and the B 17 by
acetic acid. Nevertheless, 4 of the 5 values gave numeri-
cal ages smilar to those presented in this paper. The
outlier may be an erratic rather than an altered sample,
as alteration tends to decrease 8"Sr/%Sr in samples from
South America (see Scasso et a. 2001; peL Rio et al.
2013), owing to the influence of a volcanic (mantle)
component in the sediments that was derived from the
high Andes volcanic chain.

The Burdigalian ages of 16.0 to 17.3 Maindicated
by our Sr-isotope stratigraphy agrees with the biostrati-
graphic ages based on foraminiferaand palynomorphs.
The agesimproves the stratigraphic resolution and con-
strains the age of the upper, thickest part of the Pira-
bas Formation to the youngest part of the Burdigalian
(20.44 to 1597 Ma; ConeN et al. 2013) rather than to
the older part as stated, for example in AGUILERA et al.
(2014). These results are biogeographically significant
because since thefirst descriptions, the fauna has been
related to other faunas from the Northern Hemisphere,
particularly with those from the Caribbean and the
southwestern coast of North America (e.g. Maury 1925;
WoobrING 1966; FERrEIRA 1980). Several of these Ca-
ribbean and North American faunas have been dated by
Sr-istope stratigraphy. One of the units most frequently
mentioned as correlative to the Pirabas Formation isthe
Chipola Formation (Florida). Dating by strontium iso-
tope stratigraphy (BryanT et al. 1992) gave an estimat-
ed age of 18.3-18.9 Mafor the upper part of the Chipola
Formationm of northwestern Florida (17.5 to 18.3 Ma
recalculated to NIST987 0.710248 and the LOWESS
5 calibration of McARTHUR €t al. 2012). These recal-
culated ages are also Burdigalian but are dightly older
than our ages for parts of the Pirabas Formation.

Moreno et al. (2015) and Henpy et al. (2015) pre-
sented &Sr/%Sr ages from 17.45 to 17.51 Ma (Burdi-
galian) for the Jimol Formation (northern Colombia).
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The value for NIST987 was given only as 0.71024 (five
significant figures) but independent evidence suggests
that avalue of 0.710246 might apply. Recalculated here
to 0.710248 and LOWESS 5, these ages are between
16.8 + 0.3 Ma at the top of the Jimol Formation and
17.3 £ 0.3 Maat 60 m below the top. These ages arethe
same within uncertainty as those presented here for the
Pirabas Formation.

In Venezuela, ages obtained from biostratigraphy
(planktonic foraminifera and calcareous nannoplank-
ton) and Sr-isotope stratigraphy (Grirriths et al. 2013)
are coincident in assigning a Burdigalian age to the
Cantaure Formation, with the latter method indicating
an age range between 16.3 and 16.6 Ma (16.4 + 0.2 and
16.6 £ 0.2 Ma converted to LOWESS5). The Culebra
Formation in Panama was al so dated by strontium iso-
tope stratigraphy by Kiry et al. (2008), whose ages
are 23.07 — 20.62 Ma (20.7 + 0.5 recalcul ated here) for
the basal and middle part of the unit, and 19.83 — 19.12
(18.8 £ 0.2 recalculated here) for the upper part. There-
fore, this upper part is Burdigalian in age. Based on the
new age results, it is now possible to compare the fauna
of the Pirabas Formation with itstemporal relativesin a
more precise time frame, with the consegquent improve-
ment of biogeographical hypotheses.

4. Conclusions

The age range of 16.0 to 17.3 Ma for the studied sec-
tions and, by extension, of the outcropping part of the
Pirabas Formation from northern Brazil (i.e., the upper
and thicker portion of the unit) is constrained to the
youngest part of the Burdigalian, based on the & Sr/%Sr
rates obtained from pectinid shells from three differ-
ent localities. These datings refine previous age assign-
ments obtained by biostratigraphy, and together with
others recognized for different units of the “Neogene
Tropical America’, will allow for amore accurate his-
tory of faunistic changes related to the uplift of the
isthmus of Panamé.
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