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ARTICLE INFO ABSTRACT

Editor: Isabel Patricia Montanez Several studies have reported Miocene shallow-marine incursions in the Pebas Megawetland system (Western
Amazonia) based on paleontological and sedimentological evidence. Only a few publications restricted to Middle
and Late Miocene fossils outcropping in the Iquitos (Peru), Benjamin Constant and Eirunepé (Brazil) areas have
provided isotopic evidence to test these incursions. In this study, we present new carbon, oxygen, and strontium
(87Sr/868r ratios) isotopic data of macrofossils (pacu and ray teeth, crab claws and oysters), and microfossils
(ostracods and foraminifera) from reported lower to lower upper Miocene sedimentary rocks of Western and
Eastern Amazonian (Peru and Brazil), mainly from shallow-marine deposits. It was also analyzed present-day
organisms from distinct environments (beach, sea, riverine, and estuary) and compared these results with
Miocene fossils. While C and O isotopic compositions indicate that Western Amazonia fossils display an isotopic
composition similar to the present-day continental, limnic and riverine, environments (—17%o to —5.61%o for
513C and — 10.14%0 to —1.92%o for 5!°0), Eastern Amazonia fossils display C and O isotopic compositions
comparable to those from seawater environments (—2.53%o to —0.72%o for 5'3C and — 4.85%0 to —1.76%o for
5180). We further used the 87Sr/%Sr isotopic composition of the fossils to estimate paleosalinity conditions. The
873r/85sr isotopic compositions indicates that Eastern Amazonian water bodies of the Pirabas Formation (Marajé
Basin) varied from mesohaline to marine conditions. In contrast, Early Miocene Western Amazonian water bodies
of the Pebas Megawetland System (PMWS) are characterized by freshwater conditions. Nonetheless, in Middle
and Early Late Miocene, oligohaline conditions are found in the Peruvian part of the PMWS. Paleosalinity es-
timates of the Brazilian part of the PMWS are less constrained and might indicate a salinity range between
freshwater or oligohaline conditions. Our isotopic data suggest the PMWS was occasionally submitted to oli-
gohaline conditions during Middle and Early Late Miocene shallow-marine incursions. We suggest that Miocene
shallow-marine incursions in Western Amazonia at this time were characterized by transitional paleoenviron-
ments, reconciling isotopic, sedimentological and paleontological evidences.
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1. Introduction

The number, extent and provenance of Miocene shallow-marine in-
cursions that affected the Western part of Amazonia have received much
attention and are still a matter of debate [e.g. (Nuttall, 1990; Hoorn,
1993, 1994; Hoorn et al., 1995; Mathalone and Montoya, 1995; Rasanen
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etal., 1995; Gingras et al., 2002a; Gingras et al., 2002b; Hermoza, 2004,
Hermoza et al., 2005; Rebata et al., 2006; Wesselingh and Macsotay,
2006; Wesselingh et al., 2006; Hovikoski et al., 2007a, 2007b, 2010;
Latrubesse et al., 2007, 2010; Hoorn and Wesselingh, 2010; Hoorn et al.,
2010; Roddaz et al., 2010; Wesselingh et al., 2010; Rebata, 2012) among
many others]). At this time, this area was occupied by the Pebas
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Megawetland system, a long-lived wetland formed by a complex mosaic
of swamps, lakes and fluvial systems influenced by marine incursions
episodes (Early to Early Late Miocene) and the riverine, locally lacus-
trine, Acre systems (Late Miocene; Hoorn et al., 2010; Marivaux et al.,
2020). Recent studies suggest the occurrence of three shallow-marine
incursions within Western Amazonia during Miocene times: i) one
Early Miocene incursion between 18.1 and 17.2 Ma, expanding through
Venezuelan and Colombian basins to the Solimoes Basin (e.g. Duenas-
Jimenez, 1980; Hoorn, 1990, 1993, 1994; Rull, 2001; Gémez et al.,
2005; Parra et al., 2009; Linhares et al., 2011; Villegas et al., 2016;
Jaramillo et al., 2017; Linhares et al., 2017); ii) one Middle Miocene
incursion between 16.1 and 12.4 Ma, expanding through Venezuelan
and Colombian basins to the Ucayali Basin and the Solimoes Basin (e.g.
Hoorn, 1990, 1993, 1994; Monsch, 1998; Vonhof et al., 1998, 2003;
Wesselingh et al., 2002; Salas-Gismondi et al., 2006, 2007; Antoine
et al., 2007, 2016; Bayona et al., 2007; Duenas-Jimenez and van der
Hammen, 2007; Gross et al., 2014, 2015; Jaramillo et al., 2011; Boon-
stra et al., 2015; Chabain et al., 2017; Jaramillo et al., 2017; Medeiros
et al., 2019); iii) one Late to Middle/Early Late Miocene incursion be-
tween 12 and 10 Ma, approximately, expanding through Ecuadorian,
Peruvian, Bolivian and Brazilian basins (e.g. Tschopp, 1953; Nicolaidis
and Coimbra, 2008; Uba et al., 2009; Hoorn and Wesselingh, 2010;
Linhares et al., 2011; Salas-Gismondi et al., 2015; Antoine et al., 2016;
Chabain et al., 2017; Linhares et al., 2017; Kern et al., 2020). There is
only one Early Miocene marine incursion recorded within Eastern
Amazonia in the Pirabas Formation of the Brazilian Marajo Basin (e.g.
Petri, 1957; Fernandes, 1984; Goes et al., 1990; Rossetti and Santos Jr.,
2004; Rossetti, 2006; Zalan and Matsuda, 2007; Tavora et al., 2014;
Ferreira, 2015; Nogueira et al., 2019).

Shallow-marine incursions in the Amazonian sedimentary basins
have been identified mainly based on the presence of marine and
brackish water fossils (e.g., dinoflagellates, pollens and benthic fora-
minifera, fishes [selachians]), bioturbations, and tidal structures (see
Hovikoski et al., 2010; Boonstra et al., 2015, and references therein). In
the Brazilian intracratonic basins, such as the Solimoes Basin, the only
piece of evidence is based on fossils, and no tidal structures have been
identified so far (Gross et al., 2011; Gross et al., 2013; Linhares et al.,
2011, 2017; Medeiros et al., 2019).

Besides these evidences, geochemical proxies, such as stable and
radiogenic isotopes, may also be powerful tools to identify marine in-
fluences in continental areas. For instance, oxygen isotopic ratio in
water can vary by mixing two sources with distinct *¥0/1%0 signatures
(freshwater and seawater for example), and some contribution from
evaporation processes (Bigg and Rohling, 2000). The carbon isotopes of
dissolved inorganic carbon (DIC) in coastal to estuarine settings can
have a direct relationship with water salinity, especially above 25 psu
(Mook and Vogel, 1968; Fry, 2002; Bouillon et al., 2011). In contrast to
stable isotopes, the 7Sr/%0Sr isotopic compositions of carbonate fossils
are neither altered by evaporation/precipitation nor by biological pro-
cesses (Schmitz et al., 1991; Bryant et al., 2015). Therefore, fossil
873r/865r ratios may be used as a proxy indicator of salinities of modern
and ancient brackish-water systems (Ingram and DePaolo, 1993; Bryant
et al., 1995; Holmden et al., 1997; Spencer and Patchett, 1997; Vonhof
et al., 1998, 2003). In Western Amazonia, paleosalinity estimates based
on the strontium isotopic composition of mollusk shells indicate a pre-
dominantly freshwater environment, but also reveal the rare presence of
mesohaline and oligohaline waters within the Pebas Megawetland
associated with the presence of a more saline molluscan faunal assem-
blage (Vonhof et al., 1998, 2003). Although restricted to a local area,
these pioneering studies have shown the utility of these isotopic proxies
for detecting and characterizing the salinity of Amazonian paleoenvir-
onmental depositional systems.

This study aims to provide C, O and 7Sr/%°Sr isotopic data of fossils
recovered from Miocene sedimentary sequences that shallow-marine
incursions were reported in Western and Eastern Amazonia. We
analyze a wide array of macro- and microfossils of presumably Miocene
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shallow-marine intervals from sedimentary basins of the Peruvian and
Brazilian Amazonia. We discuss whether these isotope data may be
reconciled with the sedimentological and paleontological evidence for
marine incursions presented in previous studies (Fig. 1).

2. Material and methods
2.1. Material

One hundred and five samples were selected from diverse shallow-
marine, and few non-marine, intervals from Western Amazonia (Peru
and Brazil) and Eastern Amazonia (Brazil) for 613C, 6180, and 87Sr/%%sr
analyses (Table S1; Figs. 2 and 3). In these samples, we have analyzed
374 fossil specimens. As a complimentary database, Table 1 shows the
salinity ranges in which the most representative fossil groups are
assigned to live in their habitat.

2.1.1. Early to Early Late Miocene (23-11 Ma)

Twenty-one Early Miocene fossil specimens were selected for isotope
analysis, among which 13 were collected from marine sequences of the
Pirabas Formation in Maraj6 Basin at Atalaia Beach and Capanema areas
(Para State, Brazil) by the authors. In detail, five foraminifera tests
(Amphistegena), one crab claw and two ray teeth (Myliobatis) come from
Atalaia Beach. One urchin and four manatee vertebrae fragments come
from Capanema. Also, eight Early Miocene pacu teeth were collected
from the Pebas Formation in the Ucayali Basin at CTA-63 locality
(Contamana area, Peru; Antoine et al. (2016).

Ninety-four Middle Miocene fossil specimens were selected for
isotope analysis. Overall, 56 Cyprideis ostracod shells and 18 Ammonia
and Elphidium foraminifera tests were recovered from the Solimoes
Formation (well 1-AS-33 AM) by Medeiros et al. (2019). For the sake of
comparison, 44 ostracods were taken from non-marine intervals
(106.65 m, 147.4 m, 156.8 m, 157.35 m, 260.05 m and 290.05 m
depths), and 12 ostracods and 18 foraminifera were taken from reported
marine incursion intervals (136.35 m and 139.4 m depths). Moreover,
four crab claws and eight pacu teeth were collected from a reported
marine interval of the Ipururo Formation in the Huallaga Basin at the
outcrop TAR-31 (Tarapoto area, Peru; ~13.1-12.6 Ma; Marivaux et al.,
2020). In addition, eight pacu teeth were collected from a reported
marine interval of the Pebas Formation in the Ucayali Basin at CTA-45
locality (Contamana area, Peru; Antoine et al., 2016).

Finally, for the lower upper Miocene interval (~12-9 Ma), 253 fossil
specimens were selected for isotope analyses. Among these specimens,
14 Cyprideis shells, 14 Ammonia tests, four gastropod shells, and three
charophytes oogonia were analyzed from reported marine (110.2 m
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Fig. 1. Paleogeographical hypothesis for the marine incursions intervals, using
the scenario of the Amazonia Basin during Miocene as background (adapted
from Gross et al., 2015).
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Fig. 2. Location of the analyzed fossil samples classified by the time of the Miocene marine incursion occurrences within the Amazonian Basin. Structural archs and
forebulge positions and ranges are defined according to Roddaz et al. (2005) and Espurt et al. (2007).
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depth of the 1-AS-5 AM well and 73.6 m depth of the 1-AS-7D AM well)
and non-marine (50.0 m and 115.5 m depths of the 1-AS-7D AM well)
intervals of the Solimoes Formation (Ana Paula Linhares [Pers. Com.]
and Linhares et al., 2017, 2019, respectively). Other 11 pacu teeth, 24
Pristis teeth, two crab claws, two Crassostrea oysters and 165 Ammonia
foraminifera tests were recovered from previously reported marine in-
tervals of the Pebas Formation in the Ucayali Basin at CTA-43 (Lower

Upper Miocene), CTA-44top, CTA-58 and CTA-77 (transition between
Middle and Late Miocene), and CTA-43 (lower upper Miocene) localities
in the Contamana area, Peru (Antoine et al., 2016). Finally, three Cyp-
rideis ostracod shells, three Hydrobiidae mollusks shells and five
Ammonia foraminifera tests were analyzed from a reported marine in-
terval of the Pebas Formation in the Maranon Basin (Nuevo Horizonte
area, Peru; Wesselingh et al., 2002).
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Most representative fossil groups analyzed in this study and their respective salinity tolerance and bathynetry range. Observe that most of those groups lived in distinct

environments and could adapt to salinity levels below seawater.

Fossil Group Genera Range of salinity tolerance Bathymetry Bibliography
range (m)
Ostracoda Cyprideis High, freshwater to hypersaline (0-40 psu 0-30 Coimbra et al. (2007); Boomer et al. (2016); Meyer
approximately) et al. (2017)
Foraminifera =~ Ammonia High, slightly oligohaline to hypersaline (1-70 psu 0-50 Murray (1991); Hohenegger et al. (1993); Murray
approximately) (2006); Gross and Piller (2020)
Elphidium High, slightly oligohaline to hypersaline (1-70 psu 0-50 Murray (1991, 2006); Hohenegger et al. (1993);
approximately) Chappell and Wang (2001); Gross and Piller (2020)
Amphistegina Low, marine (coral reefs and lagoons; usually higher 0-130 Zmiri et al. (1974); Murray (1991); Murray (2006)
than 34 psu)
Bony fish Pacu (serrasalmines family) Low, freshwater to mesohaline waters (0-10 psu 0-10 Barbosa Jtnior et al. (2010); Souza-Bastos et al.
approximately) (2016)
Rays Myliobatis (eagle ray) High, freshwater (less common) to estuarine and 0-20 McEachran and Aschliman (2004); Cousseau et al.
marine (2007)
Pristis (saw-fish) High, slightly oligohaline to marine (including 0-20 Stevens et al. (2008); Thorburn et al. (2008)
coastal areas, estuaries and swamps; 1-41 psu)
Crabs Trichodactylidae family Freshwater to polyhaline waters (0-21 psu) 0-2 Magalhaes (1999); Yeo et al. (2008); Firmino (2009);
(freshwater crabs) Klaus et al. (2017)
Charophytes Stephanochara Freshwater to polyhaline waters (0-20 psu) 0-10 Blindow (2000); Sanjuan and Martin-Closas (2012)
2.1.2. Recent reference standard (V-PDB) and were calibrated against NBS-18 and

Thirteen recent specimens were retrieved from in distinct Amazo-
nian sites (Table S1). In details, samples from Eastern Amazonia
comprise three frog bones and three crab shells (originated from an owl
regurgitation), and two oysters (Crassostrea sp.) from Atalaia Beach and
Mosqueiro Island; and 4 foraminifera tests (Amphistegina) from a well of
the Piatam Ocean Project, located 150 km away from the coast. Samples
from the Western Amazonia include a trichodactylid crab claw from a
bank of the Tarauaca River at the Acre State (Brazil).

2.2. Stable isotopes (C and O) and Fe-Mn concentrations

Most of macrofossil sample preparation includes cleaning with
methanol and ultrasonic waves (Boyle, 1981; Rosenthal et al., 1999) to
remove adherent clays onto their surfaces, and pulverization of larger
macrofossils (as urchins and crab claws) with a drill or fragmentation of
smaller macrofossils (as ray and fish teeth) with an agate mortar to
obtain 5-10 mg powder aliquots (one per sample). Each aliquot is the
result of pulverization or fragmentation of one or more specimens of the
same fossil species (Table S2). For oysters from outcrops CTA-58 and
CTA-77 (Contamana area), we used a microdrill to take aliquots of the
same specimen along the shells’ growth lines and away from the umbos
(5 mm spacing). For microfossil samples, we handpicked the cleanest
specimens by stereo microscope evaluation (Zeiss Stemi 508).

The macrofossil samples were analyzed at the Geochronology Lab-
oratory of the University of Brasilia on a Delta V Plus mass spectrometer
connected to a Gas Bench II apparatus. Samples reacted with H3POg4 at a
temperature of 72 °C after flushing the flask using helium flow. Stable
isotope results are reported in delta notation relative to the Vienna Pee
Dee Belemnite reference standard (V-PDB) and were calibrated against
NBS 18 (§"*Cv.ppp = —5.01%0 and §'®Oy.ppg = —23.2%0) and NBS 19
(813CV_pDB = 1.95%0 and SISOV_pDB = —2.20%0) standards. Repeated
analyses of the NBS 18 standard gave —5.32%o + 0.09 for 8'°C and —
23.68 + 0.1 for 5'%0 (SD, n = 40) close to the recommended value.
Linear regression of the standard results followed by correction of the
samples data were made to account for instrumental bias. Data uncer-
tainty (SD) varies from +0.01%o to +0.28%o for 5'3C and from £0.01%o
to +0.12%. for §'%0.

Microfossils were analyzed at the Geochronology Laboratory of the
University of Brasilia on a MAT 253 mass spectrometer connected to a
Kiel IV Carbonate device. Within Kiel IV the samples reacted with H3PO4
at a temperature of 70 °C and the CO, generated by this reaction went
through a two-phase cryogenic trapping system that filters HyO and
other gases and leads the CO; to the mass spectrometer. The results are
reported in delta notation relative to the Vienna Pee Dee Belemnite

NBS-19 standards and Rei-1 (613Cv_pDB = —7.85%0 and 6180v_pDB =
—7.90%0), OC-1 (8'3Cy.ppg = 2.49%0 and &'80y.ppg = —2.40%0) and
CABRA (6'%Cy.pps = 2.00%0 and §'®0y.ppg = —5.00%0) internal stan-
dards. Repeated analyses of the NBS 18 standard gave —4.81 + 0.08 for
513C and — 22.70 =+ 0.42 for §'%0 (SD, n = 10). Linear regression of the
standard results followed by correction of the samples data indicated
that their uncertainty (SD) varies from 0.01%o to 0.25%o for 5!3C and
from 0.02%o to 0.21%o for 5'%0.

The residual solution obtained from the stable isotope analysis (so-
lution of the sample after HgPO4 attack), of 32 samples from Brazilian
and Peruvian Western Amazonian sites were used to determine their
concentrations of Fe and Mn (samples 10-12, 14-27, 28-29, 31-36,
94-99; Table S2). The residual material of each sample was attacked
with HNOs3 (2.5 M) in distinct Savilex digestion vessels and diluted in
MilliQ water (factor of dilution = 7) within 15 mL conical tubes. Af-
terward, Fe and Mn contents were determined by OES-ICP- (5100 Agi-
lent, USA) at the Geochemistry Laboratory of the University of Brasilia.
ICP-OES detection limits are set as 2 pg/L for Mn and 10 pg/L for Fe. The
relative standard deviation of the Fe and Mn concentrations varies from
10 to 11% for Fe and 8 to 9% for Mn data.

2.3. ¥sr/%sr isotopic composition

Thirty-five Sr/%%Sr measurements were obtained in fossils and
modern organisms from Amazonia. In most instances, we have used
more than one specimen for each analysis. Among the 35 analyzed ali-
quots, 31 also have §'C and 5'%0 isotopic compositions. The macro-
fossil samples were previously cleaned with methanol and ultrasonic
waves (Boyle, 1981; Rosenthal et al., 1999) to remove adherent clays
onto their surfaces. The measurement of 8”Sr/®Sr ratios followed two
different procedures: one based on 20-mg aliquot macrofossil powder;
and another based on the residual solution taken after 5'C and §'%0
analysis, when possible. Regarding the first methodology, after
powdering, an aliquot of 20 mg was weighed in cleaned Savillex PFA
vials and then digested with 2 mL of acetic acid (CHsCOOH; 0.5 N) to
remove only the carbonate fraction and avoid leaching of 8’Rb and
radiogenic &Sr from the non-carbonate constituents. Then, a sequence
of ultrasonic bath for 20 min, centrifugation for 10 min, supernatant
retrieve (1 mL), evaporation in a hot plate (60 °C), and finally, disso-
lution in 1 mL HNOj3 (2,9 N) was done for each sample before loading
into ionic exchange columns. Regarding the second methodology, re-
sidual solution from 5'3C and 5'®0 analysis were digested with 1 mL of
HNO3 (2.9 N) for 24 h and then, loaded into exchange columns.
Concentrated Sr solutions were obtained after ion chromatography
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using an ion exchange resin Sr-spec. Blank tests performed to estimate
the level of contamination induced by the acid digestion were found to
be negligible. The 87Sr/%0Sr ratios were then measured using a Neptune
Thermo MC-ICP-MS at Geochronology Laboratory of the University of
Brasilia. The measurements were calibrated against NBS 987 standard
(= 0.710240; Hodell et al., 2007). Repeated analyses of the NBS 987
standard gave an ®7Sr/%Sr ratio of 0.71028 + 0.000020 (2SD, n = 40) in
agreement with the recommended value of Hodell et al. (2007), there-
fore no instrumental bias needs to be taken into account.

2.4. Statistical methods

Statistical methods, such as ANOVA one-way and t-tests for instance,
were applied to our results using the software RStudio version 1.3.1093
(RStudio Team, 2020) in order to evaluate changes in the variability of
the carbon and oxygen isotopic data of the analyzed samples.

2.5. Paleosalinity calculations

Paleosalinity estimates based on fossil Sr isotopic composition fol-
lowed the methodology developed in Vonhof et al. (1998, 2003). For
Western Amazonia, paleosalinity estimates were calculated through
standard binary-mixing models (Eq. (1); Vonhof et al., 1998, 2003)
using three end members with distinct isotopic compositions: Miocene
seawater, cratonic runoff, and Andean runoff.

St /%81, = {(*'Sr/*Sr, x [St], x A+ ¥'Sr/%Sr, x [St], x B) }
+{(Ax[St],+Bx[St],) } 1)

Eq. (1). Equation, based in Vonhof et al. (1998, 2003), for con-
struction of binary-mixing models using the Sr concentrations and
873r/86sr isotopic ratios of the end members cited in the text.

In Eq. (1), 8781 /%081, is the Sr isotopic ratio of a mixture of two end
members, 7Sr/%%Sr, and 87Sr/%0Sry, are the Sr isotopic ratios of each end
member, [Sr], and [Sr]}, are the Sr concentrations of each end member,
and A and B are the relative proportions of each end member in the
mixture (A + B = 1). Regarding the end members’ Sr parameters, Sr
concentration and 8”Sr/%°Sr ratios of the Miocene seawater end member
are the same as in Vonhof et al., 1998, 2003; (Table 2). For the cratonic
and Andean runoff end members, we used the data from Vonhof et al.
(1998) and other data from modern Amazon Basin rivers (Allegre et al.,
1996; Santos et al., 2014; Table 2).

Based on these models, we made water mixing curves diagrams and
875r/%55r vs seawater content (or salinity) cross plots. The interception
between the 87Sr/%08r ratios of the analyzed samples and mixing curves

Table 2
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defines seawater content and paleosalinity estimates. Freshwater and
oligohaline-water salinity curves (0.5 and 5 psu) were calculated uti-
lizing the previous binary-mixing models and calibrated with a seawater
salinity curve (Howarth and McArthur, 1997).

3. Results

This section presents the geochemical results of the analyzed samples
according to the chronological order of the reported shallow-marine
incursions (Table S2). For comparison, we present stable isotopic re-
sults together with carbon and oxygen isotope ranges of modern mol-
lusks from North America rivers, Great Lakes, and North Atlantic
Seawater, the Black Sea and the San Francisco Bay estuary (Keith et al.,
1964; Ingram et al., 1996; Logvina et al., 2004; Varol, 2015), as well as
Miocene stable isotopic data from Vonhof et al. (1998, 2003), and Gross
and Piller (2020) and Recent data from Gaillard et al. (2019). Although
we use modern parameters from localities distinct from our sampling
sites, the isotopic fractionation processes in those environments are
likely to have occurred in the most common environments of the Pebas
Megawetland System as well (e.g. lakes, rivers and swamps).

We also present 87Sr/%6Sr isotopic ratios together with Miocene
875r/86gr isotopic ratios measured in Vonhof et al. (2003). Ages of
Buenos Aires, Porvenir, Nuevo Horizonte and Los Chorros outcrops were
updated according to Boonstra et al. (2015) and Gross and Piller (2020).

3.1. Recent

Carbon and oxygen isotopic data from Recent specimens range from
—16.87%0 to —0.07%o, and — 8.01%o to —0.12%o, respectively (Fig. 4A;
Table S2). Overall, there are two distinct data populations. The first one
comprises the mollusks sampled at the Brazilian and Peruvian Amazon
rivers (Zenodo database; Gaillard et al., 2019), crab claws and frog
bones sampled at Para State (Brazil) mangroves, crab claws sampled at
Acre State (Brazil) rivers and an oyster sampled at Mosqueiro Island
(estuary environment; Silva, 1975; Venturieri et al., 1998). These sam-
ples present carbon isotope values ranging between —16.99%. and —
9.81%o, and oxygen isotopes values between —8.01%o and — 1.31%o. The
Peruvian river mollusks and both riverine and mangrove crab claws
present lower 5'%0 values than the Brazilian river mollusks and the
estuarine oyster. The second data population comprises the foraminifera
(Amphistegina) sampled in the Equatorial Atlantic Ocean and the oyster
(Crassostrea) sampled at Atalaia beach. These samples present less
negative 5'3C and 5'20 values, closer to those of the North Atlantic
seawater range (Fig. 4A; Table S2).

87Gr/80Sr ratios and Sr concentrations of seawater in Early Miocene (Psiladiporites zone), Middle Miocene (Crassoretitriletes zone) and Late Miocene (Grimsdalea zone)
times (Howarth and McArthur, 1997), and present-day rivers (Palmer and Edmond, 1992) used by Vonhof et al. (1998, 2003) (left side). Same data from Santos et al.
(2014) with cratonic freshwater and catchments data contribution from Allegre et al. (1996) (right side).

Vonhof et al. (1998, 2003)

Santos et al. (2014)

Allegre et al. (1996)

End members 87gr /805y Sr (ppm)
Seawater Grimsdalea zone 0.70886 7.886
Seawater Crassoretitriletes zone 0.70876 7.886
Seawater Psiladiporites zone 0.70855 7.886
Cratonic freshwater 0.7282 0.0107
Andean freshwater 0.7074 0.0416
Napo River 0.7059 0.0416
Catchments 875r,/86r Sr (ppm)
Andean catchments

Madeira subbasin 0.7188 0.098
Ucayali-Maranon subbasin 0.7093 0.235
Northern Andes subbasin 0.7074 0.0291
Cratonic catchments

Guyana craton rivers 0.7266 0.0103
Brazilian craton rivers 0.7307 0.0112

End members 878r /805y Sr (ppm)
Seawater Grimsdalea zone 0.70887 7.886
Seawater Crassoretitriletes zone 0.70877 7.886
Seawater Psiladiporites zone 0.70855 7.886
Cratonic freshwater 0.73072 75
Andean freshwater 0.70868 0.1713
Napo River 0.70592 0.0515
Catchments 875r/86r Sr (ppm)
Madeira subbasin 0.71677 0.098
Ucayali-Maranon subbasin 0.70887 0.279
Northern Andes subbasin 0.7074 0.0291
Guyana craton rivers 0.73072 75
Brazilian craton rivers 0.74496 75
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Fig. 4. Carbon versus oxygen isotopes cross plot of lower to Middle Miocene (C), lower upper Miocene (B) and Recent (A) fossil samples. Black boxes represent
standard stable isotopes values of modern mollusks from North Atlantic seawater, Great Lakes, and North American rivers (Keith et al., 1964), the San Francisco Bay

estuary (Ingram et al., 1996) and the Black Sea (Logvina et al., 2004; Varol, 2015).

3.2. Early to Middle Miocene (23-12.1 Ma)

Carbon and oxygen isotopic data of Early and Middle Miocene fossil
samples present two data populations. The first group comprises fossils
from the Pebas Megawetland System (well 1AS-1S-33AM from the
Brazilian Amazonas Basin, and outcrops TAR-31, CTA-63 and Nuevo
Horizonte from the Peruvian Amazon) and exhibits 8'3C values between
—12.78% and — 7.21%o, and §'%0 between —10.13%0 and — 4.07%o
(Fig. 4C; Table S2). These data are similar to the most negative 5'%C and
5180 values of the mollusks analyzed by Vonhof et al. (1998, 2003) and

the ostracods and foraminifera analyzed by Gross and Piller (2020),
which are close or within the North American river interval (Fig. 4C).
The §'3C and 8'®0 data of foraminifera and ostracods from marine
incursion intervals of the well 1-AS-33-AM plot in the same range as the
ostracods from non-marine intervals. The second data population con-
sists of 6!3C and 580 values of Early Miocene samples from the Pirabas
Formation (Marajo Basin at Eastern Amazonia). They yield less negative
5'3C and 580 values, which plot close to the North Atlantic seawater
and within the San Francisco estuary intervals (Fig. 4C).

873r/80Sr isotopic ratios of Early Miocene fossils are variable and
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range from 0.70759 to 0.70885 (Fig. 5; Table S2). Samples from Peru-
vian Western Amazonia (Contamana area) have 875r/86gr compositions
that range between 0.70759 and 0.70771, being slightly less radiogenic
than those of Indiana outcrop of Vonhof et al. (2003). Samples from the
Pirabas Formation (Marajo Basin), exhibit more radiogenic 87gr /865y
isotopic ratios, ranging between 0.70866 and 0.70885 (Fig. 5).

The Middle Miocene fossils from the Peruvian Western Amazonia
(Contamana and Tarapoto areas), yield a narrow range of 87Sr/%Sr ra-
tios between 0.70771 and 0.70819, similar to those of Santa Rosa/Pebas
and Los Chorros/Nuevo Horizonte/Porvenir of Vonhof et al. (2003)
(Fig. 5). The Middle Miocene fossils from the Brazilian Western Ama-
zonia (well 1-AS-33-AM) present a wide range of ’Sr/3%Sr isotopic ratio
between 0.70607 and 0.73424 (Fig. 5).

3.3. Earliest Late Miocene (11.9-11 Ma)

Carbon and oxygen isotopic data of earliest Late Miocene fossils from
Brazilian and Peruvian Amazon basins range from —16.76%o to —5.61%o,
and — 9.71%o to —1.92%o, respectively (Fig. 4B; Table S2). Overall, they
plot between the North American river and the Great Lakes boxes,
similar to those from Early/Middle Miocene fossils of Western Ama-
zonia, but closer to the San Francisco estuary interval (Fig. 4B). How-
ever, there is a distinct population of foraminifera (Ammonia) from the
Peruvian Amazon (CTA-44 outcrop) that presents more negative 513c
values (between —13.51%0 and — 16.76%o; Fig. 4B).

The analyzed fossil samples from Peruvian Western Amazonia
(Contamana area), yield 87Sr/%0Sr isotopic ratios ranging between
0.70778 and 0. 0.70861 (Fig. 5; Table S2). They plot within the Santa
Rosa/Pebas box to slightly above the Los Chorros/Nuevo Horizonte
/Porvenir box of Vonhof et al. (2003); Fig. 5). The Middle Miocene
fossils from the Brazilian Western Amazonia (wells 1-AS-7D-AM and 1-
AS-5-AM) present a wider range of 875r/80sr (0.70802 and 0.71026;
Fig. 5).
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4. Paleosalinity estimate based on 37Sr/%5Sr isotopic ratio

The potential end members for the calculation of binary-mixing
models include Andean rivers, cratonic rivers and seawater (hence-
forth called by A, C and S respectively). For the Early to Early Late
Miocene Peruvian Western Amazonian samples (Ucayali and Huallaga
Basins, Contamana and Tarapoto areas respectively), a binary mixture
between seawater and Andean rivers (S-A model) is the most likely
scenario. We envisage no contribution of cratonic rivers in the area is
expected, since sediments in the North Amazonian retroarc foreland
basins had already an Andean provenance during Miocene times (Rod-
daz et al., 2005; Villegas et al., 2016; Louterbach et al., 2017; Hurtado
et al., 2018). Mixing models using & Sr/%Sr isotopic composition of the
analyzed Peruvian Amazonian samples suggest that paleosalinity varied
between 0.17 and 3.15 psu, which corresponds to 0.5-9% of seawater
content (Supplementary Datafile 1, Table 3). In details, samples 1 and 7
(pacu teeth) indicate freshwater conditions, while samples 8, 9, 28, 37,
38, 39, 40, 48, 49 and 94 (other pacu teeth, mollusks, Pristis teeth, crab
claws and Cyprideis ostracod) indicate oligohaline waters (Fig. 6;
Table 3).

For the Early to Middle Miocene Brazilian Western Amazonian
samples (1-AS-33-AM, 1-AS-5-AM and 1-AS-7D-AM wells), three alter-
native binary mixtures are possible: seawater and Andean rivers (S-A
model), seawater and cratonic rivers (S—C model), and Andean and
cratonic rivers (A-C model). This occurs because Neogene sedimentary
rocks of the Brazilian Amazonian retroarc foreland basin system are
located to the east of the Iquitos forebulge, and may be either sourced by
Andean or cratonic paleodrainage system (Roddaz et al., 2005; Roddaz
et al.,, 2006; Horbe et al., 2019). The different mixing models are
detailed below:

i. Seawater and Andean rivers mixing models were applied to
samples that yielded %Sr/80Sr isotopic compositions below the
875r/805r ratios of Middle (0. 70,876) and Early Late Miocene

Size suggestion: two columns
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Fig. 5. 87Sr/®Sr ratio vs age crossplot for lower Miocene, Middle Miocene and lower upper Miocene Amazonian fossil samples from Contamana and Tarapoto, 1-AS-
33-AM well, Nuevo Horizonte and Belém sites with their respective full stratigraphic range. Dashed boxes represent molluskcan data from Vonhof et al. (2003) for the
following Peruvian sites: Indiana (I), Pebas (Pb), Santa Rosa (SR), Los Chorros (LC), Porvenir (P), Nuevo Horizonte (NH) and Buenos Aires (BA).
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Table 3
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Paleosalinity estimation, % of seawater content or % of Andean vs Cratonic water content based on binary mixing calculations of the 87Sr/%°Sr isotopic composition of

analyzed sample.

Samples 878r/%6sr Binary mixing model
Andean waters vs Seawater Cratonic water vs Seawater Andean water vs Cratonic water
PSU % Seawater Interpretation PSU % Seawater Interpretation %Andean % Cratonic
Peruvian Western Amazonian basins
1 (pacu teeth) 0.70759 0.17 0.5 Freshwater N.C. N.C. N.C. N.C. N.C.
7 (pacu teeth) 0.70771 0.48 1.37 Freshwater N.C. N.C. N.C. N.C. N.C.
28 (mollusks) 0.70785 0.6 1.8 Oligohaline N.C. N.C. N.C. N.C. N.C.
37 (ray teeth) 0.70778 0.52 1.5 Oligohaline N.C. N.C. N.C. N.C. N.C.
40 (Pristis ray teeth) 0.70779 0.6 1.8 Oligohaline N.C. N.C. N.C. N.C. N.C.
8 (crab claws) 0.70797 1.05 3 Oligohaline N.C. N.C. N.C. N.C. N.C.
9 (pacu teeth) 0.70819 1.4 4 Oligohaline N.C. N.C. N.C. N.C. N.C.
38 (crab claws) 0.70856 2.8 8 Oligohaline N.C. N.C. N.C. N.C. N.C.
39 (pacu teeth) 0.70795 1.05 3 Oligohaline N.C. N.C. N.C. N.C. N.C.
48 (Pristis ray teeth) 0.70787 0.87 2.5 Oligohaline N.C. N.C. N.C. N.C. N.C.
49 (pacu teeth) 0.70798 1.22 3.5 Oligohaline N.C. N.C. N.C. N.C. N.C.
94 (Cyprideis ostracod) 0.70861 3.15 9 Oligohaline N.C. N.C. N.C. N.C. N.C.
Brazilian Western Amazonian basins
20 (Cyprideis ostracod) 0.70607 0 0 Freshwater N.C. N.C. N.C. 100 0
15 (Cyprideisostracod) 0.70848 2.27 6.5 Oligohaline N.C. N.C. N.C. 89 11
18 (Cyprideis ostracod) 0.70851 2.45 7 Oligohaline N.C. N.C. N.C. 88 12
24 (Cyprideis ostracod) 0.70814 1.57 4.5 Oligohaline N.C. N.C. N.C. 91.5 8.5
27 (Cyprideis ostracod) 0.70806 1.57 4.5 Oligohaline N.C. N.C. N.C. 92.5 7.5
34 (Charophyte) 0.70831 1.92 5.5 Oligohaline N.C. N.C. N.C. 91 9
96 (Cyprideis ostracod) 0.70885 3.5 10 Oligohaline N.C. N.C. N.C. 87 13
99 (Neritina gastropoda) 0.70802 1.4 4 Oligohaline N.C. N.C. N.C. 93 7
12 (Ammonia foraminifera) 0.71051 N.C. N.C. N.C. 4.55 13 Oligohaline 74 26
13 (Elphidium foraminifera) 0.70909 N.C. N.C. N.C. 4.9 14 Oligohaline 83 17
16 (Ammonia foraminifera) 0.73424 N.C. N.C. N.C. 0.98 2.8 Oligohaline 5.5 94.5
19 (Cyprideis ostracod) 0.70889 N.C. N.C. N.C. 5.6 16 Mesohaline 86 14
21 (Cyprideis ostracod) 0.71021 N.C. N.C. N.C. 4.2 12 Oligohaline 75 25
25 (Cyprideis ostracod) 0.70978 N.C. N.C. N.C. 4.72 13.5 Oligohaline 79 21
33 (Ammonia foraminifera) 0.71026 N.C. N.C. N.C. 4.02 11.5 Oligohaline 75.5 24.5
36 (Cyprideis ostracod) 0.7092 N.C. N.C. N.C. 4.9 14 Oligohaline 84 16
Bragzilian Eastern Amazonian basins
2 (manatee vertebrae) 0.70872 N.C. N.C. N.C. 10.5 30 Mesohaline N.C. N.C.
3 (urchin) 0.70866 N.C. N.C. N.C. 9.8 28 Mesohaline N.C. N.C.
4 (crab claws) 0.7087 N.C. N.C. N.C. 10.15 29 Mesohaline N.C. N.C.
6 (Myliobatis ray teeth) 0.70885 N.C. N.C. N.C. 11.5 33 Mesohaline N.C. N.C.
N.C. = Not Calculated
(0.70886) seawater. The models suggest that paleosalinity for
0‘73425 * these samples ranged between 0 and 3.5 psu, which corresponds
0.7110 Oligohaline to 0-7% of seawater content (Supplementary Datafile 1, Table 3).
0.7105 In details, samples 15, 18, 20, 24, 27, 34, 96 and 99 (Cyprideis,
0.7100 " ===mmguus R charophyte and Neritina gastropods) returned freshwater to oli-
0.7095 Mesohaline gohaline conditions (Fig. 6, Table 3).
&% 07090 T mmra 5 ii. Seawater and cratonic rivers mixing models were applied to
& 0.7085 Gl samples that yielded 875r/85r isotopic compositions above the
' Oligohali . . .
P 0.7080 genaine : 873r/85r ratios of Middle and Early Late Miocene seawater (0.
I Y Wty " : St 70,876 and 0.70886 respectively). The models suggest that
' i paleosalinity ranged between aproximately 1-5.6 psu, which
0.7070 0,
Andean corresponds to 2.8-16% of seawater content (Supplementary
U.7065 Rrsshwater Datafile 1, Table 3). In details, samples 12, 13, 16, 19, 21, 25, 33
0.7060 | and 36 (Cyprideis, Ammonia or Elphidum) returned oligohaline to
0.7055 Age (Ma) mesohaline conditions (Fig. 6, Table 3
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 . ( & . .c )- . .
Al & = B iii. Andean and cratonic rivers mixing model was applied using the
N8| & o L 5 . . " .
§ g Z | Toronan | & | & |Burigalan g 873r/85r isotopic composition of all the samples cited above and
© g |7 & . . . . .
IR 2= - indicated a high Andean water contribution (range: 74-100%,
G Supplementary Datafile 1, Table 3) with exception of the sample

Fig. 6. Paleosalinity estimates for lower to lower upper Miocene fossil samples
for Peruvian and Brazilian sites (foraminifera samples are marked as stars).
Dashed blue (Andean water) and red (cratonic water) curves were calibrated
based on the Miocene marine %’Sr/%Sr reference solid black curve (Howarth
and McArthur, 1997) and the paleosalinity calculations respectively. (For

interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

16 (Ammonia) that indicates dominant contribution of cratonic
river waters (~94.5% cratonic, Supplementary Datafile 1,
Table 3).

For the Early Miocene Eastern Amazonian samples (Pirabas Forma-

tion, Marajé Basin and Belém area), a binary mixture between seawater

and cratonic rivers is the most probable scenario since the deposition of
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Oligocene to Middle Miocene sediments had a cratonic provenance in
this region (Figueiredo et al., 2009; Stewart et al., 2016; Van Soelen
et al., 2017). Mixing models using 8’Sr/2°Sr isotopic composition of the
analyzed Pirabas Formation samples suggest that paleosalinity range
varies between approximately 9.8-11.5 psu, which corresponds to
28-33% of seawater content (Supplementary Datafile 1, Table 3). In
details, samples 2, 3, 4 and 6 (crab claws, Myliobatis teeth, urchin and
manatee vertebrae) returned mesohaline conditions (Fig. 6, Table 3).

5. Discussion
5.1. Influence of diagenesis and vital effect

Diagenesis may modify the original chemical and isotopic composi-
tion of carbonate rocks and fossils, leading to misinterpretation of
paleoenvironmental conditions and paleosalinity estimations (Allan and
Matthews, 1982). Since there is no evidence for hypogenic fluids in any
of the rock unit studied, post-depositional isotopic modification of car-
bonate rocks and fossils could be related to interaction with clay-pore
filling and organic matter accumulation. While organic matter would
yield very negative 5'3C values, clay minerals could affect their primary
Sr isotopic composition Jin et al., 2006 and references therein. To avoid
diagenetic influence, we selected only well-preserved samples that have
no visual signs of recrystallization or infilling material. Moreover,
macrofossil specimens were cleaned with methanol and ultrasonic
waves (Boyle, 1981; Rosenthal et al., 1999) to remove adherent clays
onto their surfaces.

A potential diagenetic imprint may also be evaluated based on spe-
cific geochemical elemental concentrations such as Mn and Fe (Veizer,
1983; Jones et al.,, 1994; McArthur, 1994). Following Vonhof et al.
(2003), we have used threshold values of 200 ppm for Fe and 100 ppm
for Mn as threshold concentrations for indicating geochemical diage-
netic imprint. All analyzed samples present Fe and Mn concentrations
lower than the threshold concentrations (Table S2). This is an indication
that diagenetic processes may not have affected significantly the pri-
mary isotopic composition of the fossils.

Biological control in skeletons formation (e.g., as metabolic pro-
cesses) can lead to a broad intraspecific dispersion on the stable isotopic
compositions of biomineralized tissues. These processes referred as ‘vital
effect” (Urey et al., 1951; Weiner and Dove, 2003) may control the
isotopic composition of analyzed sample and thus prevent any paleo-
environmental interpretation based on isotopic composition. The vital
effect on isotopic composition depends on the fossil groups and their
ontogeny/growth rates parameters (McConnaughey, 1989; McCon-
naughey et al.,, 1997; Klein et al., 1996; Lorrain et al., 2004). For
instance, 5'3C and 5'®0 values of some mollusk and ostracod species
may vary between 1 and 3%. because of metabolic effects and/or
calcification processes (e.g. Keatings et al., 2002; Ford et al., 2010;
Pérez-Huerta and Andrus, 2010; Bournemann et al., 2012). Therefore,
small fluctuations in 5'3C and 8'80 values in the isotopic composition of
Early to Early Late Miocene ostracods and foraminifera samples in the
same site (Fig. 3B and C) might be explained by ‘vital effects’. However,
we argue that the isotopic composition variation of a fossil taxon intra-
site is narrower than the variation among-sites for the same taxon. This
observation is supported by a statistical ANOVA test with 5'%C and 5'%0
data of Early Late Miocene foraminifera (Ammonia) from sites CTA-44
and CTA-58 (Ucayali basin, Peru; Table S3), which are two distinct
sites of the same age that have a high number of individual analyses. The
ANOVA test returned P-values lower than 0.05 and hence, supported its
null hypothesis: §'3C and 580 variations among-sites are different sta-
tistically and are higher than intra-sites variations. Thus, we suggest that
the isotopic variations among sites cannot be explained by ‘vital effects’
alone.
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5.2. Fossils isotopic compositions and paleoenvironmental constraints

5.2.1. Eastern Amazonia (Early Miocene and recent)

Recent marine oysters from Atalaia Beach and foraminifera
(Amphistegina) from the Equatorial Atlantic Ocean present '3C and §'%0
values characteristic to those of the Atlantic seawater (Fig. 4A). In
addition, the foraminifera specimens yield a 878r/80Sr ratio (0.7091;
Table S2) that is close to average global seawater range
(0.709073-0.709243; e.g. Hodell et al., 1990; Brand et al., 2003;
McArthur et al., 2006). Mangrove frog bones and crab claws from the
Par4 State present negative 5'3C and 8'%0 signals that are close to the
North American river’s parameter. High 87Sr/%0Sr isotopic ratios of
these samples (0.71236 and 0.71209 respectively; Table S2) are
consistent with a significant cratonic river contribution to the environ-
ment where those organisms lived.

In contrast, calcite-skeleton oyster from Mosqueiro Island has more
negative 5'3C and §'%0 values, closer to those of aragonite-skeleton
mollusks from Manaus (Fig. 4A). These lower isotopic values can be
explained by the fact that the Mosqueiro Island holds a dense tropical
forest and mangrove vegetation (rich in C3 plants) grown on podzols
and hydromorphic soils. In addition, local surface water presents vari-
able salinity (0-5 psu) and pH (5.4-7.19) values (Silva, 1975; Venturieri
et al., 1998; Miranda et al., 2015; Rossetti, 2006). In such environment,
local water’s 5'°C (DIC and DOC) and 580 values are highly variable
because of variations in precipitation/evaporation, freshwater/seawater
influx, and input of soil-derived carbon driven by groundwater influx
(Muylaert et al., 2005; Dalrymple and Choi, 2007). The §!3C and §'%0
values of Early Miocene samples from Pirabas Formation (~ —0.5 to
—3%o and — 1.5 to —5%o respectively) are similar to those of San Fran-
cisco Bay estuary and close to those of Black Sea (Fig. 4C). As a matter of
comparison, §'3C and §'0 values within a similar range (~ 2 to —4%o
and 1 to —5%o respectively) are observed in transparent non-diagenetic
microstructure of Early Miocene oysters from shallow-marine to estua-
rine deposits of the Mayo Formation at the Magallanes Basin, Argenti-
nian Patagonia (Cuitino et al., 2013). In addition, those samples exhibit
873r/86sr ratios that plot within the mesohaline salinity field or close to
the seawater line in Fig. 6. These suggest a significant marine influence
into the Maraj6 Basin during the deposition of the Early Miocene Pirabas
Formation. This interpretation agrees with the fossil content of the
Pirabas Formation, which includes urchins, bryozoans, planktonic, os-
tracods, benthic foraminifera, and obligate marine vertebrates deposited
in estuarine to shallow-marine paleoenvironments (Petri, 1957; Fer-
nandes, 1984; Rossetti and Santos Jr., 2004; Ferreira, 2015; Martinez
et al., 2017; Nogueira et al., 2019; Aguilera et al., 2020).

5.2.2. Western Amazonia (Early to Early Late Miocene and recent)
Sclerochronology isotopic data of recent mollusks from Peruvian and
Brazilian Amazonia (Fig. 4A; Gaillard et al., 2019) show similar 5'3C but
distinct 8'80 values. Brazilian bivalve shells (Anodontites trapesialis)
present a large 5180 variation (up to 7%o), similar to that provided by
Kaandorp et al., (2003), and reflect an elevated isotopic variation of
floodplain lakes influenced by the Solimoes river seasonal dynamics. In
contrast, Peruvian shells (Anodontites elongatus) present a lower 5'%0
variation (4%o), indicating a habitat more influenced by the main river
course water (Gaillard et al., 2019). Moreover, Peruvian shells tend to
have more negative 5180 values since Peruvian rivers receive 20-
depleted waters from Andean mountain ranges (Ohlanders et al., 2013;
Pfister et al., 2019). This is in agreement with lower 5'80 values of the
river waters derived from the Andean region, such as the Solimoes River,
when compared to river waters derived from the Amazon floodplains or
cratonic areas, such as those of the Negro River (Matsui et al., 1972;
Rosdrio et al., 2016; Mulholland et al., 2015). Overall, the §'3C and §'%0
values of analyzed fossil samples from Western Amazonia displays a
distinct isotopic composition (approximately —6 to —17%o and — 2 to
—10%o respectively; Fig. 4B and C) when compared with Recent samples
from the same region and from the Eastern Amazonia. These differences



A.M.V. Alvim et al.

in isotopic composition are statistically significant (Table S3).

Early to Middle Miocene fossil samples analyzed present isotopic
compositions within or close to those of the North American rivers
(Fig. 4Q), including the ostracods and foraminifera from interpreted
marine incursion and non-marine intervals of the 1-AS-33-AM well.
Important variations of the §'80 values of ostracods from this well (up to
5%o), are higher than the maximum natural variation observed for this
taxon (3%o; Bournemann et al., 2012), indicating that changes in the
evaporation rates or surface water influx may have affected their oxygen
isotopic compositions (Bigg and Rohling, 2000). Hence, based on their
stable isotopes compositions, we argue that those fossils probably lived
in continental riverine environments, similar to ostracods, foraminifera
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(Ammonia) and mollusk’s isotopic data from Peruvian (Porvenir) and
Brazilian (Eurinepé and well 1AS-10-AM) sites studied by Gross et al.,
(2013, 2015) and Gross and Piller (2020). Paleosalinity estimate based
on the 87Sr/%6Sr isotopic composition of Early Miocene pacu teeth from
Peruvian Contamana (CTA-63, Peru) also suggests a predominantly
freshwater paleoenvironment (Table 3). Nonetheless, paleosalinity es-
timates based on the 87Sr/%0Sr composition of Middle Miocene crab
claws and pacu teeth from Peruvian sites (Contamana [CTA-45] and
Tarapoto [TAR-31]) indicate predominantly oligohaline conditions to
the paleoenvironments where these organisms lived (Table 3). There-
fore, in the studied Peruvian sites, the Pebas Megawtland system might
have been dominated by Andean freshwater in the Early Miocene (at

EarIy Miocene: 23-16 Ma Early Miocene: 23-16 Ma Fig. 7. Hypothetical maps of northern South America
Western Amazonia Eastern Amazonia during early Miocene (A and B), middle Miocene (C)
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least in the time interval sampled), but it was affected by oligohaline
waters, probably due to shallow-marine incursions in Middle Miocene
times (Figs. 6 and 7A-B). Our results are comparable to the 878r/86gr
isotopic composition and paleosalinity estimates for Miocene mollusks
from distinct Peruvian sites (Indiana, Pebas, Nuevo Horizonte, Porvenir
and Santa Rosa) in Western Amazonia (Vonhof et al., 1998, 2003).

Although few samples also yield 5'3C and §'80 values within the
North American rivers parameter (e.g., CTA-43), most of the Early Late
Miocene samples belonging to the Pebas Megawetland system present
isotopic compositions plotting closer to the Great Lakes and the San
Francisco estuary fields (Fig. 4B). Higher 5'®0 may indicate lacustrine
environmental conditions since lakes tend to present higher evaporation
rates than rivers (Kaandorp et al., 2003; Wesselingh et al., 2006; Hen-
derson and Shuman, 2010; Horton et al., 2016). In addition, some
Ammonia, the only carbonate samples from CTA-44 locality, present
very negative 5!3C values (Fig. 4B). A possible explanation for these
values would be the influx of C3-derived compounds (Amazon C3 plants
813C signature range: —23%o and — 34%o; Medina et al., 1999; Vogel
et al., 1993; Diefendorf et al., 2010) by groundwater into surface water
bodies (Klein et al., 1996; Gillikin et al., 2006; Samanta et al., 2015;
Monger et al., 2015 and references therein). This hypothesis is supported
by the CTA-44 outcrop lithology, which presents floodplain siltites and
paleosols intercalated with conglomeratic channels rich in lignitous
and/or pyritized floated wood (Antoine et al., 2016), organic material
presumably the source of very negative 3'3C signals. Nevertheless, the
stable isotopic compositions of the Early Late Miocene fossil samples
analyzed here point to primarily continental paleonvironmental condi-
tions, which conforms to the “Pantanal-like” hypothesis of Marivaux
et al. (2020) for the Pebas Megawetland System. Paleosalinity estimates
of samples 28, 37, 38, 40, 48, 49 and 94 (pacu and Pristis teeth, crab
claws, Cyprideis and mollusks) from Peruvian Nuevo Horizonte and
Contamana locaties (CTA-58, CTA-44 and CTA-43), however indicate
the predominant presence of oligohaline waters (Table 3), suggesting
that the Pebas Megawetland system in these sites may have been
temporally subjected to oligohaline conditions during Early Late
Miocene times (Figs. 6 and 7C). We argue that no definitive conclusion
about paleosalinity estimates based on 7Sr/3®sr isotopic compositions
can be drawn for Middle Miocene fossil samples from the Brazilian
Amazonian sedimentary basins (1-AS-5-AM and 1-AS-7D-AM wells;
Table 3). If a cratonic river vs seawater (samples 33 and 36) or Andean
vs seawater (samples 34, 96 and 99) mixing models are considered, they
might indicate a predominance of oligohaline water conditions in this
area. However, freshwater conditions are also possible if Andean and
cratonic water mixing is considered (Table 3).

Finally, our isotopic data suggest that the Pebas Megawetland system
was predominantly a freshwater system alimented by both Andean and
cratonic rivers and occasionally subjected to shallow-marine incursions,
especially in Middle Miocene to Early Late Miocene times. To reconcile
isotopic, sedimentological and paleontological evidences, we argue that
the Miocene shallow-marine incursion intervals in Western Amazonia
studied here were characterized by transitional paleoenvironments with
a low contribution of seawater.

6. Conclusions

The C, O and %Sr/®°Sr isotopic compositions of the analyzed
Miocene fossils from Eastern Amazonia (Marajé Basin, Brazil) and
Western Amazonia (Ucayali and Huallaga Basins, Peru and the Solimoes
Basin, Brazil) yield the following conclusions:

o The isotopic compositions and paleosalinity estimates of fossils from
the lower Miocene Pirabas Formation (Marajo Basin, Brazil) are
characteristic of mesohaline to seawater conditions, reflecting the
cyclical costal and shallow marine system characteristic of this unit.

e Early to Early Late Miocene fossils from Western Amazonia have
more negative 5!3C and §'%0 signals (—17%o to —6%o for 5!3C and —
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10%o to —2%o for 5'80) than those of seawater, engulfed seas and
estuaries parameters, suggesting a predominance of freshwater
paleoenvironments in Western Amazonia during throughout the
Miocene. Combination of organic matter decomposition and
groundwater influxes likely to explain the low 5'3C values observed.
Paleosalinity estimates based on the 87Sr/%0Sr isotopic compositions
of Peruvian fossil samples (Contamana, Tarapoto and Nuevo Hori-
zonte sites) resulted in the following interpretations: i) freshwater
conditions prevailed during Early Miocene; ii) oligohaline conditions
(with seawater contribution below 10%) were observed intermit-
tently in the Pebas Megawetland System during Middle and Early
Late Miocene.

Paleosalinity estimates of Brazilian Middle and Early Late Miocene
samples from Western Amazonia Brazilian wells 1-AS-33-AM, 1-AS-
5-AM and 1-AS-7D-AM are less constrained and could indicate: i)
freshwater conditions if an Andean vs cratonic waters mixing model
is considered or; ii) oligohaline to mesohaline conditions if cratonic
vs seawater and Andean vs seawater models are considered.

Finally, our isotopic data suggest that the Pebas Megawetland system
was dominantly a freshwater system in the was occasionally submitted
to oligohaline influences probably resulted from shallow-marine in-
cursions, as documented in Middle and Early Late Miocene times
(Fig. 7). We suggest reconciling isotopic, sedimentological and paleon-
tological evidences, which indicate the presence of transitional paleo-
environments associated to shallow-marine incursions in Western
Amazonia throughout the Miocene. This is in perfect agreement with the
palynological record and the mixture of terrestrial, obligate freshwater,
and brackish-to-marine organisms recovered in a wide array of Miocene
fossil assemblages in that vast domain.
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