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Abstract

The rise of the Andes and the associated propagation of the retroarc foreland basin
during the Mesozoic Cenozoic in western South America shaped the paleogeography
and paleoenvironmental settings of Western Amazonia. Much attention has been paid
to the Neogene evolution of the Amazonian Basin, but few studies have investigated
in detail the paleoenvironments of Western Amazonia during the Paleogene. We
present a multi-proxy study that includes new biostratigraphic and paleontologic data,
the interpretation of depositional environments and zircon U-Pb data from the Upper
Cretaceous-Paleogene sedimentary sequence exposed in the Huallaga Basin (northern
Peru). The biostratigraphic dating suggests that the lower part of the sequence is
Maastrichtian in age. The maximum depositional age and maximum likelihood age
according to the U—Pb zircon dating of Paleogene sedimentary rocks indicate Lutetian
to Bartonian ages (from 43.5 + 0.64 Ma to 37.6 + 0.85 Ma). These results reveal a hiatus
in the depositional record during Paleocene time. Two depositional systems can be
distinguished: a lacustrine system composed of red mudrocks interbedded with thick
sandstone layers and carbonate beds, and a siliciclastic tide-dominated system
composed of fine- to medium-grained sandstones associated with tidal bundles,
reactivation surfaces and heterolithic stratifications. However, the carbon and oxygen
stable isotope values in carbonates tend to characterize a freshwater system, with a
transition to brackish conditions toward the upper part of the section (Bartonian),
thereby suggesting the presence of an estuary system. Finally, we suggest that the
Bartonian shallow marine incursion recorded in the Huallaga Basin occurred from the
north through the Caribbean Sea, and that it might have played a role in regional
biodiversity patterns in the Paleogene.



1. Introduction

Precise knowledge of the geological evolution of Amazonian landscapes and ecosystems
is a prerequisite for understanding species diversification in this vast area today
biodiversity seems to be deeply rooted in the pre-Quaternary (Hoorn et al., 2010b, and the
references therein). The uplift of the Andes reconfigured drainage patterns, involved a vast
influx of sediments into the Amazonian basins (Fig. 1) (e.g. Roddaz et al., 2010, 2005a), and
caused shallow marine incursions in Western Amazonia (Jaramillo et al., 2017; Boonstra et
al., 2015; Hovikoski et al., 2010).

Recently, much attention has been paid to the Neogene paleogeography of the
Amazonian basins, especially to the timing of the modern transcontinental Amazon River
(Hoorn et al., 2017, van Soelen et al., 2017; Eakin et al., 2014; Gorini et al., 2014; Sacek,
2014; Shephard et al., 2010; Figueiredo et al., 2009). Attention has also been given to the
Neogene paleogeography of Western Amazonia (Hoorn et al., 2010a) and the number and
nature of marine incursions that affected this area during the Miocene (i.e., the Pebas
megawetland system) (Jaramillo et al., 2017; Antoine et al., 2016; Boonstra et al., 2015;
Hovikoski et al., 2010; Hoorn, 1993). However, surface uplift driven by the tectonism and
denudation of the present-day Amazonian Andes area started much earlier, as recorded in
the Upper Maastrichtian-Paleocene deposits (Hurtado et al., 2018; Louterbach et al.,
2018b).

In comparison with the Neogene period, the Paleogene paleoenvironmental changes of
Western Amazonian basins have still a poorly documented and poorly dated stratigraphic
record. Notable exceptions are the detailed studies of Antoine et al. (2016) and Louterbach
et al. (2018b). In the Late Cretaceous (Middle Campanian and Late Maastrichtian), the
sedimentary record of the Ecuadorian and northern Peruvian parts of the Western
Amazonian Basin (i.e., the Marafion Basin) (Fig. 1) indicates thick transgressive-regressive
sequences alternating between fluvial-marine paleoenvironments controlled by eustatic
processes (Zamora and Gil, 2018). It is unclear whether or not these conditions prevailed
during the Paleogene and how the onset of the Andean uplift affected the landscape and
paleocenvironment of Western Amazonia.

Two shallow marine transgressions that occurred during the Paleogene are currently
documented in Western Amazonia. The oldest one is a Late Paleocene shallow marine
transgression characterized by estuarine and bay paleoenvironments (Louterbach et al.,
2014). This latter event has only been documented in the southern part of the Amazonian
retroarc foreland basin (Madre de Dios Basin, Peru) (Fig. 1), and the entrance of this
transgression remain unclear (Louterbach et al., 2014). The second transgression is a
Middle to Late Eocene shallow marine incursion known as the “Pozo” embayment or
transgression, which flooded the northern part of the Amazonian retroarc foreland basins
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from the Gulf of Guayaquil or the Caribbean Sea (Roddaz et al., 2010; Santos et al., 2008;
Christophoul et al., 2002; Antoine et al.,, 2016). However, the southwestern margin
extension of this Pozo embayment needs to be better constrained. Hence, documenting
Paleogene paleo- environments in other parts of the Western Amazonian Basin may
contribute to resolving these issues.

The Cretaceous—Cenozoic sedimentary infilling of the Huallaga Basin (Calderon et al.,
2017a; Eude et al., 2015; Hermoza et al., 2005) has the unique potential to have recorded
the Cretaceous—Paleogene paleo- environmental evolution of the northern part of
Western Amazonia as previous studies show major changes in the sedimentary provenance
between the late Cretaceous and the Paleocene (Hurtado et al., 2018). The aim of this work
is to characterize the paleoenvironmental evolution of the Huallaga Basin during the late
Cretaceous-Paleogene time window, as a key element for unraveling the Andes — Amazon
sedimentary evolution.

Maracaiba_
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Fig. 1. Map of the geographic extent of the major morphotectonic provinces of the northern South America, from
west to east, the retroarc foreland basins (Colombia, Ecuador and Peru countries), the intracratonic and passive
margin basins (Brazil), partially bounded by structural arches (dashed lines). Northern and Southern Amazon Craton
are represented by the Guiana and Brazilian shields, respectively (modified and compiled from Albert et al., 2018;
Moreno et al., 2020; Roddaz et al., 2010). The red lines indicate the location of Fig. 3 A and 3 B.
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Our contribution comprises the first detailed stratigraphic analysis of the late
Cretaceous—Paleogene sedimentary section, based on new multi-proxy analyses including
sedimentological facies, biostratigraphy (palynostratigraphy and  vertebrate
biochronology), stable isotopes (C, O) in carbonates, and maximum depositional ages
based on the U—Pb dating of detrital zircons.

2. Geological background
2.1. Tectonic setting and stratigraphy of the Huallaga Basin

The north-south trending Huallaga Basin (Fig. 2) is currently 400 km long with a maximum
width of 100 km (Hermoza et al., 2005), and itis part of the northern Peruvian Subandean
Zone. It consists of the wedge-top depozone (DeCelles and Giles, 1996) of the North
Amazonian retroarc foreland basin (Espurt et al., 2010, 2007; Roddaz et al., 2005b) that
formed in response to the tectonic loading of the Andes (Roddaz et al., 2010). To the east,
the Huallaga Basin is separated from the Maranon Basin by the Cushabatay High and
Chazuta Thrust; the latter corresponds to the thrust front of the Subandean Zone (SAZ)
(Fig. 2) (Calderon et al., 2017a; Hermoza et al., 2005). To the west, the Huallaga Basin is
delimited by the Eastern Cordillera (Fig. 2). A sequential restoration based on low-
temperature thermochronology and balanced cross-sections suggests that the Eastern
Cordillera started to be uplifted between ca. 30 and 24 Ma, which caused thrusts to
propagate over a regional detachment level located in the Upper Triassic evaporites
(Carrillo et al., 2021; Calderon et al.,, 2017a, 2017b; Eude et al., 2015). The Cretaceous
tectonic configuration of the Huallaga Basin is less constrained. The most recent model
suggests that it could be part of a passive margin (Zamora and Gil, 2018) that received
sediments from the Amazonian Craton (Hurtado et al., 2018).

The Cretaceous sequences of the Huallaga Basin comprise Albian to Maastrichtian fluvial
to shallow marine successions of sandstones, shales and limestones (Cushabatay-Raya,
Agua Caliente-Chonta, and Vivian-Cachiyacu-Huchpayacu formations) (Baby et al., 2018;
Calderon et al., 2017a, 2017b) (Fig. 3). The Albian—Maastrichtian sedimentary rocks of the
Huallaga Basin have eNd (0) values (—16.8 to —18.6) consistent with a cratonic source, and
a U—Pb zircon age distribution dominated by the easternmost Brazilian Shield terranes
(Hurtado et al., 2018).
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Fig. 2. Geological map of the studied area modified from the INGEMMET Geological Map of Peru available at
http://geocatmin.ingemmet.gob.pe/geocatmin/. A) Regional geologic map of the Huallaga Basin, which is separated to
the west from the Eastern Cordillera and limited, to east, from Maran 6n Basin by the Chazuta thrust and the Cushabatay
High. The red rectangle indicates the location of the Juanjui stratigraphic section. Location of the large dinosaur tracks is
represented by TAR-33; B) Detailed geological map showing the Mesozoic-Cenozoic geological contacts and the
stratigraphic position of the Juanjui studied section.
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The Cenozoicstratigraphy of the Huallaga Basin still needs to be better constrained.
Calderon et al. (2017a) proposed that the Paleocene—lower Eocene sedimentary
sequence started with the fluvial and tidal sandstones of the Casa Blanca Formation
(Fm.), whereas other authors suggested that the Cenozoic sedimentary sequences
started with the Paleogene fluvial sedimentary rocks of the Yahuarango Fm. (Hurtado et
al., 2018; Roddaz etal., 2010; Hermoza et al., 2005; Gutiérrez, 1982; Kummel, 1948).
According to Hurtado et al. (2018), the Paleogene sedimentary rocks of the Yahuarango
Fm. have an Andean provenance, with eNd (0) values ranging between —5.6 and —12.0,
and up to 16% of U—Pb zircon ages are derived from the Andean volcanicarc.

2.2. Stratigraphy of other Western Amazonian basins

The Amazonian retroarc foreland basins experienced similar geological evolutions until
the Pliocene uplift of the Fitzcarrald Arch (Fig. 1 and, 3) (Roddaz et al., 2010; Espurt et al.,
2010). An extensional phase in a back-arc basin setting controlled the deposition of the
mixed clastic and volcanic deposits of the Triassic Mitu group (George et al., 2019; Calderon
et al.,, 2017b), as recorded in the Bagua Basin, the Eastern Cordillera of Peru and the
Santiago Basin (Fig. 3). Farther southeast (Marafion-Huallaga-Ucayali basins), a regional
extensional basin created due to post-extensional thermal subsidence drove the
deposition of the Triassic-Jurassic eolian-fluvial deposits of the Lower Nia Fm. (Calderon et
al.,, 2017a, 2017b). These deposits grade laterally into the shallow marine carbonates of
the post-rift Pucara Group and the Sarayaquillo fluvial sequence, as recorded in the
Ecuadorian and Peruvian basins (George et al., 2019; Hurtado et al., 2018; Calderon et al.,
2017b) (Fig. 3A and B). The Late Jurassic to Early Cretaceous are marked by a widespread
sedimentary hiatus (145-120 Ma) (Hurtado et al., 2018; Calderon et al., 2017b) (Fig. 3A and
B). Overlying this erosional unconformity, the Cretaceous sedimentary rocks comprised
Albian to Maastrichtian fluvial to shallow marine deposits, mainly represented by the
Goyallarisquizga, Cushabatay-Raya; Agua Caliente-Chonta, and Vivian-Cachiyacu-
Huchpayacu formations (Fig. 3A and B).

From the Late Cretaceous to the Early Paleogene, the Andean shortening started to
control the configuration of the Western Amazonian basins (Horton, 2018; Hurtado et al.,
2018; Louterbach et al., 2014, 2017; Calderdn et al., 2017b; Hermoza et al., 2005). The
Cenozoic retroarc foreland infill comprises the fluvial and lacustrine siltstones/mudstones
of the Paleogene Yahuarango Fm. (Maranon-Huallaga-Ucayali basins) (Hurtado et al., 2018;
Roddaz et al., 2010; Hermoza et al., 2005; Gutierrez, 1982; Kummel, 1948), which can be
correlated with the Tiyuyacu (Oriente Basin) (Baby et al.,, 2013) and Huayabamba
formations (Madre de Dios Basin) (Louterbach et al., 2014). These formations can be
correlated with the Paleocene-lower Eocene braided fluvial deposits of the Rentema Fm.
in the Bagua Basin (Moreno et al., 2022, 2020) (Fig. 3B).



These formations are separated from the youngest formations by a middle Eocene
regional unconformity recorded in the Ecuadorian and Peruvian retroarc foreland basins
(Fig. 3) (Roddaz et al., 2010; Christophoul et al., 2002). The shallow marine deposits of the
middle Eocene-Oligocene Pozo Fm. are recorded in the Santiago, Marafion, Huallaga and
Ucayali basins. The Pozo Fm. can be correlated to the north with the Ortegaza Fm. (Oriente
Basin) (Baby et al., 2013) and to the west with the Eocene Series (Eastern Cordillera) and
the fluvio-lacustrine Cajaruro Fm. (Bagua basin) (Moreno et al., 2022, 2020) (Fig. 3A and B).
It is overlaid by the Upper Oligocene-Lower Miocene fluvial deposits of the Chambira Fm.
in the Peruvian retroarc foreland basins (Antoine et al., 2016) and by the Chalcana Fm. in
the Ecuadorian Oriente retroarc foreland basin (Baby et al., 2013). These formations can be
correlated with the Upper Eocene-middle Miocene meandering deposits of the Sambimera
Fm. in the Bagua Basin (Moreno et al., 2022, 2020) and Eastern Cordillera, and the Capas
Rojas Fm. in the Santiago Basin (George et al., 2019) (Fig. 3B). Finally, the Neogene
sedimentary deposits are characterized by the fluvial deposits of the Ipururo, Chambira
and San Antonio formations in the Bagua Basin, Eastern Cordillera, Huallaga, Ucayali,
Madre de Dios basins (Moreno et al., 2022, 2020; George et al., 2019; Calderon et al.,
2017b; Hermoza et al., 2005) (Fig. 3A and B). These deposits can be correlated with those of
the Pebas Fm. that belong to the Pebas megawetland system (Hoorn et al.,, 2010a;
Jaramillo et al., 2017; Antoine et al., 2016; Boonstra et al., 2015; Hovikoski et al., 2010;
Hoorn, 1993) in the Maranon Basin.

3. Materials and methods

3.1. Sedimentology

We studied in detail one Mesozoic—Cenozoic section, the Juanjui section (Fig. 4). The
outcrops investigated in this study crop out along the 5 N national road close to the
Huallaga River and the city of Juanjui (see Fig. 2 for the location and Supplementary
Material S1 for the coordinates). To better understand the depositional environment, we
measured and described several outcrops along the Juanjui stratigraphic section. We
described the clastic facies in terms of their lithology, geometry, sedimentary structures
and paleontological content (Miall, 2006, 1978). The chemical facies (microfacies) were
described using Dunham’s (1962) classification, which considers the abundances of
carbonates, mud and grains; this helps to better constrain the formation process and/or
palecenvironmental conditions. The most commonly used criteria are the depositional
texture and fabric, as well as qualitative and quantitative compositional data (Fltgel, 2010).
As pointed out by Walker (1992), most classifications for carbonates were originally
conceptualized for marine systems, but they have also been used for lacustrine deposits



with some adjustments. The carbonate thin sections were prepared at the Laboratdrio de
Laminacdo (LABLAM) of the Universidade de Brasilia (UnB). Thirteen sedimentary facies have
been identified (Table 1).

3.2. Stable isotopes

Forty-six samples of limestones and sandstones in a carbonate matrix were collected
along the Juanjui stratigraphic section (Fig. 4). The abbreviations HUA (Huallaga) and JUA
(Juanjui) are used to refer to the samples obtained during field work performed in
September 2017 and August 2019, respectively. The carbon and oxygen isotopic
compositions are shown in Supplementary Material Table S2.

The samples were analyzed at the Geochronology and Isotope Geochemistry Laboratory
of the University of Brasilia (LEGGA) on a Delta V Plus mass spectrometer connected to a

Gas Bench Ilapparatus. The samples reacted with H3PO4 at a temperature of 72 °C after the
flask was flushed with helium. Stable isotope results are reported in delta notation relative
to the Vienna Pee Dee Belemnite (V-PDB) reference standard, and they were calibrated

against the NBS 18 (613Cy.ppg = —5.01%0 and 5180y.pps = —23.2%0) and NBS 19 (513Cy.pps =

1.95%0and 5180y.pps =—-2.20%0) reference materials. A linear regression of the standard
results followed by correction of the sample data, were performed to account for
instrumental bias. To avoid any diagenetic biases, we selected only well-preserved
samples.

The isotopic composition of carbon and oxygen in a sample was expressed by dividing
the isotopic ratio (R) measured in the sample by the isotopic ratio of a standard (V-PDB)

using the & notation; the isotopic composition is expressed in parts per thousand (%o). §13c
and 6180 were obtained as follows: 613C(samp|e) = [(Rsampte/Rv-pps) — 1] * 103, and
5180 sample) = [(Rsample/Rv-pog) — 1] * 103, respectively (Guiguer et al., 2003).

3.3. Palynological analysis

The palynological samples were prepared at the Universidad de Caldas following the
standard palynological processing method pro- posed by Traverse (2007). Carbonates and
silicates were removed by digesting the samplesin HCland HF for 12 and 24 h, respectively.
After acid digestion, the samples were neutralized through repeated dilution with distilled
water and decanting. The remaining residue was initially sieved with a 250 um mesh; this
was followed by sieving through a 10 um mesh. This residue was cleaned in an ultrasonic
equipment for 15 s and the organic residue was concentrated by centrifugation, followed
by the mounting of a first cover slide in a solution of polyvinyl alcohol. Part of the residue
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was oxidized in nitric acid for 2—3 min, and a second slide was mounted. The slides were
sealed with Canadian balsam. A Nikon i80 at the Smithsonian Tropical Research Institute
was used to scan the slides. The examination and description of the palynological material
were carried out using a 100x Nikon oil immersion planapochromatic objective. The
identification of the palynomorphs was performed through a comparison with
photographs and descriptions of Cretaceous and Paleocene material published for
northern South America that are compiled in an online database (Jaramillo and Rueda,
2021). The palynological zonation of Jaramillo et al. (2011) and the biostratigraphic analysis
of Carvalho et al. (2021) and De La Parra et al. (2021) were used to assess the age of the
samples.

3.4. U-Pb ages

Zircon grains were obtained from three samples of medium-grained sandstones
collected along the Juanjui section (JUA 8A/19, 11 and 14; Fig. 4, S1 and S3-S5). For U-Pb
analyses, each sample was prepared and analyzed at the Geochronology and Isotope
Geochemistry Laboratory (LEGGA) of the University of Brasilia (UnB). The sample
preparation process included crushing rock samples, which was followed by heavy mineral
separation by panning. Additionally, another separation was performed based on the
magnetic properties of the minerals using the Frantz Isodynamic Magnetic Separator. A
random selection of the zircon grains was handpicked (~150 grains per sample) under a
stereomicroscope, mounted on adhesive tape, enclosed in a 9-mm-diameter plastic ring
placed on the tape around the zircons and filled with epoxy resin. Finally, the zircon grains
were polished to expose their centers (Gehrels, 2014; Buhn et al., 2009; Gehrels et al.,
2008). The mounts with zircon grains were imaged by a scanning electron microscope
(SEM) and back-scattered electron (BSE) detector to identify morphological features and
internal structures and to provide a base map for recording laser spot locations. The
masses of interest were measured on a Thermo Finningan Element XR high-resolution
single-collector sector field Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
coupledtoa 193 nmridia Excimer (ArF) laser ablation system. The laser ablation system is
equipped with a cobalt dual-volume chamber. The mass spectrometer was tuned to
improve U and Pb sensitivity while minimizing oxide production prior to each analytical
session. Each analysis consisted of 10 s of background measurement followed by 20 s of
sample acquisition. Each mass (202, 204, 206, 208, 232, 238) was measured using the triple
detection mode (SEM Faraday) by sweeping the electrostatic sector on each mass. Each
sweep lasted 82 ms, resulting in over 800 scans for each ablation. Laser conditions included
a spot diameter of 25 um, 20 Hz and 2.0 J cm-2. The raw data were processed on lolite 4.0
(Patonetal., 2011) as a time-resolved signal and individual signal inspection was done with
the assistance of VizualAge (Petrus and Kamber, 2012). Data correction included blank
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subtraction, Laser Induced Elemental Fractionation (LIEF) correction using an exponential
plus linear model and normalization using the GJ-1 zircon (Jackson et al., 2004) and 91,500
zircons (Wiedenbeck et al., 1995). Excess variance on the primary calibrant was propagated
on each analytical point. A systematic uncertainty of ca. 1% is propagated on each final age.
No common lead correction was applied. The ages uncertainties are quoted at 2 sigma (20)
confidence level.

The data reduction of the U-Pb isotopic results for detrital zircons was conducted using
lolite 4.0 and followed the procedures of Paton et al. (2011). Details regarding the LA-ICP-
MS U-Th—Pb dating of the analyzed samples at the LEGGA can be found in Tables S3-S6
(supplementary dataset).

For the three analyzed samples, we calculated a maximum depositional age using two
different statistical methods, the “maximum depositional age’ (MDA) and “maximum
likelihood age’ (MLA) (Table S6). The MDA was calculated as the weighted mean average
of the overlapped analyses of the three youngest zircons and the associated 2o uncertainty
of this cluster (YC20[3+]; Sharman and Malkowski, 2020; Sharman et al., 2018; Dickinson
and Gehrels, 2009). The MLA is a statistical model that assumes that the zircon U—-Pb ages
are defined as a two-component mixture in which a “fraction of the population is derived
from a discrete minimum age peak and the remaining grains follow a (log)normal
distribution” (Vermeesch, 2021; Galbraith, 2005; Galbraith and Laslett, 1993). The MLA was
calculated using IsoplotR (Vermeesch, 2021, 2018).
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Fig. 4. Synthetic Juanjui stratigraphic section through the late Cretaceous (Maastrichtian) to late middle Eocene
(Bartonian) at the Huallaga Basin, constructed from field observations, with location of the analyzed samples for C—
O isotopic compositions, paleontological content (biostratigraphic constraints) and U—Pb zircon dating. Siliciclastic
facies: massive clast-supported conglomerate (Gecm); trough cross-stratified sandstone (St), planar cross-stratified
sandstone (Sp), climbingripple cross-laminated sandstone (Sr), bioturbated sandstone (Smb), heterolithic facies (H),
herringbone cross-stratified sandstone (Hb), fines (F) and paleosol (P). Carbonate microfacies: peloidal mudstone
(Mp); wackestone with peloids and ostracods (Wpo); wackestone with ostracods and charophytes (Woc); and
pisolitic grainstone (Gps). FA= Facies association. See text and Table 1 for details.




Table 1

Summary of the descriptions and interpretations of each sedimentary siliciclastic facies and carbonate microfacies.

Facies/ Lithology and Texture Sedimentary Paleontological content Ichnology Thickness Other characteristics/ Interpretation

Microfacies Structures (m) Geometries

Siliciclastic facies

Gem Massive Rounded- to sub-rounded mud-clasts Massive No fossils No trace 0.3-0.5 Discontinuous and cuneiform beds,  This deposits could be referred as
clast-supported (monomictic conglomerates), with cm-dm fossils marked by concave-up bases filling of a channel lag deposits, under
conglomerate size (3-15 cm), scattered in the bed. Matrix high sediment concentration and

composed by medium- to coarse-grained erosive event (Miall, 1978, 1996)
arkosik sandstones, with scattered

subrounded granules and pebbles (milky

quartz pebbles). Poorly-defined fining-

upward trend; very poor sorting

St Trough cross- Reddish and brownish, sub-rounded grains, = Trough cross- No fossils No trace 0.2-0.4 Dm-thick wedge-shaped beds. Migration of subaqueous dunes (3D) by
stratified well- to moderately-sorted, fine-to stratification fossils Reactivation surfaces delimiting the ~ unidirectional flow in lower flow
sandstone medium-grained arkosic sandstones, with foresets. regime. Compound dune/tidal dune of

thin mudstone layer drape on the foresets, channel infill. Variable energy flow (
regular thick-thin (0.1-0.5 cm) alternations Miall, 1978, 1996)

in lamina thickeness. Foresets dipping at

low angles (5-10°)

Sp Planar cross- Sub-rounded grains, well- to moderate- Planar cross- No fossils No trace 0.8 Tabular beds, typically flat on the Migration of 2D subaqueous dunes by
stratified sorted, medium-grained arkosic stratification fossils top and concave-up base unidirectional flow in lower flow
sandstone sandstones, organized in dm-thick regime (Miall, 1978, 1996)

Sr Climbing Rounded grains, well-sorted, very fine- to Climbing ripple No fossils No trace 0.25-0.4 Organized in cm-thick wedge- Migration of supercritical climbing
ripple cross- fine grained arkosic sandstones Cross- fossils shaped beds, with flat base ripples by a lower regime
laminated lamination unidirectional flow (Miall, 1978, 1996)
sandstone

Smb Massive Reddish to brownish, sub-rounded to sub- Massive No fossils Vertical and 0.3-1.0 Tabular beds with flattered top and  Post-depositional modification by
sandstone angular grains, well- to moderate sorted, horizontal base. Obliteration of the primary bioturbation (Miall, 1978, 1996)
bioturbated fine- to medium-grained arkosic sandstone, burrows sedimentary structure

moderate to highly bioturbated

H Heterolithic Grey to beige, well-sorted, sub-rounded Linsen, wavy No fossils No trace uptol Beds with tabular geometry, They are deposits of shallow bodies of

facies grains, very fine- to fine-grained arkosic and flaser fossils normally flattered top and base water, under variations in sediment
sandstones with scattered flaser-bedding beddings supply and tidal velocity/energy flow
(mud drapes ~ 0.1 cm) interbedded with (Dalrymple et al., 2003; Dalrymple and
linsen and wavy-bedding (10-20 cm) Choi, 2007)
mudstone layers. Mm- to dm-scale
interlamination of thin mud-rich and sand-
rich layers, arranged in dm- to m-thick beds

Hb Herringbone Well- to moderate-sorted, sub-rounded to Herringbone No fossils No trace 0.3-0.4 Organized in dm-thick wedge- Deposition under opposite-direction
cross-stratified rounded grains, medium-grained arkosic Ccross- fossils shaped beds. Reactivation surface currents, dominated either by flood or
sandstone sandstones stratification in association with bidirectional ebb currents (Dalrymple and Choi,

flow evidence 2007)
F Fines Red to purple mudstones and siltstones, Massive Echimonocolpites Vertical and up to 5 Tabular beds Decantation in subaqueous
moderately to highly bioturbated protofranciscoi, Ulmoideipites horizontal environment with very low or absent
krempii, Cricotriporites aff. burrows energy (Miall, 1978, 1996)
Macroporus, Proxapertites
psilatus, Momipites africanus;
Araucariacites sp
P Paleosol Silty shales with mottled aspect; carbonate =~ Massive/ No fossils Root traces 5to 10 Tabular beds Long periods of plants colonization,
nodules (2-3 cm); root traces incipient (undefined) non-deposition or highly probable low
lamination rate of accumulation. Process of

evaporation conducting to fons
concentration and formation of
carbonate nodules (Miall, 2006;
Nichols, 2009)

Carbonate facies

(continued on next page)
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4. Results

4.1. Sedimentary facies

The Juanjui stratigraphic section is approximately 450 m thick and comprises nine
siliciclastic facies and four carbonate microfacies, which are summarized in Table 1.

4.2. Facies associations

4.2.1. Facies association 1 (FA1)

4.2.1.1. Description. Facies association 1is made up of six facies: Gcm, St, Sp, Smb, Sr and F
(Table 1, Fig. 4). Its vertical succession generally displays a fining- and thinning upward, and
it typically has a m-scale thickness (5 m). It starts with the channelized bodies of the coarse-
grained facies (Gem) (Fig. 5A and B), which grade to fine-to medium-grained arkosic
sandstones with trough (St) (Fig. 5C) and planar (Sp) cross-stratifications, and it ends with
cm-scale-thick, very-fine- to fine, climbing-rippled sandstones (Sr) (Fig. 5D) interbedded
with the fines facies (F), which is marked by root traces. The channel bodies show
discontinuous and cuneiform beds, and they laterally change into interbedded fine-to
medium-grained arkosic sandstones. Locally, the fine-grained trough cross-bedded
sandstones are arranged in wedge- shaped sets with mm-scale mudstone layers draped
over the foresets (St facies) (Fig. 5F), which are highlighted by reactivation surfaces. There
are also dm-scale, very-fine-grained deposits with highly bioturbated sandstone (Smb) (Fig.
5E) interbedded with the fines facies (F). FA1 is observed in the lower parts of the Juanjui
section (0—-30 m) (Fig. 4).

4.2.1.2. Interpretation. Channel body geometries, such as those observed in FA1, are common
deposits in tidal and fluvial settings. In both systems, channels reveal an erosive base that
internally comprises upward-fining and thinning-up strata that grade upwards into shales and
siltstone beds. These fines beds at the top of the succession can characterize either tidal flat or
fluvial floodplain deposits (Dalrymple and Choi, 2007).

The massive conglomerates (Gem) or cross-bedded sandstones (St) with mud clasts at
erosive basal surfaces can correspond to fluvial channel filling with reworking lag deposits
(Miall, 1996). However, the mud clasts in the bottom channel deposits are also common in
tide-influenced environments and can occur due to the erosion of thin, muddy tidal-flat
deposits made by high-energy currents (Dalrymple and Choi, 2007). Additionally, the
occurrence of thin mudstone layers on the foresets of cross-bedded sandstones (St)
associated with reactivation surfaces could be used to infer variations in the current speed
and may indicate tidal-flow reversals (Dalrymple and Choi, 2007; Mowbray and Visser,
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1984); they suggest deposition in a tide-influenced environment. In conclusion, we
interpret facies association 1 as channel deposits formed in the inner part (landward) of a
fluvial-tidal transition zone during the early-stage of tide-influenced channel settlement.

4.2.2. Facies association 2 (FA2)

4.2.2.1. Description. Facies association 2 is composed of five facies: Mp, Wpo, Woc, Gps and F
(Table 1, Fig. 4). Laterally, the facies association is represented by dm-to m-scale carbonate
tabular beds (Fig. 7A), which commonly occur with a flatten top and base, interbedded
with m-scale, red to purple, fine-grained facies (F) (Fig. 6A). Itis characterized by cm- to-dm-
thick beds of shelly carbonates composed of dispersed to dense microfossils (mainly
ostracods and charophytes) and occasionally contains peloids and pisoids. Some beds are
hybrid limestone composed of quartz grains and carbonate bioclasts (pisoids) (Gps). The
vertical succession shows a coarsening-upward trend that starts with peloidal mudstones
(Mp) (Fig. 7B), which grade to the wackestones facies (Wpo; Woc) (Fig. 7C—F) and then to
the grainstone facies (Gps) (Fig. 7G); generally, they are interbedded with mm-to-cm thick
fine-grained structureless facies (F) (Fig. 4). Poorly developed desiccation-crack surfaces
are commonly present at the top of the carbonates and fine- grained beds. The fine-
grained facies presented in this facies association contains numerous palynomorphs
including Echimonocolpites protofranciscoi, Ulmoideipites  krempii,  Cricotriporites  aff.
Macroporus, Proxapertites psilatus, Momipites africanus and Araucariacites sp. (Fig. 6D-G)
(Table 1). A microfacies analysis of thin sections made it possible to recognize the micritic
matrix, which is mainly attributed to the mudstone facies (Mp) (Fig. 7B), as well as the
moldic porosity, which generally indicated molds of ostracod and charophyte remains (Fig.
7F). FA2 has been observed approximately in two intervals of the Juanjui stratigraphic
section: 50-80 m and 292—-335 m (Fig. 4).

4.2.2.2. Interpretation. FA2 indicates minimum water agitation; sediments were deposited
in lower-energy conditions (Flugel, 2010; Tucker and Wright, 1990), with some episodic
water agitation attributed to the presence of fragmented ostracods (disarticulated valves)
and sporadic terrigenous inflow due to an association with detrital quartz grains,
suggesting low sedimentary transport or reworking. The peloidfeatures may be organically
induced precipitated features (FlUgel, 2010). The charophyte-bearing carbonates are
commonly attributed to freshwater environments, as they are ubiquitous in many ancient
lake deposits (Tucker and Wright, 1990; Burne et al., 1980). The sedimentary succession
presented above is indicative of deposition in a shallow lacustrine environment with
evaporation and decantation processes, episodic sediment supply events and subaerial
exposition.
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4.2.3. Facies association 3 (FA3)

4.2.3.1. Description. Facies association 3 consists of four facies: P, Smb, Sr and Woc (Table 1,
Fig. 4). It is mainly composed of paleosols (P) horizons (Fig. 6C) with scattered gypsum
nodules in a very fine matrix, with less-common climbing-rippled sandstone beds (Sr),
bioturbated sandstone deposits (Smb) and wackestone with ostracods and charophytes
(Woc). The vertical and lateral relations of the facies reveal no significant changes; there
are thick paleosol intervals with sparse dm-to- m thick carbonates and sandstones beds.

4.2.3.2. Interpretation. The carbonate nodules occurring in the paleosol intervals represent ions
concentrations during processes of evaporation and capillary groundwater flow in arid periods
(Nichols, 2009; Miall, 2006), indicating seasonal water fluctuations. Paleosols with root traces
can indicate long periods of non-deposition and plant colonization or a low rate of
accumulation.

4.2.4. Facies association 4 (FA4)

4.2.4.1. Description. Facies association 4 is composed of seven sedimentary facies: Smb, St,
Sp, Sr, Hb, Hand F (Table 1, Fig. 4). The vertical facies association displays a coarsening and
thickening upward into the section, which grades from very-fine- to medium-grained
sandstones and cm-to-dm-thick to dm-to-m-thick beds. The section generally varies
laterally; it is characterized by the dm-thick heterolithic facies (H) (Fig. 5G) interbedded
with fines (F) and fine-to medium grained cross- bedded (St) and climbing-rippled (Sr)
sandstones. Occasionally, it shows herringbone cross-stratification (Hb) (Fig. 5H) or planar
cross- bedded (Sp) sandstones. The medium-grained cross-bedded (St) sandstones can
present dm-thick wedge-shaped beds, with a concave-up base and mm-scale mudstone
layers draped over the foresets (St facies), which are highlighted by reactivation surfaces,
grading to climbing- rippled (Sr) sandstones. The highly bioturbated sandstones (Smb) are
commonly interbedded with the fines (F) facies, showing no lateral variation. FA4 was
recognized inthe upper part of the present section, in the interval from about 380 to 442m.

4.2.4.2. Interpretation. Heterolithic facies with flaser, wavy and linsen bedding, cross-bedded
sandstones with thin mudstone drapes on the foresets, reactivation surfaces and herringbone
cross-bedded sandstones point to an environment influenced by tidal currents. The presence
of reactivation surfaces might have been caused by tidal current reversals (Thomas et al,,
1987; Mowbray and Visser, 1984; Klein, 1970) although these surfaces could also be
produced by river-discharge variations in fluvial settings (Dalrymple, 1984). Despite the fact
that the H facies can be observed in river-dominated settings (Johnson and Dashtgard,
2014), the mud-sand-mud profile is not observed in bars further landward (Dashtgard and
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Gingras, 2012) and is more common in tide-dominated systems (Dalrymple and Choi, 2007;
Dalrymple and Choi, 2003). Reactivation surfaces and mud layers might occur in fluvial
point bar deposits (Collinson, 1996; Miall, 1996).

Fig. 5. Representative photographs of the siliciclastic facies. A) Massive clast-supported conglomerate (Gem) with an
erosive base, limited between fines with no structures (Fm) (below) and sandstones with through cross-stratification (St)
(above); B) Massive conglomerates with scattered clasts (Gecm); C) Fine-grained sandstone with through cross-
stratification; D) Fine-grained sandstone with climbing ripples; E) Highly bioturbated deposits (Smb) covering the primary
structures in fines bodies; F) Thin mudstone layer drape on foresets of cross-bedded (St) fine-grained sandstones with
regular variations (neap-spring influence); G) Heterolithic facies (H) with flaser bedding; H) Fine to medium-grained
sandstones with bi-directional herringbone cross-stratification (Hb).
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Fig. 6. Fine-grained facies; paleosols and palynological content. (A) Overall m-scale view of massive mudstones and siltstones,
with red to purple colors, interbedded with cmm-dm tabular carbonate beds. (B) Massive siltstones, presenting purple to green-
grey colors, latter probably related to weathering processes. (C) Paleosols with incipient horizontal lamination, mottled
horizons. (D) Cricotriporites aff. Macroporus, slide 47,176_A, England Finder (EF) W13; (E) Araucariacites sp., slide 47,176_A,
EFN12/2; (F) Ulmoideipites krempii, slide 47,176_A, EF S8/4; (G) Echimonocolpites protofranciscoi, slide 47,176_A, EFQ12/1; (H)
Proxapertites psilatus, slide 47,179 _B, EF F15; (I) Balmeisporites minutus, slide 47,179_B, EF S33/4; (J) Momipites africanus,
slide 47,179_B, EF M5/2. Scale bars = 10 um.
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Geopetal

Fig. 7. Representative photographs of carbonate microfacies. A) General view of the carbonate outcrops; B)
Mudstone deposits with scattered peloids (Mp) with clotted texture (HUA63B); C) Dark-brown wackestones with
peloids and ostracods (Wpo) (HUA63C), characterized by disarticulated valves of ostracods oriented parallel to
bedding of rock; D) Wackestone with scattered bioclasts as fragmented ostracods and charophytes (Woc) (JUASA); E)
Geopetal structure and recrystallized by spar marked in the inner part of charophytes (JUA5B); F) Moldic porosity is
identified as secondary pores in charophytes (JUA5C); G) Fragments of pisoids partially replaced by pyrite (?) (JUA
2 B). Mi = micrite; Pl = peloids; Ost = ostracod; Chpy = charophyte; Psd = pisoid.
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The occurrence of bidirectional trough cross-bedding (Fig. 5H) suggests a depositional
areathatreceived opposite-direction currents, which are characteristic of a tide-dominated
environment (Longhitano et al., 2012) and can be either flood or ebb currents. The regular
variations in the lamina thickness characterize rhythmic sedimentary structures, which are
well documented in subtidal channels (Allen and Homewood, 1984; Visser, 1980), and they
could be interpreted as the influence of a neap-spring tidal cycle (Flemming, 2012;
Dalrymple and Choi, 2007). In conclusion, we interpret facies association 4 as deposits
formed in the distal part of a fluvial-tidal transition zone.

4.3. Depositional environments

The integration of the sedimentary facies association, paleontological content and
stable isotopic compositions make it possible to characterize two depositional systems
during the Maastrichtian-Bartonian: atide-dominated depositional system and a lacustrine
deposition system (Figs. 4 and 10).

4.3.1. Tide-dominated environment: the fluvial-tidal transition zone

The tide-dominated depositional system was recognized in the Maastrichtian and late
middle Bartonian (Figs. 4 and 10A, C). This depositional system is composed of two facies
associations: FA1 and FA4.

During the Maastrichtian (0—40 m along the section), FA1 generally prevails, and it is
mainly composed of m-scale coarse-grained channelized shapes with upward-fining and
thinning-up strata. The vertical stacking pattern and lateral changes of conglomerate facies
to sandstone and finer facies were most probably related to a proximal area within a fluvial-
tidal transition zone (landward) that experienced a less-tide-dominated influence. These
Maastrichtian tidal deposits can be correlated with those of the Vivian-Cachiyacu-
Huchpayacu formations (Calves et al., 2018; Hurtado et al., 2018; Louterbach et al., 2014).

During the late-middle Bartonian (~¥350—-450 m), FA4 is more abundant than FA1l. The
sedimentary stacking pattern reveals a tide-dominated environment, which is mainly
represented by heterolithic facies interbedded with fines and climbing-rippled beds and
also by typical tidal-current reversal deposits, such as herringbone cross-bedded sand-
stones. Reactivation surfaces and herringbone cross-bedding are more common in the
distal area within a fluvial-tidal transition zone (seaward direction), where it is possible to
recognize tidal bundles (Dalrymple and Choi, 2007). Compared with the Maastrichtian
sedimentary rocks, these deposits are more deeply bioturbated. These Bartonian tide-
influenced deposits can be correlated with the shallow marine deposits of the Pozo Fm.
(see Roddaz et al., 2010, and the references therein).
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4.3.2. Lacustrine environment

The lacustrine depositional system was recognized in the Maastrichtian and the Lutetian
(Figs. 4 and 10A, B). This depositional system is composed of two facies associations: FA2
and FA3.

The lacustrine setting starts with FA2. The sedimentary stacking pattern is mainly
composed of continuous carbonate beds interbedded with shales and siltstone beds with
a coarsening-upward trend; Gpsand Woc are present at the top of the succession (Fig. 4).
This facies association occurs from approximately 50 to 80 m and from 292 to 350 m. This
facies association was deposited under absent to low-energy hydrodynamic conditions,
recording a shallowing-upward succession. The carbonates at the base of the sequence are
mainly composed of the mudstone peloidal facies (Mp), which grades to the wackestones
(Wpo, Woc) and grainstones (Gps) facies at the top. The sedimentary features observed in
FA3 indicate a transition from ephemeral events under arid conditions to a period of low
accumulation rates or long periods of non- deposition. The dominance of mudstone facies
and the poor development of grainstone facies are interpreted to reflect lower wave
energies and point to shallow lake environments (Platt and Wright, 1991). This agrees with
the presence of charophytes, which are the dominant carbonate producers in low-energy
and shallow freshwater settings (Platt and Wright, 1991). The lacustrine carbonates/shelly
strata represented by FA2 and FA3 can be correlated with the fluvial-lacustrine Yahuarango
Fm. (Roddaz et al., 2010; Hermoza et al., 2005; Gutiérrez, 1982; Kummel, 1948).

4.4. Oxygen and carbon stable isotopes

The results and variations of the stable isotopic compositions (C, O) of the analyzed
samples are presented in Figs. 4 and 9, and Table S2 (Supplementary Material). The
analyzed stable isotopic data were compared with stable isotope values from Amazonian
Miocene fossils (Alvim et al., 2021). North American rivers, the Great Lakes, North Atlantic
seawater, the Black Sea and the San Francisco Bay estuary (Varol, 2015; Logvina et al., 2004;
Ingram et al., 1996; Keith et al., 1964) (Fig. 9). It is important to emphasize that, despite
using the stable iso- topic compositions of modern sites distinct from our localities, the
isotopic fractionation processes at these sites are likely to have occurred in similar
environments (e.g., lakes, estuaries or seas).

The succession exhibits significant variations in 813cand 6180, as shownin Fig. 3. Inthe

first 53 m from the base to the top, the §13C values increase from —11.5 to —4.2%eo (JUA 1
A-E) (Fig. 4, Table S2). Between 53 and 82 m, most samples range from —7.3 to —6.0%so,
except for the sample JUA 2 B, which presents a strong negative carbon isotopic value (—

11.1%0). Between 82 and 350 m (Lutetian), the §13C values increase slightly to between
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—10.0 and —2.8%o, and then they shift to low values (—11.9 to —10.0%o) in the upper part of
the series (Bartonian).

The 813C and 6180 values for the analyzed samples are negative, varying between
—11.9 and —2.8%0 and from —10.2 to —1.1%o, respectively (Figs. 4 and 9). The youngest
samples (located between 382 and 392 min Fig. 4) are characterized by the most negative

813C values and plot within the North America river isotopic field. The isotopic
compositions of the Lutetian samples are more scattered. Most of the samples have
isotopic compositions similar to those of the Contamana Neogene fossils analyzed by Alvim
et al. (2021) (dinoflagellate-, oyster- and foraminifer-yielding beds CTA-77 and CTA-58).

Four samples are characterized by negative 5180 values and plot between the Great Lakes
and NA river fields (Fig. 9). The four youngest samples that are associated with the TAR-78

fossil-bearing site have the highest 6180 values and plot close to or within the isotopic
field of the San Francisco Bay (Fig. 9). The Lutetian samples plot mostly between the NA

river and Great Lakes fields, whereas the Maastrichtian and Bartonian samples have §13¢c

and 8180 values within or close to the NA river field (Fig. 9).

Carbon and oxygen isotopic data exhibit isotopic values that indicate non-marine

environmental conditions (613C from —11.9 to —2.8%0 VPDB and 6180 from —10.2 to
—1.1%0 VPDB (Figs. 4 and 9). According to the isotopic signatures, the deposits present a

covariance of negative 813c and 8180 isotopic compositions, which could support

predominantly freshwater conditions (Vonhof et al., 1998). The §13c and 8180 isotopic
values of the upper part of this depositional system (samples HUA 473 N to Q, located

from ~311 to 333 m; Fig. 4) are much less negative (613C ranging from —8.2 to —2.8%o and

6180 from —6.6 to —1.1%o) (Figs. 4 and 9 and S2), which could reflect a transition to
brackish conditions in an estuarine depositional system (Figs. 4 and 9) (Ingram et al., 1996).
The fossil record is also in agreement with this paleoenvironmental transition, from
freshwater to brackish conditions, which is indicated by the presence of i) marine,
estuarine or brackish pycnodontiform ray-finned fish and myliobatiform selachians
(Potobatis and Ouledia; Fig. 8D) at TAR-30, and ii) pelomedusoid turtles, of brackish
affinities at TAR-78.

4.5. Biostratigraphic constraints: paleontological content of the Juanjui Maastrichtian—Eocene section

The TAR-59 sample (labeled in greenin Fig. 4) provided no macro- fossil content, but crushed
bone fragments, most likely documenting medium-sized dinosaurs, were retrieved from JUA 1
B, 30 m below in the same section (Fig. 4). Conversely, a palynological sample (TAR-PN-16-09)
yielded an assemblage dominated by the freshwater algae Pediastrum (about 98% out of 300
grains counted) and other panchronic taxa, such as the fern spore Laevigatosporites sp.,
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dinocysts assignable to Batiacasphaera, and reworked acritarchs.

The TAR-29 sample (labeled in green in Fig. 4) has yielded charophyte oogonia by the
thousands (unidentified), silicified plant cuticles, unidentified turriform gastropods,
ostracods (under study), freshwater bony fish remains (pacu-like characiform teeth and
loricariid siluriform iridescent dermal scutes), chelonian osteoderm fragments, a paddling-
turtle trackway (collapsed in 2015; Fig. 8A) and waterbirds regurgitated pellets (with
numerous fish scales and spines; Fig. 8B) in the uppermost levels of the exposure.
Unfortunately, this assembly does not allow any precise biostratigraphic dating.
Conversely, palynological samples TAR-29-PN2/19 (stratigraphic meter 79), TAR-29-PN4A-
19 (stratigraphic meter 81.4) and TAR-29-PN5-19 (stratigraphic meter 81.6) from the same
sample point to a Maastrichtian age (based on the palynological zonation of Jaramillo et al.
(2011) and De La Parra et al. (2021)). They are characterized by rich terrestrial organic matter
and palynomorphs (Fig. 6D-J), including abundant Araucariacites (gymnosperm),
Gnetaceaopollenites (gymnosperm), Pediastrum (freshwater algae), Echimonocolpites
protofranciscoi (angiosperm), Ulmoideipites krempii (angiosperm), Longapertites (angiosperm,
palms), Cricotriporites aff. Macroporus (angiosperm), Echitriletes selaginelloides (fern),
Racemonocolpites (angiosperm, palm), abundant Proxapertites psilatus (gymnosperm Araceae),
Momipites africanus (angiosperm), Foveotriletes aff. Margaritae (fern) and Balmeisporites
minutus (fern). The additional palynological samples TAR-29-PN1/19, TAR-29-PN3/19 and TAR-
29-PN4/19 did not provide useful results.

Aside from unidentified charophyte oogonia and ostracods (undet study), the TAR-30
sample (base top) yvielded a species-rich fish assemblage, with ray-finned taxa (characins:
pacu- and piranha-like teeth; iridescent dermal scutes of loricariid siluriforms; Stephanodus
pharyngeal teeth; Fig. 8E), selachians (Myliobatiformes: the batoid Ouledia sp. (Fig. 8D) and
the dasyatoid Potobatis) and dipnoans (Ceratodontidae/Lepidosirenidae). Ouledia
(Thanetian—Priabonian) and Potobatis (Danian—Thanetian) had also been recognized in
shallow marine-influenced Thanetian deposits of the Madre de Dios Basin, in association
with pycnodontiform pycnodontids (Louterbach et al., 2014). The TAR-30 fauna also
includes turriform gastropods, pelomedusoid turtle shell fragments, and crocodylomorph
teeth. As a whole, the fauna point to a Thanetian biostratigraphic age, which is supported
by close affinities with the Thanetian ichthyofauna of the Madre de Dios Basin (Louterbach
et al., 2014), at least in the absence of younger strata yielding similar assemblages.

25



Fig. 8. Selected vertebrate-related findings and vertebrate fossils of interest from the Maastrichtian—Paleogene Juanjui
section, San Martin, Peru. A) Paddling-turtle track at TAR-29 (=HUA-63; Maastrichtian). The turtle was moving to the
right. The same carbonated layer provided the regurgitation ball seen in B; B) Regurgitation ball (of an aquatic bird?),
with fish bones and scales both gathered and split all around (TAR-29 = HUA-63; Maastrichtian); C) Pucapristis hoffstetteri,
tooth in occlusal view (TAR-41, Maastrichtian); D) Ouledia sp., tooth in occlusal view (TAR-30 sup. = HUA-473; Lutetian);
E) Stephanodus sp., pharyngeal tooth in lateral view (TAR-30 sup. = HUA-473; Lutetian); F) Polypterid polypteriform,
fragmentary ganoin scale in external view (TAR-42 = JUA 14; Bartonian). Scale bar =1 mm (C, E) and 0.5 mm (D, F).
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The TAR-78 sample yielded charophyte oogonia and half a carapace of a pelomedusoid
turtle, of brackish affinities (under study by Edwin Cadena).

At the top of the studied section, the TAR-42 sample yielded a ganoin scale of a polypterid
polypteriform (Latinopollia or Dagetella; Fig. 8F), as well as turtle shell fragments, a large
crocodylomorph osteoderm, and a fragmentary lower molar of a tiny South American
native ungulate (SANU), documenting a panperissodactyl (Notoungulata or Litopterna). The
last appearance datum (LAD) of polypteriforms in South America is Paleocene in age (Gayet
et al., 2002). The occlusal pattern and dimensions of the panperissodactyl are in good
agreement with a Thane- tian—Ypresian biostratigraphic age and at odds with post-early
Eocene SANUs.

4.6. U-Pb ages

Table 2 present the U—Pb zircon ages for the analyzed Cenozoic sedimentary rocks.
Details on individual U—Pb zircon ages for each sample can be found in the supplementary
material (Tables S2-S6).

The zircon population of the Cenozoic samples is dominated by grains from the Eocene
Andean Arc (<0.065 Ga) (Table 2). The other dominant zircon populations are Grenville
Sunsas (1.3-0.9 Ga) and to a lesser extent, Rondonia-San Ignacio (1.54—1.3 Ga) and Rio
Negro-Jurena (1.82—1.54 Ga).

The maximum depositional ages (MDAs), calculated as the weighted mean of YC20[+3]
following Sharman and Malkowski (2020), are Eocene MDAs. The MDAs decrease up-
section from ~43.1 + 0.29 Ma (Lutetian, JUA 8A/19), to ~42.6 + 0.32 Ma (Lutetian, JUA
11) and ~38.6 + 0.19 Ma (Bartonian, JUA 14) in the upper part of the section (Fig. 4, Table
S2). The calculated maximum likelihood ages (MLAs) following Vermeesch (2021) are also
Eocene ages. The MLAsrange from ~43.5 + 0.64 Ma (Lutetian, JUA 8A/19) to ~42.68 + 0.66
Ma (Lute tian, JUA 11) and ~37.64 £ 0.85 Ma (Bartonian - Priabonian, JUA 14) (Fig. 4, Table
S2). Overall, the MDAs and MLAs are quite similar, and they both decrease up-section.
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Table 2

Table showing the number and percentage U-Pb ages of zircons grains by
distinct geochronological events in potential source areas on the Amazon craton
and the northern central Andes. Temporal ranges of events according to Bahl-
burg et al. (2009), Chew et al. (2008) and Reimann et al. (2010). (n) is the
number of samples analyzed for the time interval.

Time (Ga) Province/Event EOCENE Lutetian Bartonian
JUA JUA 11 JUA 14
8A-19
n= n= n =102/
69/77 102/ 112

120
(%) (%) (%)
<0.065 Cenozoic 14 28 38
Andean Arc
0.145-0.065 Cretaceous 4 0 2
Andean Arc
0.25-0.145 Triassic-Jurassic 0 1 7
0.4-0.26 Paleozoic 6 3 3
Magmatic Arc
0.5-0.4 Famatinian 3 - 2
0.7-0.5 Brazilian 12 13 6
0.9-0.7 6 1 2
1.3-0.9 Greenville 29 33 25
Sunsas

1.54-1.3 Rondonia - San 3 7 8
Ignacio

1.82-1.54 Rio Negro - 10 6 7
Jurena

2.0-1.82 Ventuari - 6 1 0
Tapajos

2.2-2.0 Maroni - 6 2 0
Itacaiunas

2.2 Central Amazon 1 1 0

5. Discussion

5.1. Age of the deposits

The first stratigraphic constraint regarding the studied sedimentary section is the
biostratigraphic age of the TAR-59 sample. This locality yielded unambiguous dinosaur
fossil remains. In addition, large dinosaur footprints were identified at the TAR-33 outcrop
that can be correlated with the TAR-59 sample (Supplementary Data S7); these footprints
are consistent with the Maastrichtian interval (72.1-66.0 Ma) (Fig. 4 and Supplementary
Data S7). The TAR-59 sample has the same stratigraphic position as the HUA 63 sample
(Fig. 4), which was previously studied by Hurtado et al. (2018). Originally, a Danian age was
assigned to HUA 63 (Hurtado et al., 2018) because it was mistakenly supposed to be
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intercalated between the TAR-29 fossil site, which yielded a rich charophyte assemblage
with a composition similar to the Danian beds of the Ucayali Basin (Agua Caliente, CTA-54
locality; Antoine et al., 2016), and TAR-30, which yielded a rich ichthyofauna, notably
including the Danian dasyatid marker Potobatis sp. (Cappetta and Gayet, 2013). However,
our revised fieldwork suggests that HUA 63 is located below the TAR-29 sample, and is
associated with the TAR-59 fossil site instead (Fig. 4). The presence of several key
biostratigraphic palynomorphs, including Echimonocolpites protofranciscoi, Ulmoideipites krempii,
Momipites africanus and Foveotriletes aff. margaritae, which were found in the TAR-29 sample
(PN2/19, PN4A-19, and PN5-19 located at 79, 81.4 and 81.6 m above the stratum level,
respectively) also suggest a Maastrichtian age. Hence, the first 150 m of the Juanjui
sedimentary section as a whole may be ascribed to the Maastrichtian Cachiyacu Fm.
Moreover, the contact between Maastrichtian and the overlying Cenozoic sedimentary
rocks is located at ~150 m in the sedimentary section (Fig. 4). Paleosol horizons are found
above and below this contact (Fig. 4). Paleosol horizons are found above and below this
contact (Fig. 4).

Above these paleosol horizons, the three analyzed Cenozoic sedimentary rocks
presented MDAs that range from the Lutetian (JUA 8A/ 19, 43.1 + 0.29 Ma, located at 170
m, and JUA 11, 42.6 £ 0.32 Ma, located at 375 m) to the Bartonian (JUA 14, 38.6 + 0.19
Ma) located at 440 m (Fig. 4). The MLAs of the analyzed samples show similar Lutetian (JUA
8A/19, 43.5 + 0.64 Ma), and JUA 11, 42.7 + 0.66 Ma) and Bartonian to Priabonian ages
(JUA 14, 37.6 + 0.85 Ma) (Table S6). These MDAs and MLAs are significantly younger than
the biostratigraphic ages obtained from the fossil-rich outcrops TAR-30, TAR-78 and TAR-42.
The JUA 8/19 A samples, which yield a Lutetian MDA (43.1 £ 0.29 Ma), are stratigraphically
below the TAR-30 outcrop, which has a Thanetian biostratigraphical cachet, based on the
co-occurrence of the selachians Potobatis and Ouledia (Paleocene and Thanetian—
Priabonian ranges, respectively; Louterbach et al., 2014, and the references therein).
Similarly, the Bartonian to Priabonian zircon MDAs and MLAs of sample JUA 14 are
significantly younger than the Thanetian—Ypresian bio- stratigraphical age of TAR-42
(which vyielded polypterid scales of presumed Maastrichtian—Paleocene age and a tiny
early-diverging SANU of Paleocene—early Eocene hypothesized affinities), which is situated
at the same stratigraphic level. In both cases, this temporal discrepancy may be related to
unexpected longer stratigraphical ranges of remarkable fossil taxa, due to last appearances
much younger than previously thought for Potobatis (world scale) or Ouledia and the
polypterids (South American scale).
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According to the MDAs and MLAs, the faunal content of the fossil site TAR-30 may not be
Danian but Lutetian in age and the fossil sites TAR-78 and TAR-42 are Lutetian and Bartonian
in age, respectively (Fig. 4). These results suggest that i) the analyzed samples are part of
the Eocene Pozo Fm. (Roddaz et al., 2010), and ii) contrary to what was published in Roddaz
et al. (2010), the Paleocene Yahuarango Fm. may be absent in the Huallaga Basin.

5.2. Paleogeographic implications

Our multi-disciplinary dataset provides new constraints on the paleoenvironmental
evolution of Western Amazonia during the Maastrichtian — Bartonian (late middle Eocene).

Our data suggest that a tide-dominated system occupied the Huallaga Basin during the
Maastrichtian. Previous paleogeographic reconstructions of the late Cretaceous
configuration of Peruvian Western Amazonia also suggest that the Madre de Dios and
Marafion basins were characterized by shallow marine deposits during the Campanian—
Maastrichtian (Louterbach et al.,, 2018b; Zamora and Gil, 2018). In Ecuador, the
Maastrichtian basal Tena sandstones of the Oriente Basin are also interpreted to represent
tide-dominated deposits (Jaillard et al., 2005). The Upper Cretaceous units in neighboring
basins (e.g., Vivian and Cachiyacu formations in the Santiago, Marafion and Madre de Dios
basins) are also characterized by shallow marine paleoenvironments (Zamora and Gil,
2018, and the references therein). A coastal paleo-environment is also suggested in the
Bagua Basin (Moreno et al., 2020). As already emphasized by previous published studies
(Hurtado et al., 2018; Zamora and Gil, 2018), this suggests that Western Amazonia basins
were entirely flooded by an epicontinental sea at some point by the Maastrichtian.

At the Cretaceous—Paleogene boundary, a marine-to-continental transition was
recorded in the northernmost part of the Andes, coeval with regional records for the onset
of compressional deformation in the northern Andes (Central and Eastern Cordilleras)
(Zapata et al., 2021; Bayona et al., 2021; George et al., 2019; Gutiérrez et al., 2019; Odoh
et al.,, 2019; Horton, 2018). This transition from shallow marine/coastal to continental
paleocenvironments is also recorded in the Huallaga Basin, but it occurred during the
Maastrichtian, as indicated by the transition from a tide-dominated depositional system to
a continental lacustrine depositional system.

Our new stratigraphic constraints suggest that the Paleocene-to- lower Eocene interval
(66—47.8 Ma) may be documented by a 2-m-thick paleosol facies (Fig. 4), indicating that a
stratigraphic unconformity may separate the Maastrichtian from the Lutetian—Bartonian
sedimentary sequences of the Huallaga Basin (Figs. 4 and 10). A similar chronostratigraphic
hiatus was observed to the north in the Oriente Basin (Ecuador) where the sedimentary
deposits of the Lower Eocene Tiyuyacu Fm. unconformably overlie the Upper Cretaceous
Tena Fm. (Gutiérrez et al., 2019). In Colombia, a regional unconformity was recognized on
the eastern side of the Southern Llanos Basin (Colombia), which separates the pedogenized
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Cretaceous rocks from the overlying Middle or Upper Eocene rocks (Caballero et al., 2020).
Tothe northwest, in the Bagua Basin (Peru) (Fig. 11A), the Paleocene series are also absent,
as shown by i) the absence of Paleocene MDAs obtained for U-Pb in zircons in the Upper
Cretaceous to Miocene sedimentary rocks of the Bagua Basin (Moreno et al., 2020), and ii)
the presence of a low-angle unconformity between the Campanian—Maastrichtian Fundo
el Triunfo Fm. and the overlying Lower Eocene Rentema Fm. (54.2 + 6.4 Ma) (Naeser et al,,
1991). This regional unconformity could be generated by the presence of a migrating
forebulge in response to Andean tectonic loading or tectonic quiescence (Horton, 2022).
However, we believe that a forebulge unconformity is unlikely to have generated the
Maastrichtian-to-Lutetian unconformity recorded in the Huallaga Basin, since an Andean
provenance is recorded below and above this unconformity (HUA 63 in Hurtado et al.
(2018) and JUA 8A/19 in this study). Following Horton (2022), we propose that a tectonic
quiescence marked by a prolonged pause in crustal shortening and flexural loading may
have promoted isostatic rebound and the development of an unconformity. In this
scenario, we suggest that the Paleocene corresponded to a stage of tectonic quiescence
in the Huallaga Basin.

In the Madre de Dios Basin, previous paleogeographic re- constructions suggest that a
shallow marine transgression occurred during the late Paleocene (Louterbach et al., 2014).
At the time of the publication of this article, the entrance of this shallow marine
transgression (Atlantic Ocean, Pacific Ocean or Caribbean Sea) was still unclear. Here, we
suggest a southern connection with the Atlantic Ocean (Bolivia—Argentina) through the
Parana Sea (Fig. 11A), given the absence of Paleocene deposits in the Huallaga, Bagua and
Llanos basins. In this scenario, the upper Paleocene shallow marine deposits of the Madre
de Dios Basin may represent the northern end of the Paleocene Parana Sea, which is also
recorded by deeper marine deposits in the southern basins, such as the Potosi and Chaco
basins (Cappetta and Gayet, 2013; Sempere et al., 1997).

Our data also recorded a shallow marine transgression that may have started during the
Bartonian (Late middle Eocene), as indicated by the presence of a tide-dominated coastal
depositional system (FA4) (from 42.6 to 38.6 Ma) that overlies the Lutetian lacustrine
system (FA2 and FA3). In a tide-dominated estuarine setting, bidirectional currents are
likely to be present in the meandering part of the tide-dominated estuary (Dalrymple and
Choi, 2007; Dalrymple et al., 1992). This Bartonian shallow marine incursion could be
correlated with the Eocene Pozo shallow marine transgression (Hoorn et al., 2010b;
Roddaz et al., 2010) that affected the Marafion Basin, which is located east of the studied
area (Roddaz et al.,, 2010; Hermoza et al., 2005; Hermoza, 2004). Moreover, this shallow
marine incursion was also recorded in the Santiago Basin (George et al., 2019), within the
Pozo and Capas Rojas formations. Based on i) the absence of Eocene deposits in the
southern Peruvian Madre de Dios and northern Bolivian Beni basins (Louterbach et al.,
2018a; Louterbach et al., 2014; Roddaz et al., 2010; Hermoza, 2004), the presence of ii)
Upper middle Eocene shallow marine sedimentary rocks (from 42 to 37 Ma) in the
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Colombian Llanos Basin (De La Parra et al., 2021) and iii) the presence of Eocene shallow

marine deposits in the Ecuadorian Oriente Basin (Roddaz et al., 2010; Christophoul et al.,

2002), a northern entrance through the Caribbean Sea is suggested for this Bartonian

transgression (Fig. 11B).

6. Conclusions

The multi-disciplinary study (biostratigraphy, sedimentological data, U-Pb zircon ages,

and stable isotope composition) of the Upper Cretaceous—Paleogene sedimentary rocks

documented in the Juanjui stratigraphic section of the Huallaga Basin yields the following

conclusions.

The maximum depositional U-Pb zircon ages of analyzed samples became younger
up-section with peak MDAs at 43.1 + 0.29 Ma, 42.6 £ 0.32 Ma and 38.6 + 0.19 Ma,
and MLAs at 43.5 £+ 0.64 Ma, 42.7 + 0.66 Ma and 37.6 + 0.85 Ma. These data make
it possible to refine the stratigraphic age of the studied section and reveal that the
Maastrichtian sedimentary sequence is separated from the Lutetian—Bartonian
sequence by a stratigraphic unconformity.

The Upper Cretaceous-Eocene sedimentary rocks of the Huallaga Basin are
characterized by two depositional systems: a tide-dominated system and a
lacustrine system.

Two marine transgressions occurred during the Maastrichtian and Bartonian
epochs. They are dominated by brackish to freshwater tide-influenced siliciclastic
sequences that indicate the presence of a regional embayment in northwestern
South America during these time intervals.

The middle Eocene interval (Lutetian) is characterized by the establishment of a
lacustrine setting with contrasting seasons (wet and dry).

The presence of a shallow marine incursion in Western Amazonia during the Eocene

might have involved biogeographical isolation, and as such, it may have promoted

allopatric speciation for terrestrial organisms. This biogeographic context may have

thus played a role in shaping the emergence of post-Paleogene regional biodiversity.
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