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Abstract

The scenery of Western Amazonia once consisted of fluvial systems that originated on the Amazonian Craton
and were directed towards the sub-Andean zone and the Caribbean. In the course of the Early Miocene these
fluvial systems were largely replaced by lakes, swamps, tidal channels and marginal marine embayments, form-
ing a mega-wetland. In this chapter we will review the characteristics of this mega-wetland and its different
phases of development. These aquatic environments hosted a diverse fauna whereas the shores of these systems
were fringed by palm swamps, and a diverse rainforest occurred in the peripheral dry lands. The genesis of this
wetland was primarily driven by geological mechanisms such as the Andean uplift, and an increase in accom-
modation space in the sub-Andean and intracratonic basins. Additionally, high precipitation rates also played
an important role in wetland formation. The earliest phase of wetland development is recorded in boreholes
drilled in the sub-Andean foreland basins of Peru and Colombia, and in the intracratonic Solimdes Basin of
western Brazil. During the latest Oligocene to Early Miocene (~24 to 16 Ma) lacustrine conditions alternated
with episodes of Andean and cratonic fluvial drainage as well as marginal marine influence. In Amazonia,
marine incursions are intercalated as thin beds in the Middle to Upper Miocene fluvial strata and contain
marine and coastal taxa (foraminifera, mangrove pollen). Lacustrine conditions expanded further during the
Middle Miocene to early Late Miocene (~16 to 11.3 Ma; Pebas phase). During this period the lake-embayment
and swamp systems — fringed by forested lowland — reached their maximum extension. This wetland was
subject to marginal marine influence and sustained a large radiation of endemic aquatic invertebrate faunas.
During its maximum extent the wetland covered an area of more than 1.5 X 10° km? — comprising much of the
Present western Amazonian lowlands. From the Late Miocene onwards uplift rates in the Eastern Cordillera,
Cordillera Real and Cordillera de Merida substantially increased and the Andes became a continuous barrier.
This barrier effectively separated lowland Amazonia from Orinoquia and the Magdalena Valley and closed off
all lowland connections with the Pacific and the Caribbean. The wetland system became a complex environ-
ment where deltaic, estuarine and fluvial environments coexisted. This Late Miocene fluvial-tidal-dominated
wetland (~11.3 to 7 Ma, Acre phase) hosted a species-rich vertebrate fauna, but (in contrast to the Pebas phase),
the molluscan fauna was species poor and already strongly resembled the modern Amazonian fluvial fauna.
This system represents the onset of the transcontinental Amazon River. From 11.3 Ma onwards, sediments of
Andean origin reached the Atlantic continental shelf and initiated the build-up of the Amazon Fan.

Introduction

The Neogene sediments in the sub-Andean and cratonic sedi-
mentary basins contain crucial information about the history of
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Amazonia. However, the degree of exposure of these strata is poor,
and stratigraphical relations are difficult to establish. Furthermore,
the paucity of radiometric ages and the different interpretations
regarding the depositional settings have severely complicated the
reconstruction of the Neogene history of lowland Amazonia.
Outcrops along the Amazonian rivers can be an excellent source
of sedimentological and palaeontological data, in particular dur-
ing the dry seasons, when the river level drops by up to 10 m.
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However, outcrop data comprise relatively short time intervals and
need to be used in combination with (large-timescale) subsurface
data from oil companies and government agencies. Therefore data
from the Companhia de Pesquisas e Recursos Minerais (CPRM),
Petrobras, PetroPeru and Occidental Petrol de Peru S.A., obtained
in the sub-Andean and the intracratonic basins, together with out-
crop data have proved fundamental for the understanding of the
dynamic Neogene history of Amazonia (Maia et al. 1977; Hoorn
1993a; Eiras et al. 1994; Vonhof ef al. 2003; Hermoza et al. 2005;
Roddaz et al. 2006a; Wesselingh et al. 2006b; Uba et al. 2007).

In this chapter we will review the main features of the latest

Oligocene to Miocene depositional environments by assessing
information concerning the Pebas and Solimdes Formations
from exploration wells and outcrop data (Fig. 8.1). In this review
we subdivide the history of the wetland into a fluvio-lacustrine
precursor phase (~24 to 16 Ma), the mega-wetland or Pebas
phase (~16 to 11.3 Ma), and the fluvio-tidal-dominated wetland
or Acre phase (<11.3 to 7 Ma), which represented the incipient
transcontinental Amazon River system.

For an extensive discussion about the definitions of the sedi-
mentary basins in Amazonia, the stratigraphy, the regional
extent of the Neogene formations, and their relation with depos-
its in the sub-Andean zone we refer readers to Chapters 3 & 5.
Miocene climate and its influence on the wetland is discussed
in Chapter 12, whereas marine influence in the wetland and
the regional character of the marine incursion will be discussed
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in Chapter 9. Specific information about the wetland faunas is
presented in Chapters 15-18, and the palaeoflora is reviewed in
Chapter 19.

Definition of a wetland and mega-wetland

According to the Convention on Wetlands (Ramsar 1971) wet-
lands are areas where water is the primary factor controlling the
environment and the associated plant and animal life. They occur
where the water table is at or near the surface of the land, or where
the land is covered by shallow water. Ramsar further defines these
environments as following: ‘Wetlands are areas of marsh, fen,
peat land or water, whether natural or artificial, permanent or
temporary, with water that is static or flowing, fresh, brackish or
salt, including areas of marine water the depth of which at low
tide does not exceed six metres.
Five major modern wetland types are generally recognized:

1 marine (coastal wetlands including coastal lagoons, rocky
shores and coral reefs);

2 estuarine (including deltas, tidal marshes and mangrove
swamps);

3 lacustrine (wetlands associated with lakes);

riverine (wetlands along rivers and streams);

>

5 palustrine (marshes, swamps and bogs).
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Further description of modern wetlands can be found in Mitsch
& Gosselink (2000).

In this chapter we use the term mega-wetland for the Miocene
depositional system, composed of shallow lakes and swamps,
which exceeded an area of one million square kilometres. The
evolution of this Amazonian palacowetland included four of the
five wetlands types that are listed above.

Causes for wetland development during the
Neogene in Amazonia

The genesis of the Miocene wetland in the sub-Andean-Amazonian
region was driven by geological processes in the Andes, which, in
turn, were initiated by the collision of the Caribbean Oceanic
Plateau with the Northern Andean margin (75-65 Ma) and
break-up of the Farallon Plate during the Oligocene (27-25 Ma)
(Martin-Gombojav & Winkler 2008). Although tectonic pulses
in the Andes are documented from Mesozoic onwards (Horton
& DeCelles 1997; Lundberg et al. 1998; Guerrero et al. 2000;
Guerrero 2002a, 2002b; Bayona et al. 2007a; Mora 2007; Ruiz et al.
2007), it is mainly the Late Paleogene and Neogene uplift of the
Eastern Cordillera and Cordillera de Merida (i.e. Guerrero, 1997;
Villamil 1999; Mora et al. 2008; Uba et al. 2007; Garzione et al.
2008; Bermudez-Cella et al. 2008; Parra et al. 2009), the Cordillera
Real (Steinmann, et al. 1999; Ruiz et al. 2007), and Nazca Ridge
subduction (Espurt et al. 2007) that directly affected the sedi-
mentary history of Amazonia. The immediate consequence of the
uplift of the Eastern Cordillera was subsidence in the sub-Andean
foreland basins and sediment supply of Andean source into the
sub-Andean foreland and intracratonic sedimentary basins in
Amazonia (Cooper et al. 1995; Hoorn et al. 1995; Steinmann et al.
1999; Hermoza et al. 2005; Roddaz et al. 2005), a topic that is
further discussed in Chapters 4 & 5.

An Andean volcanic/metamorphic arc was present in the NW
corner of South America since at least the Late Triassic and con-
tinued to be an important feature at the western flank of the back-
arc Cretaceous Colombian Basin (Guerrero et al. 2000, 2002a,
2002b). An increase in the rate of Andean uplift and the beginning
of a foreland basin formation occurred during the Paleocene, as
indicated by the presence of the relatively coarse-grained fluvial
deposits of the Lower Socha Formation (Guerrero & Sarmiento
1996). This regressive facies belt, which includes several forma-
tions, overlies the Cretaceous marine strata in a distinct erosional
unconformity.

In Brazil evidence for Paleogene basin reactivation can be
found in the Amazonian Solimdes and Amazonas Basins and
is represented by an unconformity between the Cretaceous-
Paleogene Alter do Chad Formation and the Neogene Solimdes
Formation (Caputo ef al. 1971, 1972; Maia et al. 1977; Eiras et al.
1994). Both subsurface records and outcrop data suggest that dur-
ing the Cretaceous-Paleogene an E-W-directed fluvial system of
cratonic origin existed that was followed by a period of exposure
and non-deposition (see Chapter 7). From late Oligocene(?) to
Early Miocene renewed basin subsidence occurred, and by Middle
Miocene times a change from a cratonic to an Andean source was
established. At the time, subsidence exceeded sediment input and
resulted in the swampy and lacustrine environmental conditions
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that characterize most of the Solimdes Formation (Maia et al.
1977; Hoorn 1994a; Wesselingh 2006).

The Early Miocene incipient uplift of the Eastern Cordillera
(Parra et al. 2009) thus formed a significant source of sediment
supply that drove depositional regimes eastwards into Amazonia
(Hoorn 1993a; Hoorn et al. 1995; Guerrero 1997; Steinmann et al.
1999; Villamil et al. 1999; Gregory-Wodzicki 2000; Hermoza et al.
2005; Burgos et al. 2005; Burgos 2006). In addition to this, isotope
analysis of the mollusc shells (Kaandorp et al. 2005) and climate
modelling (see Chapter 13) indicate that during the Middle
Miocene Amazonia had a seasonal climatic regime with higher
precipitation rates than at present. The combination of high pre-
cipitation rates, increased accommodation space and Andean
sediment supply resulted in a mega-sized Amazonian wetland.

The main uplift of the Eastern Cordillera, however, took place
during the Late Miocene and Pliocene (Van der Hammen et al.
1973; Guerrero 1997; Villamil 1999; Mora et al. 2008; Uba et al.
2007; see also Chapter 4). This resulted in isolation of the NW
part of the basin and the initiation of the north-directed drainage
of the Magdalena River as represented by the Neiva Formation
(Guerrero 1997). A large increase of sediment supply and sedi-
mentation rates was noted in the sub-Andean foreland basins,
but also as far away as the Amazon Fan on the Atlantic Margin
(Dobson et al. 2001; Mora 2007; Uba et al. 2007; Figueiredo et al.
2009). The Late Miocene uplift coincided with a period of global
climatic cooling (Harris & Mix 2002) and global sea level fall
(Hagq et al. 1987; Miller et al. 2005) resulting in a reduction in size
of the Amazonian wetland and the fluvial environments — with
tidal influence — that predominated in the Acre and Solimoes
Basins (see Chapter 9). At the same time the connection between
Andes and Atlantic was established due to the breach of the Purus
High (Figueiredo et al. 2009).

During the Pliocene (~4 Ma), subduction of the Nazca Ridge
(in the Pacific subduction zone) resulted in the uplift of the
Fitzcarrald Arch and compartmentalization of the drainage sys-
tems in lowland western Amazonia (Espurt ef al. 2007; see also
Chapter 6). The sediment transport of the Amazon River increased
during the Pliocene and the river acquired its present magnitude
(Dobson et al. 2001; Figueiredo et al. 2009).

The Miocene Amazonian wetland: evidence from the
sedimentary record

The Pebas and Solimdes Formations have a wide geographic dis-
tribution and their extent, together with the sedimentary, palae-
ontological,and geochemical characteristics, support the existence
of the Miocene Amazonian mega-wetland. These two units, which
are partially time-equivalent, occur over an area of about 1.5 x
10° km? and, thanks to oil exploration wells in the Marafion Basin
(Mathalone & Montoya 1995; Hermoza 2004; Wesselingh et al.
2006b) and the Solimdes Basin (Maia et al. 1977; Eiras et al. 1994),
we know that these units can reach a thickness of up to 1000 m.
The name Pebas Beds or Pebas Formation has been applied
since the end of the 19th century (e.g., Gabb 1869; Katzer
1903; Ruegg & Rozenzweig 1949; Pardo & Zuniga 1975; Nutall
1990; Hoorn 1994b; Wesselingh et al. 2002; Risinen et al. 1998;
Wesselingh 2006). Boreholes in the Marafion Basin show the
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most complete record of the Pebas Formation; they registered the
(transitional) contact with the underlying (Oligocene) Chambira
Formation and the concordant, diachronical contact between
the Pebas Formation and the overlying Marafion Formation.
In the Jibaro well from Occidental Petrol de Peru, the contact with
the underlying Chambira and the overlying Marafion Formations
suggests that the Pebas Formation has a thickness of about
1000 m (Wesselingh et al. 2006b).

The lower part of the Pebas Formation is typically represented
by yellow sands and alternating layers of red and blue clays with
some organic-rich beds and alow-diversity invertebrate fauna. The
upper part of the formation presents the characteristic Pebas fea-
tures described in existing literature. These features are: grey-blue
smectite-rich mudstones and claystones, with minor interbeds of
grey feldspar-rich sandstones, brown-black coals and organic-rich
claystones. In the upper half of the Pebas Formation, sandstone
and sandy shell beds are usually well expressed on the gamma ray
and resistivity logs. Carbonate fossils are common throughout the
Pebas Formation (Wesselingh et al. 2006a).

The Solimoes Formation has an estimated maximum thick-
ness of 980 m and was first described by Moraes Rego (1930) and

validated as a formation by Caputo et al. (1971, 1972). The ref-
erence section is interval 5-765 m of Petrobras borehole 2-RJ-1
-AM (Fig. 8.2) and the additional reference section is 5-305 m in
Petrobras borehole 1-BV-1-AM, both situated in the intracratonic
Solimdes Basin (Brazil) (Eiras et al. 1994). Ditch cutting samples
of these wells are stored with Petrobras. Additional lithostrati-
graphic information, electrical log data and cores from this for-
mation are property of CPRM and material is kept at the Manaus
(Brazil) storage facilities.

The lithological record from the CPRM well 1AS-4A-AM
shows that at a 350 m depth, Early and Middle Miocene depos-
its (Psiladiporites-Crototricolpites pollen zone; Hoorn 1993a)
represent a lithological transition from coarse subangular quartz-
rich cratonic sediments, to fine mixed sand of Andean origin.
These sands can be differentiated based on heavy mineral com-
position (Hoorn 1993a) but also based on their grain size and
angularity. A similar transition, albeit not dated, is observed in
wells 4a, 27, 15 and 48. Maia et al. (1977) refer to the lower sandy
unit as Ramon Formation (353 to 339 m depth; CPRM well
1AS-4A-AM, Fig. 8.3). However, this formation has not been for-
mally described (J. Figueiredo, personal communication) and the

) Lithology and . . - Resistivity
Gamma-ray depth (metres) Lithological description (ohm m)
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Fig. 8.2 The type location of the Solimdes Formation in Brazil is Petrobras well 2-RJ-1-AM. Fm, Formation. Courtesy of

Petrobras.
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Fig. 8.3 Lithological columns of the Solimbes Formation based on Companhia de Pesquisa de Recursos Minerais (CPRM) well
data. The shallowing, coarsening-upward cycles (sand, silty clay, lignite) mostly occur at ~ 10 m intervals. The lower section
is dominated by sands and represents a fluvially dominated environment. The sediments from well 51 are estimated by Maia
et al. (1977) as Miocene to Pliocene. The sediments of well 48 are undated, but resemble the fluvial sequences typical for Late
Miocene sediments of the Acre region. The pollen zonation in the left bar applies to well 1AS-4A-AM.
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data suggest that most of the Solimdes Formation (below 339 m
depth) is of Paleogene age and was deposited in a fluvial envir-
onment. The Solimdes Formation discordantly overlies the red
clays and yellow sands of the Cretaceous-Paleogene Alter do Chao
Formation (Eiras et al. 1994; see Chapter 7)

Fluvial environments and the incipient wetland
(~24 to 16 Ma) (see Fig. 8.8a)

Lithostratigraphy and distribution

The lower Early Miocene sections of both the Pebas and Solimdes
Formations are poorly documented and, with the exception of the
sub-Andean zone and the intramontane basins, which formerly
were connected to Amazonia (e.g. Magdalena Basin, Colombia;
Pilsbry & Olsson 1935; Pilsbry 1944), there are few outcrops
representative of this time interval. The only evidence for a flu-
vial to lacustrine transition within the Early Miocene to Middle
Miocene time interval can be observed along the Caquetd River
(Santa Isabel; see Fig. 8.1). Other insights into the Early to Middle
Miocene development of Amazonian environments derive from
hydrocarbon exploration wells.

Colombian Amazonas Basin

The Colombian Amazonas Basin is situated north of the
Solimdes Basin and no divisor seems to exist between them.
This basin is relatively shallow judging by the frequency of base-
ment outcrops in riverbeds. Along the Caquetd River, between
Araracuara and La Pedrera (near the border with Brazil), sedi-
ments become stratigraphically younger and — from west to east —
range from Early to Middle/Late Miocene in age (Hoorn 1993a,
1994a, 1994b; Wesselingh et al. 2006¢). The Early Miocene sedi-
ments include fluvial deposits of cratonic source (Hoorn 1994a;
see also Chapter 7) that gradually change into the typical blue clays
of the Pebas Formation, i.e. the Santa Isabel outcrop (see Fig. 8.1).
The sediments from the Santa Isabel outcrop were dated as Early
to Middle Miocene based on pollen ( Psiladiporites-Crototricolpites
Zone; Hoorn 1994a). From Santa Isabel towards the east, sedi-
ments become younger and acquire the typical Pebas features
(e.g. Puerto Caiman; see Fig. 8.1). The shallow depth of the sedi-
mentary basin is illustrated on the Brazilian side of the border,
where CPRM borehole 1AS-51-AM (along the Japurd/Caquetd-
River) registered the contact between the Solimdes Formation
and the Precambrian basement at 172.85 m (see Fig. 8.3b).

Solimdes Basin

The lower section of the Solimdes Formation (340 to 170 m
depth; Early Miocene) in well 1AS-4A-AM, is composed of multi-
coloured — mostly red and yellow — clays and subangular quartz
sands with intercalations of blue-green clays and lignites, and
rarely shell beds. The transition from a multicoloured lithology
that is poor in shells into dark and blue-green clay beds and lig-
nites with an abundance of shells occurs within the Psiladiporites-
Crototricolpites Zone (from 250 m onwards) and is concluded at a
170 m depth (Crassoretitriletes Zone). The typical blue-green clays
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and lignites with shells and fine greyish sands of Andean origin
continue until 25 m below the surface (Hoorn 1993a). Figure 8.3
represents five lithological columns based on CPRM borehole data
of which 4, 4A and 27 illustrate well the transition from fluvial
into wetland-dominated environments. The northward situated
wells (51 and 48) are not dated but resemble the Late Miocene
fluvial sequences that are known from the Acre region.

Mararfion Basin

During the 1990s the Jibaro, Huayuri and Capahuari wells were
drilled in the Marafion Basin by Occidental Petrol de Peru S.A.,
and these wells constitute our main data set for the lower Pebas
Formation. In the Jibaro well the lower (Early Miocene) Pebas
Formation occurs between 4700 and 2250 feet (~1400-700 m
depth) and is predominantly composed of grey and occasionally
varicoloured siltstones and claystones (Fig. 8.4). Lithic arenites,
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Fig. 8.4 The well log data — gamma-ray (GR), spontaneous
potential (SP) and deep induction resistivity (RILD) — of bore-
hole Jibaro in the Marafon Basin illustrate the physical prop-
erties of the rocks of the Pebas Formation in the subsurface,
and distinguish sand and clay lithologies.
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shell beds and lignite layers all occur in variable amounts, with
rare occurrences of anhydrite crusts (Hermoza 2004; Wesselingh
et al. 2006b). The mollusc fauna is relatively species poor in this
part of the formation and is characterized by fluvial and lacus-
trine taxa. However, within the interval of 2250 to 1300 feet
(~700 to 400 m depth) the molluscs are varied and abundant.
The onset of these more diverse mollusc beds is mirrored by more
densely spaced — and well-developed — sedimentary sequences that
represent the boundary between the lower and the upper parts
of the Pebas Formation. In the Huayuri and Capahuari a similar
succession was observed (Wesselingh et al. 2006b). The contact
between the Pebas and the overlying Marafion Formation is at
1150 feet (~350 m depth).

Eastern Amazonia

Rossetti & Gdes (2004 and references therein) provide a detailed
report on the calcareous lithologies of the Pirabas Formation and
the clastic deposits of the Barreiras Formations. These formations
represent the transition from littoral to fluvial deposition and
occur in the Graben de Maraj6 and Plataforma de Pard, which
neighbour the Foz do Amazonas Basin (Pasley et al. 2005). These
sedimentary basins occur in the area where eastern Amazonia
meets the Atlantic Ocean. The age of these formations was estab-
lished through micropalaeontology and palynology as Oligocene
to Early Miocene and Early to Middle Miocene, respectively. In
addition the palynological and palacobotanical data indicate the
presence of tropical rainforest taxa. Other palaeontological stud-
ies further indicate the presence of a varied macrofauna.

Other sub-Andean basins

The stratigraphy of sub-Andean basins (also called Amazonian
Foreland Basins) is reviewed in Chapter 5, but here we briefly dis-
cuss the sedimentary sequences that are relevant to the wetland
development.

During the Late Paleogene and Early Neogene the Colombian
Llanos Basin was situated more westward relative to its cur-
rent position and in direct connection with Amazonia and the
Caribbean. In this area the late Oligocene-Early Miocene period
is represented by the Carbonera Formation, which is formed by
fine-grained sands and clays, and was deposited in a fluvio-del-
taic system with drainage towards the NNE (Cooper et al. 1995;
Bayona et al. 2007b). Although at some levels the palynological
association contains marine taxa, the composition is mostly dom-
inated by freshwater taxa. A distinct mollusc level near the top of
the Carbonera Formation, called the Heusser Horizon, was dated
as Early Miocene. This 10 m-thick level — which is overlain by a
marine interval — characterizes the freshwater, lacustrine nature of
this depositional system (Gomez et al. 2009).

In the Putumayo Basin (Colombia) the Paleogene period is
represented by clastic sequences that mostly are a product of the
enhanced uplift of the Central Cordillera followed by lacustrine/
fluvial sediments of the Oligocene to Middle Miocene Orito-Belen
Group (Gongalves et al. 2002). In the Oriente Basin of Ecuador
the lacustrine Curaray Formation is a contemporary equivalent
of the Orito-Belen Group, which to the west grades into the pre-
dominantly sandy, fluvial Arajuno Formation (Burgos et al. 2005;
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Burgos 2006). The spatial and vertical extensions of the Curaray
Formation are not well known yet; however, the formation is the
lateral equivalent of the Peruvian Pebas Formation.

The Curaray Formation consists of light-grey to blue-green
or reddish clays alternating with fine-to-medium-grained sand-
stones and is rich in fossils (Burgos et al. 2005; Burgos 2006). The
fossil assemblage contains freshwater taxa (Wesselingh 2006a), but
also a variety of foraminifera indicative of marginal marine con-
ditions and which are in agreement with the tidal sedimentary
structures that have been reported on the Curaray Formation.
Although the predominant depositional setting was fluvial,
marine influence is evident due to the presence of marine fossils
(Burgos et al. 2005; Burgos 2006).

Age

No radiometric ages are available for the lower Pebas and Solimoes
Formations; however, the base of the Pebas Formation was esti-
mated by Wesselingh et al. (2006b) at 22.5-23.9 Ma (Oligocene-
Miocene boundary), based on a combination of palynology,
mollusc studies, and a calculation of sedimentation rates from
three wells in the Peruvian Maranon Basin. This date agrees with
the base of the Curaray Formation in the adjacent Oriente Basin,
which was estimated at 23 Ma (Burgos et al. 2005; Burgos 2006).
In the Solimdes Basin the lowest (accessible) part of the Solimdes
Formation is dated as Early to early Middle Miocene based on the
presence of the Verrutricolporites, Retitricolporitesand Psiladiporites-
Crototricolpites Zones (274 to 181.8 m, well 1AS-4a-AM; Hoorn
1993a). The underlying Ramon Formation remains undated but is
possibly of Paleogene age (Eiras & Wanderley 2006) and partially
correlates with the Oligocene Chambira Formation of Peru.

Depositional environment and palaeogeography

During the latest Oligocene to Early Miocene the foreland basin
axis formed a N-S-oriented depositional centre that received
sediment input from the craton situated to the east and the
Central Cordillera to the west. This N—S-oriented basin drained
into the Caribbean and did not yet fully progress towards the east
into Amazonia. At the time the fluvial overbanks repeatedly were
exposed, as is suggested by anhydrite and red clay deposits. These
mixed fluvial and lacustrine environments gradually changed into
the humid, swampy and lacustrine wetland landscape.

Life in the fluvial environments and incipient wetland

Palynological analysis provided relative ages and an estimate
of the palacovegetation cover in Amazonia. The dark clays and
lignites of the Early to early Middle Miocene (Verrutricolporites
to Psiladiporites-Crototricolpites Zones) section of the Pebas
Formation contain a highly diverse palynological assemblage with
many species that have affinity with modern rainforest taxa. In
addition, the abundance of Mauritia pollen suggests that palm
swamps existed in proximity to the fluvial channels (Hoorn
1993a, 1994a; see also Chapter 19). The presence of mangrove
pollen and foraminiferans in thin intervals within oxbow lake
deposits further confirms that marine incursions reached the area
at that time. Similar palynological features were identified further
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to the north in the latest Oligocene to Early Miocene sediments
of the Carbonera Formation in the Llanos Basin (Bayona et al.
2007b). This suggests that the marine incursions, albeit short-
lived, affected a wide region. Beside pollen and palaeobotanical
remains such as amber, leaves and seeds, few other fossils were
found. The only known mollusc fauna of this period was reported
from La Cira in the Magdalena Valley. This species-poor assem-
blage was mostly composed of fluvial taxa and some endemic
genera such as Pachydon and Dyris, which are indicative of lacus-
trine environments.

The mega-wetland (Pebas phase, ~16 to 11.3 Ma)
(see Fig. 8.8b)

Lithostratigraphy and distribution

The central part of the mega-wetland was situated in Western
Amazonia, and the Middle to early Late Miocene sediments of
the upper Pebas and Solimdes Formations are testimony to this.
These sediments are characterized by blue-green, black and grey
clays, lignites and intercalations of fine-grained grey-brown lithic
arenites. One of the most distinct features of these sediments
is the abundance, variety and extremely good preservation of a
highly diverse aquatic fauna (Plate 3e).

Typical exposures of this unit can be found along the Amazon
River between Nauta (Peru) and Leticia (Colombia), along the
Peruvian Napo River, and the Javari River in Brazil. Other expo-
sures are known from the Putumayo and Caquetd Rivers in
Colombia; a good example of the earliest known diverse mollusc
faunas of the Pebas Formation can be found at La Tagua along
the Caquetd River (Colombia) (Nuttall 1990; Hoorn 1994a;
Wesselingh et al. 2006a). Isolated outcrops are reported from
as far south as Shepahua (Ucayali, Peru) and as far north as the
Serrania de la Macarena (Colombia).

Colombian Amazonas Basin

In southeastern Colombia, along the Amazon River and in the
proximity of Leticia, some of the best exposures can be found
at Puerto Narifio, Los Chorros and Santa Sofia (Hoorn 1993a,
1994b; Wesselingh et al. 2006a). The Colombian geological map
(Ingeominas 2007) reports this geological unit as Terciario Inferior
Amazonico (TIA) or ‘Paleogene’ (E-Stm code on map), but we
favour the use of Pebas Formation instead, more so because the
Terciario Superior Amazonico (N-Sc, or ‘Neogene’ on the map) is
older than the TIA (Hoorn 1993a, 1994a, 1994b).

Solimdes Basin

In the Solimdes Basin the transition from lower (sandy) to upper
(clayey) Solimdes Formation is characterized by the disappear-
ance of multicoloured reddish clays and coarse, subangular quartz
sands of cratonic origin, in favour of dark-grey and blue-green
silts and clays, lignites, and intercalations of Andean-derived
fine, lithic sands. One of the most striking features is the
appearance of a varied and abundant mollusc fauna. In well
1AS-4A-AM the transition occurs at 170 m depth (within the
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Psiladiporites- Crototricolpites Zone) and the clayey upper Solimdes
Formation continues until about 30 m depth, at the contact
between the Solimoes Formation and the overlying I¢ca Formation
(Hoorn 1993a). Petri & Fulfaro (1983) attribute the litholo-
gies of the Upper Solimdes Group to the Pebas Formation and
describe the extensive distribution of this unit in the subsurface
of Brazilian Amazonia.

Exploration wells in the southern and northernmost Brazilian
Solimdes Basin, and outcrops at the southern margins of the Acre
Basin display an additional transition from bluish clays into red-
dish sand and silt sequences (Eiras et al. 1994; Cozzuol 2006). We
attribute these younger sediments to the Late Miocene Acre phase
(see below).

Mararfion Basin

Middle and early Late Miocene deposits of the Pebas Formation
are widespread in the subsurface of the Marafon Basin (Hermoza
2004; Hermoza et al. 2005; Wesselingh et al. 2006b) and were
identified in the Jibaro, Huayuri and Capahuari wells. In the
Jibaro well the transition occurs between 2250 and 1750 feet
(~700 to 350 m depth) and is characterized by densely stacked
2-8 m sequences of blue smectitic clays, fine-grained lithic
arenites, and lignite layers. This section is characterized by a rich
and diverse assemblage of very well-preserved invertebrate and
vertebrate fossils. This Middle to early Late Miocene part of the
formation constitutes the ‘archetypical’ Pebas Formation, which
we here call Pebas phase, and represents the mega-wetland at its
maximum development.

Eastern Amazonia

In Eastern Amazonia the Middle Miocene period is represented
by calcareous and clastic lithologies that were formed in a littoral
to fluvial transition. These deposits are known as the Barreiras
Formation and are further described in Rossetti & Gées (2004 and
references therein). At the same time the Foz do Amazonas and
the Ceara Rise registers clastic deposition from a fluvial system,
and sediment analysis indicates a cratonic source (Dobson et al.
2001; Figueiredo et al. 2009).

Other Andean and sub-Andean basins

The Leon Formation in the Colombian Llanos Basin is contem-
porary with the upper Pebas Formation, and is composed of dark
laminated mudstones and shales with some interbedded sands.
The palynological assemblage is similar to that of the Pebas
Formation and indicates a Middle Miocene age and a freshwater
environment with some brief marine episodes (Bayona et al.
2007b).

In the Oriente Basin of eastern Ecuador exposures of the par-
tially time-equivalent Curaray Formation were recorded (Burgos
et al. 2005; Burgos 2006). Outside of Amazonia other important
coeval sediments are the fluvial deposits of the Honda Group in
the Middle Magdalena Basin, Colombia (Guerrero 1997; Kay et al.
1997) and the Loyola Formation in the Cuenca Basin in Ecuador
(Bristow & Parodiz 1982).
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Age

The first indication of a transition of fluvio-lacustrine envi-
ronments into a species-diverse extensive wetland, with cyc-
lical shallowing upward sequences, was registered within the
Psiladiporites-Crototricolpites Zone, and was completed within
the Crassoretitriletes Zone (Hoorn 1993a, 1994b; Wesselingh et al.
2006b). Therefore, based on the palynological marker species of the
Psiladiporites-Crototricolpites, Crassoretitriletes vanraadshovenii,
and Grimsdalea magnaclavata zones, a relative age of late Early to
early Late Miocene was assigned to the upper part of the Pebas
and Solimoes Formations. The wetland, however, attained its
maximum extent during the Middle to Late Miocene.

Other sediments of similar age are part of the Curaray Formation
in eastern Ecuador, and were dated through apatite fission track
analysis. Here the Crassoretitriletes vanraadshoveni-bearing inter-
vals were dated as 14.5 + 2 Ma and 15 + 5.1 Ma (Burgos et al.
2005; Burgos 2006). Additionally, the Loyola Formation was dated
through zircon fission track analysis as ranging between 12.1 £ 1.2
and 13.9 + 1.4 Ma (Steinmann et al. 1999).

The Middle Miocene Honda Group from Colombia includes
fluvial (mostly meandering) and lacustrine deposits proximal to
the Central Cordillera in the west and connected at the time in the
east with the Pebas Formation deposits. This unit was deposited
between 13.5 and 11.5 Ma (Guerrero, 1997) and includes several
fish species that at present occur in the Magdalena, Orinoco and
Amazonas drainage basins, suggestive of the earlier connection
between the areas in Middle Miocene times (i.e. Lundberg et al.
1998).

During the late Early to early Late Miocene an endemic inverte-
brate radiation took place in the Pebas system and this permitted
a further subdivision of the biozonation, based on mollusc and
ostracod data (Munoz-Torres et al. 2006; Wesselingh et al. 2006a).
The disappearance of this endemic invertebrate fauna at the end
of the Pebas phase most likely coincided with the establishment of
the transcontinental Amazon River system (Lundberg et al. 1998),
which is dated at 11.8-11.3 Ma (Figueiredo et al. 2009).

The occurrence of mangrove pollen together with foramin-
iferan, marginal marine molluscan and ostracod taxa, and very
rare barnacles is indicative of the marine incursions that reached
Amazonia during both late Early and early Middle Miocene
(Hoorn 1993a; Vonhof et al. 1998, 2003; Vermeij & Wesselingh
2002; see also Chapter 18). Additional indications from mollusc
zone MZ9 (Wesselingh et al. 2006a; see also Chapter 9) in the
uppermost Pebas Formation (late Middle to early Late Miocene)
further extend the time range of marine influence in Amazonia.
The regional character of the episodic marine influence during
the Middle Miocene is further confirmed by similar findings
in the Leon Formation (Llanos Basin) (Bayona et al. 2007b).

Sedimentological features

The upper Pebas and Solimdes Formations are composed of
bright-blue clays, greyish immature sands, and lignites. These
sediments often are rich in organic matter and contain a wealth
of carbonate fossils. The characteristic blue colour is derived from
montmorillonite, a clay mineral from the smectite group, which
also is responsible for the excellent preservation of organic and
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carbonate fossils (Risdnen et al. 1998). Towards the sub-Andean
zone in the west, bluish clays laterally grade into reddish-grey
immature sands and clay deposits, with some minor gravel compo-
nents (Burgos et al. 2005; Burgos 2006; Wesselingh et al. 2006a).

The upper Pebas strata are characterized by several facies
including bioturbated mud, wave-ripple, current-ripple and
combined-flow-ripple cross-stratified sand, various types of het-
erolithic bedding and lignite. Locally, sharp-based upward-fining
successions occur, which can be interpreted as palaeochannels.
Ripple structures and rare trough cross-stratification suggest low
to moderate flow within the system. The rhythmic alternation
of sands and clays indicates the tidal influence (Hoorn 1993b,
1994; Hovikoski et al. 2005) but is also partly of seasonal origin
(Hovikoski et al. 2007; see also Chapter 9).

The sedimentary sequences constitute recurring coarsening-
upward sequences of 2-8 m thickness, and represent transgres-
sive-regressive cycles. Each sequence includes a succession of
shallow, low-energy marine-influenced embayments that changes
into tide-and wave-influenced bay-margins and swamps (Fig. 8.5)
(e.g. Los Chorros — Vonhof et al. 2003; Santa Rosa de Pichana —
Wesselingh et al. 2006d; Santa Teresa — see Chapter 9). At the top
of these successions, the deposits grade into organic-rich mud/
muddy sand or lignite (swamps). In some places inclined hetero-
lithic stratification (IHS, following Thomas et al. 1987) was recog-
nized, which is typical for fluvio-tidal channel deposits.

Heavy mineral analysis together with eastward transport direc-
tions, measured in the immature Pebas sands, indicates that the
metamorphic rocks in the Ecuadorian Andes are the main source
of sediment supply to Amazonia (Hoorn 1993a; Roddaz et al.
2006a). The Andes, however, is not the only source of sediment
input into Amazonia. In the Colombian Apaporis region, sand
outcrops with a distinct cratonic origin and palynologically dated
as late Middle Miocene to Late Miocene suggest that the craton
also continued actively to supply sediments into the intracratonic
basins (Vonhof et al. 2003; Hoorn 2006).

Depositional environment and palaeogeography

During the Middle Miocene the wetland system reached its max-
imum development and consisted of a highly dynamic mosaic of
lakes, embayments, swamps, rivers and fluvio-tidal environments.
Along its periphery the system was bordered by alluvial plains of
Andean rivers in the west, and lowland cratonic rivers to the east,
whereas in the northeast, the wetland onlapped onto the cratonic
rocks (Wesselingh et al. 2006a).

The wetland lake and embayment system was shallow (possibly
up to 10 metres in depth) and repeatedly went through cycles of
drowning and shallowing upwards. Each of these stages had its
own characteristic taphonomic association. The base of the trans-
gressive part is typically burrowed with Glossifungites ichnofacies.
In the deepest part of the successions (zone of maximum flooding)
molluscs such as Pachydon and Dyris predominate. In the shallow
(regressive) intervals, however, molluscs are virtually absent, and
the tidally and wave-influenced deposits are burrowed with low-
diversity assemblages of mixed Cruziana-Skolithos ichnofacies
(Wesselingh et al. 2006a; Hovikoski et al. 2007). These regressive
episodes conclude with swamp development, which often is laterally
continuous for hundreds of metres. Once the lakes were filled,

10/24/2009 11:16:07 Shobha


https://www.researchgate.net/publication/249521627_Late_Miocene_onset_of_the_Amazon_River_and_the_Amazon_deep-sea_fan_Evidence_from_the_Foz_do_Amazonas_Basin?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/250070634_Neogastropod_molluscs_from_the_Miocene_of_western_Amazonia_with_comments_on_marine_to_freshwater_transitions_in_molluscs?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/250070634_Neogastropod_molluscs_from_the_Miocene_of_western_Amazonia_with_comments_on_marine_to_freshwater_transitions_in_molluscs?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/248360201_Controls_on_weathering_and_provenance_in_the_Amazonian_foreland_basin_Insights_from_major_and_trace_element_geochemistry_of_Neogene_Amazonian_sediments?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/248360201_Controls_on_weathering_and_provenance_in_the_Amazonian_foreland_basin_Insights_from_major_and_trace_element_geochemistry_of_Neogene_Amazonian_sediments?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/249527305_The_nature_of_Miocene_Amazonian_epicontinental_embayment_high-frequency_shifts_of_the_low-gradient_coastline_Bull_Geol_Soc_Am?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/249527305_The_nature_of_Miocene_Amazonian_epicontinental_embayment_high-frequency_shifts_of_the_low-gradient_coastline_Bull_Geol_Soc_Am?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/251001473_Mangrove_Forests_and_Marine_Incursions_in_Neogene_Amazonia_Lower_Apaporis_River_Colombia?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/249521383_Miocene_semidiurnal_tidal_rhythmites_in_Madre_de_Dios_Peru?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/238558083_Miocene_ostracod_Crustacea_biostratigraphy_of_the_upper_Amazon_Basin_and_evolution_of_the_genus_Cyprideis?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/201170277_Paleogeography_of_Miocene_Western_Amazona_Isotopic_composition_of_molluscan_shells_constrains_the_influence_of_marine_incursions?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/201170277_Paleogeography_of_Miocene_Western_Amazona_Isotopic_composition_of_molluscan_shells_constrains_the_influence_of_marine_incursions?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/201170277_Paleogeography_of_Miocene_Western_Amazona_Isotopic_composition_of_molluscan_shells_constrains_the_influence_of_marine_incursions?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/201170276_Reconstruction_of_the_Miocene_Western_Amazonian_aquatic_system_using_molluscan_isotopic_signatures?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/279669932_The_nature_of_aquatic_landscapes_in_the_Miocene_of_western_Amazonia_An_integrated_palaeontological_and_geochemical_approach?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/279669932_The_nature_of_aquatic_landscapes_in_the_Miocene_of_western_Amazonia_An_integrated_palaeontological_and_geochemical_approach?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/228916063_Landscape_evolution_and_depositional_processes_in_the_Miocene_Amazonian_Pebas_lakewetland_system_Evidence_from_exploratory_boreholes_in_northeastern_Peru?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/228916063_Landscape_evolution_and_depositional_processes_in_the_Miocene_Amazonian_Pebas_lakewetland_system_Evidence_from_exploratory_boreholes_in_northeastern_Peru?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/228916063_Landscape_evolution_and_depositional_processes_in_the_Miocene_Amazonian_Pebas_lakewetland_system_Evidence_from_exploratory_boreholes_in_northeastern_Peru?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/228916063_Landscape_evolution_and_depositional_processes_in_the_Miocene_Amazonian_Pebas_lakewetland_system_Evidence_from_exploratory_boreholes_in_northeastern_Peru?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/228916063_Landscape_evolution_and_depositional_processes_in_the_Miocene_Amazonian_Pebas_lakewetland_system_Evidence_from_exploratory_boreholes_in_northeastern_Peru?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/28207448_Paleocene-middle_Miocene_flexural-margin_migration_of_the_nonmarine_Llanos_foreland_basin_of_Colombia?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/223725190_An_environmental_reconstruction_of_the_Palaeo-Amazon_River_System_Middle-Late_Miocene_NW_Amazonia?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/32967399_Dynamic_evolution_of_oligocene_-_neogene_sedimentary_series_in_a_retroforeland_basin_setting_oriente_basin_Ecuador?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/32967399_Dynamic_evolution_of_oligocene_-_neogene_sedimentary_series_in_a_retroforeland_basin_setting_oriente_basin_Ecuador?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/32967399_Dynamic_evolution_of_oligocene_-_neogene_sedimentary_series_in_a_retroforeland_basin_setting_oriente_basin_Ecuador?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/235980526_The_stage_for_neotropical_fish_diversification_A_history_of_tropical_South_American_rivers?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/235980526_The_stage_for_neotropical_fish_diversification_A_history_of_tropical_South_American_rivers?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==
https://www.researchgate.net/publication/235980526_The_stage_for_neotropical_fish_diversification_A_history_of_tropical_South_American_rivers?el=1_x_8&enrichId=rgreq-38060976-b431-4b51-b504-e6f1bba73a32&enrichSource=Y292ZXJQYWdlOzI0MTg4ODg3ODtBUzoxMDcxODkwMTIyNzUyMDBAMTQwMjU2NzI2MTUxMQ==

Description Interpretation

NOTES MF IF FACIES SEQUENCES
IMF
Massive mud with some shelly Sublittoral
intervals
PO T
Bioturbated sandy mud Low-energetic littoral v
Shallow littoral TSE

Lignite, layered and bioturbated G2
Bioturbated sand ! Swamp

Sand with abundant clay layers; Foreshore

deformed laminations
Wave-influenced upper

Interlayered rippled sand shoreface RPI
and mud, stratiform organic matter A
r
Laminated mud, starved ripples and PI Wave-influenced lower
organic debris GY | shoreface
Massive mud with shells
e muaw Sublittoral IMF
SD
Tl
Bioturbated sandy mud ™ Low-energetic littoral
Organic mud TD _
Organic mud with shell lenses TD Shallow littoral
Layered lignite p Backswam
Layered organic mud and sand strings G ackswamp
Bioturbated sand with organic layers Soil
) Wave influenced foreshore
Massive sand Wave influenced upper
shoreface
Bioturbated sand
Massive sand, starved ripples and
clay drapes (flasers) G | Wave-influenced lower
Laminated/bedded mud, starved shoreface
sand ripples
PO
SD
. . SD
Massive shell-rich mud Sublittoral
SD
SD
Massive sandy silt A Low-energetic littoral
Layered lignite-organic mud; wood; TE (coastal) swamp

bone; Amazoniconcha \/
G )| Backshore lo

Massive mud goon
Massive sands with some Wave-influenced upper
deformed layers shoreface
Interlayered mud and rippled sand Wave-influenced lower
Deformation and bioturbation in sand shoreface
Organic-rich mud with organic
debris and leaves PO Low-energetic foreshore
Massive mud with shells PO Sublittoral

SD

SD -
Interlayered shelly mud and sand sD Low-energetic littoral
lenses
Unspecified mud Backswamp

mud |, [peb]
H (m) sand

Fig.8.5 The Middle to Late Miocene record at Santa Rosa de Pichana (Pebas Formation) shows the depositional cycles and shal-
lowing phases that are characteristic for the wetland environment. IMF, interval of maximum flooding; PO, Pachydon obliquus
assemblage; RPI, regressive/prograding interval; SD, Small Dyris assemblage; TD, Tall Dyris assemblage; TE, terrestrial molluscs;
Tl, transgressive interval; TSE, transgressive surface of erosion. Ichnofossils: A, Asterosoma; Ar, Arenicolites, G, Glossifungites;
P Psilichnus; Pl, Planolites.
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vegetation development was initiated on these poorly drained
soils and is mostly formed of palm associations. Locally, swamp
channels accumulated a mixture of macrofossils; in particular,
seeds, logs, and fish, turtle and crocodile remains are extremely
abundant in both the lake margins and swamp deposits. At some
places logs occur exclusively, which represent old forest floors (see
Plate 3d & f).

Geochemical evidence points to a predominance of Andean
freshwater sources and limited influence of cratonic waters
(Kronberg et al. 1989; Vonhof et al. 1998, 2003). Outcrop data
from the Colombian Apaporis area further confirm that cratonic
fluvial systems affected the eastern parts of the system. There is still
some controversy about interpretations of salinity regimes of the
Pebas Formation (e.g. Gingras et al. 2002a vs Vonhof et al. 2003).
However, it is now believed that, although the repeated brackish
water phases were temporally less significant than the freshwater
phases, tidal processes played a significant role in the Neogene in
Amazonia, indicating periods of prolonged connection between
the sea and the depositional system (Hovikoski et al. 2005, 2007;
Hoorn et al. 2006).

Palaeogeographically the foreland basins, which are situated
parallel to the Andes, received the bulk of the sediments through
fluvial input from the emerging Eastern Cordillera. In Amazonia,
however, fluvial channels are rare and, if present, of modest size
and rather distant from the Andean source. The entire wetland
system was exposed to marine influence from the Caribbean
although an additional port of marine entrance might have been
the Essequibo gap in the Guiana Shield (G.EW. Herngreen, per-
sonal communication) and the Cuenca corridor in the west can-
not be excluded either (Wesselingh & Salo 2006).

Life in the mega-wetland

Neogene outcrops of Amazonia form a true paradise for palae-
ontological and palynological research because well-preserved fos-
sils and organic material are plentiful. Palynological data suggest
that the vegetation was extremely diverse, and the arthropod fauna
enclosed in Middle Miocene amber (Antoine et al. 2006) further
confirms this. The main components of the terrestrial vegetation
were rainforest taxa, whereas the swamps were mainly populated
by palms such as Mauritia and an extinct taxon called Grimsdalea.
In addition, grass pollen are relatively common and were probably
related to (aquatic) grass meadows — a vegetation type currently
known from the white-water rivers of Andean origin. Their pres-
ence in the Miocene wetland is probably linked to the Andean flu-
vial influxes into the wetland system as this group was absent prior
to the Middle Miocene. Other Andean taxa such as Podocarpidiites
(Podocarpus), Clavainaperturites (Hedyosmum) and pteridophytes
(related to Andean tree-fern taxa) (Hoorn 1993a, 1994a) further
confirm this. Although there are sediment layers with mangrove
pollen, the abundance of freshwater algae and pteridophytes
underscores the dominant freshwater character of the deposits.
During the Pebas phase the molluscs and ostracods underwent
extensive evolutionary radiations. Cochliopid snails dominate
the mollusc fauna in species numbers, but in terms of abundance
pachydontine bivalves prevail. The ostracod fauna is dominated by
endemic species of the genus Cyprideis. To date, about 160 species
of molluscs and about 45 species of ostracods have been described,
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and these numbers are only expected to rise with further work
(Wesselingh 2006a; Muifioz-Torres et al. 2006; see also Chapter 18).

The vertebrate fauna in the mega-wetland contained a diverse
suite of fish species including piranhas, Amazonian stingrays
(Potamotrygon) and sharks (Carcharinus) (Monsch 1998; see
Chapter 17). In addition to this, a wide variety of turtles, crocodil-
ians and mammal fossils was found in the swamp channels that
are preserved in the upper Pebas Formation (Salas-Gismondi et al.
2007; see also Chapter 16). In general, Middle to Late Miocene
wetland fauna was dominated by aquatic taxa of neotropical low-
land character. In addition, the Middle Miocene terrestrial mam-
mal assemblage — as reported in the proximities of the Fitzcarrald
Arch (Peru) — was composed of taxa typical for an open envir-
onment (hypselodont notoungulates) and dense tropical forest
habitats (astrapotheres, litopterns and xenarthrans) (Antoine
et al. 2007; see also Chapter 15).

The episodic marine character of the environment is illustrated
by the presence of benthic foraminifera, barnacles and dinoflagel-
lates, which are restricted to thin beds deposited during marine
influxes (Hoorn 1993a; Vonhof et al. 1998; Vermeij & Wesselingh
2002). Additionally, the trace fossils described above further con-
firm the episodically brackish nature of the environment. Brackish
water ichnofossils are most common in the lower part of sedi-
mentary sequences, but occur also locally in the regressive part of
the sequences (Gingras et al. 2002b; Hovikoski et al. 2007).

The marine influence in Amazonia played a long-running
role and traces of it can be recognized in Amazonia today. For
instance the freshwater dolphin Inia together with fishes such
as stingrays and needlefish, amongst others, are thought to have
adapted from marine to fresh water in Miocene times. Although
at present marine taxa can reach into the heart of the continents,
these taxa are thought to have arrived in Amazonia through mar-
ine connections with the Caribbean (Lovejoy et al. 1998 , 2006;
see also Chapter 25).

The fluvio-tidal wetland and the early Amazon River
(Acre phase, ~11.3 to 7 Ma) (see Fig. 8.8¢)

Late Miocene sediments were documented in the Marafion Basin
(northwest Peru), the Acre Basin (Brazil) and the Madre de Dios
Basin (southeast Peru and adjacent Bolivia; see Fig. 8.1) and are
here referred to as the Acre phase. These sediments are character-
ized by a series of fining-upward successions that are composed
of sand and clay and are estimated to have a total thickness of
400 m (Hermoza 2004). They are known under a variety of
names, depending on the sedimentary basin in which they occur.
The strata are separated from the overlying conglomeratic units
by a marked regional stratigraphic discontinuity (Campbell ef al.
2001; see also Chapter 5), which is best observed in the Madre
de Dios area (see Fig. 8.1). The main difference between the Acre
phase and the Pebas phase is the absence of dark clay, lignite and
carbonate fossil deposition during the Acre phase.

Lithostratigraphy and distribution

Upper Miocene strata that crop out in the Madre de Dios Basin
(Peru) are informally referred to as Ipururo and Madre de Dios
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formations — Kummel (1948) and Oppenheim (1946), respect-
ively. Kummel (1948) applied the name Ipururo formation to
strata outcropping in the Contamana area, ~600 km north from
the Madre de Dios Basin. However, the original description lacks
sufficient detail adequately to characterize the formation; there-
fore, it is proposed that the use of ‘Ipururo formation’ is modified
or dropped in the Madre de Dios Basin (H. Nuiiez et al. unpub-
lished data).

According to the original description, the overlying Madre
de Dios Formation (Oppenheim 1946; Campbell et al. 2001,
2006) consists of a sequence of fining-upward sand and clay
channel successions, and a conglomeratic unit that erosion-
ally truncates the Miocene sediments (Fig. 8.6). This marks a
major stratigraphic boundary in the area, which possibly is of

Plio-Pleistocene age (M. Risinen & L. Romero, unpublished “C
datings; see also Chapter 6). The conglomerates, which here are
excluded from further discussion, have different formation names
including Quimiri Formation, ‘Secuencias Superiores’ and Juanjui
Formation (e.g. Hermoza 2004; Espurt et al. 2007)

Solimdes Basin

In the Solimdes Basin this interval is only known through well
log data from wells drilled in the northern end of the basin (see
CPRM wells 48 and 51 in Fig. 8.3). These data suggest the absence
of carbonate fossils and lignites, and the presence of sand and clay
sequences similar to those described in the Acre Basin.

Marafion Basin

In the Marafion Basin (Peru), the Acre phase is represented by the
Maranon Formation (Hermoza 2004; Wesselingh et al. 2006b),
which diachronically overlies the Pebas Formation and is only
known from well data. The formation possibly correlates partially
with the Nauta Formation in the Nauta area (Rebata et al. 2006),
and Risidnen et al. (1998) refer to these deposits as Unit B and
Unit C. The Maranon Formation is composed of reddish-grey
immature sandstones and siltstones that were deposited in fluvial
settings (Hermoza 2004; Wesselingh et al. 2006b). Lignites and
carbonate fossils are absent in the formation.

Fig. 8.6 The contact between the Madre de Dios Formation
and the overlying conglomerates. Location Inambari River
(12.922098S, 70.349118W).

Hoorn_ch08_Final.indd 134

In the Nauta area (Loreto, Peru) the outcrops of the Nauta
Formation typically consist of 7-9 m-thick inclined heterolithic
stratification (IHS)-bearing channel deposits similar to those
of the uppermost Solimdes Formation (see below). The base of
the successions is commonly composed of mud-draped, trough
cross-stratified sand that grades upwards into bioturbated IHS.
The IHS is variable, containing interstratified sand and mud beds/
lamina of various orders. The strata from the Nauta Formation
are thought to represent seasonally and tidally controlled estuar-
ine or deltaic channel complexes (Rebata et al. 2006).

Acre Basin

In the Acre region outcrops are characterized by fining-upward
sand-channel sequences that are attributed to the upper Solimdes
Formation and considered time-equivalent to the Ipururo
and Madre de Dios Formations (Maia et al. 1977). These sedi-
ments represent megafan deposits (Latrubesse et al. 1997) and
were dated using macrofossils that were collected from channel
deposits (Cozzuol 2006). The Universidade Federal do Acre (at
the Laboratdrio de Pesquisas Paleontoldgicas) stores an extensive
collection of fossils that has been assembled during decades of
research (see Chapters 15 & 16). Amongst others the collection
holds examples of the giant caiman, Purussaurus brasiliensis.

Eastern Amazonia

The Late Miocene is characterized by a regional hiatus and lateritic
palaeosols (Rossetti & Gbes 2004, and references therein). However,
the Foz do Amazonas Basin and the Ceara Rise (Dobson et al. 2001;
Pasley et al. 2005; Figueiredo et al. 2009) register the arrival of the
first Andean sediment influx. Around 6.8 Ma sedimentation rates
increased and from 2.4 Ma onwards this river system resembled
the modern Amazon River (Figueiredo et al. 2008).

Other Andean/sub-Andean basins

The Late Miocene alluvial fan deposition in the Andean/
sub-Andean basins was a direct result of intensified Andean
uplift (Guerrero 1997; Mora 2007; Uba et al. 2007). In the Llanos
region (Colombia) these Late Miocene deposits are known as
the Guayabo Formation (Cooper et al. 1995); the conglomer-
atic Ospina Formation (Gongalves et al. 2002) is their equivalent
in the Putumayo Basin, and in the Oriente Basin it is the lower
part of the Ecuadorian Chambira Formation (Hermoza 2004;
see also Chapter 5). The latter is much younger than the
Oligocene Chambira Formation of adjacent Peru and represents
a more proximal fluvial setting.

Age

Several radiometric ages are reported for the sediments deposited
during the Acre phase. Campbell et al. (2001) presented two Late
Miocene argon-40/argon-39 (*°Ar/*Ar) ages, which are close to
9 Ma. Similarly, Roddaz (2004) dated the same tuffaceous level by
apatite fission track dating at 9.31 + 3.39 Ma (Puerto Maldonado;
see Fig. 8.1). Continental vertebrate taxa from apparently coeval

strata in the Acre region were assigned to the Huayaquerian
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mammal age, which further confirms the Late Miocene (Tortonian)
age (e.g. Frailey 1986: Cozzuol 2006: Latrubesse et al. 2007). Finally,
pollen assemblages reported by Silva (in Latrubesse et al. 2007)
and by Rebata et al. (2006) are attributed to the Late Miocene
Asteraceae Zone. However, it is also possible that the latter relate to
the Ipururo Formation, which is coeval with the upper part of the
Pebas Formation (see Chapter 5).

Sedimentological signature

The Madre de Dios Formation and the uppermost Solimdes
Formation typically consist of various types of sharp-based,
2—-15 m-thick, upward-fining successions, which are interpreted
as channel deposits and are intercalated with pedogenic or root-
bearing horizons (Fig. 8.7a,b). The lower part of the fining-upward
successions generally consists of yellowish, massive or cross-
stratified fine-to-medium-grained sands. Upwards in the suc-
cession, the deposits grade into mud-dominated homolithic
sediments, or into various types of IHS (following Thomas et al.
1987). The IHS consist of alternating beds of sand, mud and
calcareous mud-bearing strata of variable thickness and lateral
extent. At the top, the channel successions grade into massive,
pedogenically altered clay horizons. Locally, rooted mudstone
makes up for the majority of the sedimentary record, especially in
the Acre region (Hovikoski et al. 2008).

The THS channel deposits are highly variable in terms of sedi-
mentological features and fossilized burrowing traces of animals
(ichnofossils; see Chapter 9 for methodology) and are thought
to represent floodplain to tidally influenced estuarine condi-
tions. Most commonly though, IHS units lack burrows or bear
monospecific to low-diversity ichnofossil assemblages, including
Gyrolithes, Skolithos and/or Cylindrichnus. Assemblages contain-
ing Asterosoma, Thalassinoides, Ophiomorphaand Laminites occur.
Channels burrowed by near monospecific suites of Taenidium or
Planolites, unnamed irregularly branching burrows, or suites con-
taining elements of Mermia ichnofacies are locally present. The
tops of most channel deposits and pedogenically altered horizons
are commonly burrowed with terrestrial Scoyenia ichnofacies.

Depositional environments and palaeogeography

The Late Miocene sediments in the Acre region were deposited
in fluvial, deltaic and estuarine channel complexes that were
interbedded with a variety of alluvial strata. The fossil record of
these strata is dominated by continental vertebrates, which has
led some researchers to consider the Acre phase as fully contin-
ental (Campbell et al. 2006; Cozzuol 2006; Latrubesse et al. 2007).
In addition it was proposed that seasonal processes in a contin-
ental depositional system could explain the heterolithic patterns
in these deposits (e.g. Westaway 2006).

While the notion of prominent seasonal variation in energy lev-
els is true, there is also strong evidence for semi-diurnal tidal proc-
esses in many THS channels. These include local current reversals
(measured from foreset of adjacent ripples), double mud-drapes,
regular reactivation surfaces in heterolithic cross-strata, sigmoidal
ripples and statistically verified cyclic rhythmites. The rhythmites
show evidence of superposition of several tidal cycles including
flood—ebb, diurnal inequality, neap—spring and anomalistic
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month cycles (e.g. Rebata et al. 2006; Hovikoski et al. 2005, 2007,
2008; Hovikoski 2006) and are further discussed in Chapter 9.
The complexity of the depositional setting is well illustrated by
the sedimentary sequence at the Acca biological station, studied
by both Campbell et al. (2006) and Hovikoski et al. (2005). This
sequence consists of three stacked channel belt successions. The
lowermost succession overlies a palaeosol and is a typical flu-
vial point bar displaying nearly homolithic upward-fining suc-
cession. However, towards the top of the succession, the channel
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Fig. 8.7 (a,b) Examples of Late Miocene sedimentary suc-
cessions from (a) Cocha Cashu (Madre de Dios, Peru) and
(b) Tarauaca (Acre, Brazil). ¢, coarse; d, clay; f, fine; m, medium;
sa, sand; si, silt. Modified after Hovikoski et al. (2005) and
(2008), respectively.
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Fig. 8.7 Continued.
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units display an increasing heterolithicity, including rhythmic-
ally occurring sand-clay couplets that form statistically verified
semi-diurnal tidal rhythmites. Ichnological data suggest that
the Acre phase tidal facies was accumulated in both brackish and
freshwater settings in deltaic and middle-upper estuarine envi-
ronments (Hovikoski et al. 2008; see also Chapter 9). Moreover,
sediments with typical tidal features were described from various
outcrops in the area (Madre de Dios — Hermoza 2004; Roddaz
et al. 2006b; Hovikoski et al. 2005; Acre — Risidnen et al. 1995;
Gingras et al. 2002b; Hovikoski et al. 2007, 2008 and see Chapter 9;
Nauta — Rebata er al. 2006).

The implications of these findings for the palacogeographical
interpretation of this region are still not entirely clear. At the time
of the Acre phase the transcontinental Amazon River system had
just connected with the Atlantic, and former pathways of marine
influence into Amazonia along the northern Andean foreland
basins were closed. Although this topic is subject to further study
it would be plausible to expect a new route of marine influence,
namely the Atlantic through the mouth of the newly formed
Amazon River (see also Chapter 9).

Life in the transition from wetland to Amazon River system

Pollen records are rare for this interval; however, where avail-
able the records suggest the presence of rainforest combined with
grasslands and/or floating meadows (Rebata et al. 2006; Latrubesse
et al. 2007; see also Chapter 19).

The vertebrate fauna of the Acre phase is extremely rich, both
in abundance and in species numbers, and is typical for terrestrial
and freshwater settings, although teeth of euryhaline sharks have
also been reported (Résinen et al. 1995; Monsch 1998). This fauna
is further described in Chapters 15 & 16. In contrast, inverte-
brate faunas are relatively rare and poorly preserved. The mollusc
faunas that were sampled from study sites in Acre are dominated
by pearly freshwater mussel taxa that closely resemble present-day
fluvial faunas of the region (Wesselingh et al. 2006e).

Case studies: the Cocha Cashu and Tarauaca outcrops

The Cocha Cashu outcrop is situated along the Manu River, a
few hundred metres down river from the Cocha Cashu biological
station (see Figs. 8.1 and 8.7a). The outcrop is 10 m high and
can laterally be followed for about 100 m. The facies consist of a
bluish mud-dominated, inclined, heterolithic stratification, and
form sharp-based fining-upward successions up to 3 m thick. The
successions begin with massive or cross-stratified, fine-grained sands
with mud clasts. Upwards in the section the deposits commonly
turn into clay-draped, cross-stratified sand and silt. Statistical ana-
lysis shows that these strata are semi-diurnal tidal rhythmites and
possibly also related to seasonalities. The top of the succes-
sion generally consists of interlaminated silt and clay, and soft-
sediment deformation is common. Palaeocurrent directions are
predominantly toward the east and west, whereas locally the fore-
sets display bipolarity. Sedimentary accessories include synaeresis
cracks and pyrite. Bioturbation is generally absent, but where pre-
sent, the trace fossil genera observed include bedding-plane traces
such as Diplichnites, Undichna and (?) Phycodes. Near the top of
the outcrop, a low-density assemblage of Taenidium is observed.
The contact with the overlying deposits is not seen in detail, but
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the overlying sediments consist of a succession similar to that at the
ACCA (Asociacién para las Conservacién de la Cuenca Amazonica)
research station. The trace fossil fabric consists of reburrowed (by
Planolites) Ophiomorpha, Thalassinoides and Gyrolithes.

The Tarauaca outcrop (see Figs. 8.1 and 8.7b) is about 15
m high and can laterally be followed for ~100 m. The deposits
form a 12 m-thick fining-upward succession. The lower contact
is sharp and bears mud-clasts. The overlying strata consist of
trough cross-stratified or low-angle, planar-stratified silty sand.
The dunes are most commonly 10-30 cm high (highest 70 m),
and as co-sets they form 1-3.5 m-high compound units. Where
observed, the width of the larger troughs was typically more than
5 m. The cross-strata are commonly mud-draped, or bear minute
mud-draped ripples. Double mud-drapes are present regularly.
Upwards, these deposits grade into inclined heterolithic strati-
fication (IHS) that consists of a coarse-to-fine (sand to mud)
couplet. The members are cross-stratified or massive silty sand
and inclined, laminated mud. The coarse member can be 0.5-2
m thick, and the fine member 20-60 cm thick. The contact from
coarse-to-fine is sharp, although the grain size change is slightly
gradational (normally graded). The contact from fine-to-coarse
is sharp and often truncated. The fine-members form intrafor-
mational breccia in the down-dip direction. THS can be followed
laterally for up to 70 m. This interbedding is interpreted to re-
flect seasonal changes in energy levels (Hovikoski et al. 2008).
Both the IS and IHS sets may bear poorly cyclic rhythmites (a
cycle comprising 15-21 sand-clay lamina couplets, # = 5). These
strata are overlain by rhythmically occurring, mud-draped cur-
rent ripple-bearing sand and silt, and interlaminated mud and
sand. The thickness of the coarse member ranges from 0.5 to 8
cm. The thicker layers form flaser-bedding as co-sets. The thick-
ness of the fine member is generally 1-5 cm. Contacts between the
members are most commonly bigradational (i.e. both contacts are
gradational), typically marked by mud-draped climbing ripples.
As couplets they form statistically verified cyclic tidal rhythmites.
Asymmetric lamina couplets, countercurrent ripples, and scour-
and-fill structures are observable locally.

The Amazonian Miocene mega-wetland in its
regional context

The Miocene mega-wetland connected most of South America
through both fluvial and marine pathways. Towards the north
this wetland was linked with the Caribbean through the Llanos
region, a connection that existed until the Late Miocene (see
Fig. 8.8). This pathway permitted sporadic marine influences
into the Amazon drainage basin. Proof of this are the similarities
between Caribbean and Amazonian fish faunas (Lundberg et al.
1986; Lovejoy et al. 1998), the migration pathway of the mollusc
Pachydon (Wesselingh & Mactosay 2006), the overall resemblance
of the vertebrate faunas of La Venta, Urumaco and Amazonia
(Cozzuol 2006) and the coeval Miocene marine-influenced depos-
its in the Llanos and Amazonia. No firm evidence exists regarding
southern connections; however, possible fluvial pathways with the
Parand region are explored in Chapter 17.

These data imply that prior to the Late Miocene the present
Orinoco, Amazon and Magdalena drainage basins and their
fauna and flora were all connected. During the Late Miocene
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(a) Early Miocene

(b) Middle Miocene

Late Miocene

Amazon River

RAZILIAN

Fig. 8.8 Palaeogeographical maps showing the evolution of the wetland through time. (a) The latest Oligocene to Early
Miocene Andean and cratonic fluvial systems with an incipient wetland in the sub-Andean region. The palaeo-Magdalena flows
eastwards and is connected with the sub-Andean and cratonic drainages, which all flow northwards to the Caribbean. Together
these rivers form the sub-Andean River system. (b) The Middle Miocene wetland at its maximum but still disconnected from the
Atlantic. (c) The Late Miocene fluvial system, with localized wetland development. The Purus Arch barrier is cut by the fluvial
system, which now connects with the Atlantic.
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and Pliocene, accelerated uplift of the Eastern Andes and uplift
of the Cordillera de la Costa (Venezuela) led to the separation of
these drainage basins (Hoorn ef al. 1995; Diaz de Gamero 1996;
Potter 1997; Lundberg et al. 1998; Albert et al. 2006). This pro-
vided a completely new geographical scenario for species evolu-
tion. At the same time, an additional new palaeographical setting
was developed through the establishment of the Amazon River, a
transcontinental fluvial route that connected the Andes and the
Amazon (Hoorn et al. 1995; Figueiredo et al. 2009). This event
subsequently led to another major palaeogeographical devel-
opment, which was the start of deposition of the Amazon Fan
(Pasley et al. 2005; Figueiredo et al. 2009). The onset of this giant
new depositional system along Brazil’s equatorial Atlantic margin
is dated by Figueiredo et al. (2009) as 11.8-11.3 Ma, a date that
coincides with the onset of terrigenous sedimentation on the
deep-sea Ceara Rise (Dobson et al. 2001).

After the Andes—Atlantic connection was established the
Amazonian mega-wetland became a fluvio-estuarine system with
a distinct tidal signature (Hovikoski et al. 2005). Although this
needs to be investigated further (i.e. by searching for Atlantic
influence in these sediments) it is plausible that the tidal influ-
ence originated in the Atlantic. This is particularly likely if we
consider that the Amazon drainage basin is the only basin in the
world where, at present, tidal (wave) influence can reach as far as
1000 km inland (see Chapter 11).

Conclusions

The Miocene Amazonian mega-wetland was one of the largest
and longest-lived wetland environments in geological history. The
evolution of this depositional system was controlled by a myr-
iad of factors such as global sea level change, subsidence and a
seasonally wet climate. The most important driving mechanism,
however, was the uplift of the Andes.

The immediate predecessor of the wetland was the Oligocene
to Early Miocene fluvial system that originated in the Central
Andes and the craton and flowed towards the Caribbean. The
transition from a fluvially dominated environment towards lacus-
trine-dominated conditions occurred during the Early to early
Middle Miocene (Psiladiporites-Crototricolpites pollen zone), and
by the Middle Miocene (Crassoretitriletes pollen zone) the mega-
wetland reached its maximum extent. This predominantly fresh-
water lacustrine system had sediment input from the Andes and
marginal marine influence from the Caribbean. At the same time
the Amazonian Craton remained an additional source of sedi-
ment supply, and minor fluvial systems contributed to the wet-
land system.

One of the most outstanding features of this depositional set-
ting was the highly diverse aquatic vertebrate and invertebrate
fauna. Although the vertebrate fauna remained diverse through-
out the Late Miocene, the endemic invertebrates virtually disap-
peared and have remained comparatively poor ever since. The
termination of this fauna during the early Late Miocene correlates
with the establishment of the modern Amazon River.

Andean uplift dramatically increased during the Late Miocene
and the sedimentary wedge progressed to the east, beyond the
sub-Andean and Amazonian sedimentary basins. As a result the
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wetland disappeared and, after connecting with fluvial systems
of eastern Amazonia, the Andean fluvial systems merged into
the Amazon transcontinental river system. Around 6 Ma further
uplift in the Andes caused relocation of the depositional centre
towards the east and abandonment of the continental basins.
From then on the bulk of sediment deposition took place in the
Foz do Amazonas Basin (Equatorial Atlantic Margin).

The Miocene Amazonian wetland system was unique not only
because of its extent and species diversity but also because it was
concurrent with major changes in northern South American
geography. After the disappearance of this system Amazonia suf-
fered a decline in species diversity as result of the geographical
changes and climatic cooling, the latter the possible cause for a
decrease in diversity of the reptile fauna.

The nature of this complex inland environment, where fresh-
water, marine and tidal conditions coexisted under the influence
of a warm, humid climate, as well as its transition to the present,
still poses many questions that remain unanswered. Ultimately, a
deeper understanding of this system and its evolution up to the
present might help us to understand the evolution of Amazonian
biodiversity.
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