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ABSTRACT

Climate change follows from the interaction between global atmospheric and oceanic processes
with regional processes. In this chapter we review which factors determined climate evolution in
Amazonia and the Brazilian Northeast and present a recompilation of Neogene palynological
and paleobotanical records. These records suggest generally warm and humid conditions
throughout this region during the Neogene. The uplift of the Andes, in the western half of
South America, created a pattern of intense orographic precipitation in Western Amazonia
that derived from humid air masses of Atlantic origin. During this time interval uplift of the
Borborema Plateau, in the northern Brazilian Highlands, also formed an orographic barrier
that allowed the development of a lush forest on the Atlantic side (Mata Atlantica), while
rain shadow on the western flank gave place to the semi-arid Caatinga vegetation. The arid
conditions in the Brazilian Northeast were further exacerbated by the evolution of the oceanic
current system in the Atlantic, a system that was also responsible for the creation of the Namib
Desert. The palynological and paleobotanical data illustrate the long history of Amazonia’s
tropical forest, but also the influence of the Andes formation on this region. The limited
paleobotanical remains from the Brazilian Northeast tentatively point at longstanding humid
conditions that, in the latter part of the Neogene transformed into the predominantly arid
conditions that characterize the area at present.

Keywords: climate, Miocene, Pliocene, plant macrofossils, palynomorphs

RESUMO

As mudangas climdticas resultam da interagdo global entre os processos atmostéricos e ocednicos
que afetam os processos regionais. Neste capitulo sdo revistos os fatores que determinaram a
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evolugio do clima na Amazonia e no Nordeste brasileiro, além de apresentar uma recompilagio
dos registros palinoldégicos e paleobotanicos. Tais registros sugerem condi¢des quentes e imidas,
para essas regides, durante o Nedgeno. O soerguimento dos Andes, na metade ocidental da
América do Sul, criou um padrio de intensa precipitagio orografica, na Amazdnia Ocidental,
provocado pelas de massas de ar imidas de origem atlantica. Durante este intervalo de tempo,
o soerguimento do Planalto da Borborema, no norte brasileiro mais elevado, também formou
uma barreira orogrifica que permitiu o desenvolvimento da exuberante floresta no lado do
Atlantico (Mata Atlantica), enquanto a auséncia de chuva no flanco ocidental deu lugar ao
semi-drido com a vegetagio de Caatinga. As condi¢des dridas foram ainda mais acentuadas pela
evolugdo das correntes ocednicas do sistema Atlantico, que também foi responsavel pela criagdo
do deserto da Namibia. Os dados palinolégicos e paleobotinicos ilustram a longa histéria da
floresta tropical da Amazonia, assim como a influéncia que recebeu pela elevagio dos Andes. Os
registros paleobotinicos do Nordeste brasileiro sdo escassos e indicam, pontualmente, longos
periodos de clima umido que, na ultima parte do Nedgeno, transformaram-se em condigdes
predominantemente dridas que caracterizam a drea até o momento.

Palavras chave: climate, Mioceno, Plioceno, macrofitofésseis, palinomorfos

1. INTRODUCTION

Amazonia and the Brazilian Northeast are two areas of great climatic contrast. Although they
are geographically close and both situated at -or near- the Equator, Amazonia is lush and densely
forested, while the Brazilian Northeast is among the driest parts of the country. The present climatic
conditions and the discrepancies in this region are determined by an interplay of geology, topography
and atmospheric and oceanic circulation patterns. But, when and how were they established? How
did global climatic change play a role in the evolution of this region? And what can palynological
and paleobotanical evidence tell us about the climatic history of the region? These are the questions
that we address in this chapter. We will do this by providing: a) an overview of timing and interplay
of climate and geological processes that led to the present geographic configuration; b) present an
inventory of the palynological and paleobotanical data from Amazonia and the Brazilian Northeast;
¢) make some inferences and recommendations based on this, and d) discuss the relation between the
regional and global climate during the Neogene.

2. THE INTERPLAY OF GEOLOGICAL, OCEANIC AND ATMOSPHERIC PROCESSES

Modern climates in Amazonia and northeastern Brazil are dictated by their equatorial latitude
and location in the causeway of the Intertropical Convergence Zone (ITCZ) (Figures 1 and 2). Other
important factors that influence the climate in this region are orographic barriers such as the Andes

and the Brazilian Highlands.



Carina Hoorn, Mary E.C. Bernardes-de-Oliveira, Rodolfo Dino, Maria Judite Garcia, Luzia Antonioli,
Fabio da Costa Casado & Henry Hooghiemstra

281

20°

30°

70°W

60° W

800

50° W 40°W

&3 Carboniferous-
Permian

Ordovician

LEGEND
Il Quaternary [ carboniferous Il Mesozoic Volcanics
|:| Tertiary l:| Devonian % Paleozoic- Mesozoic Volcanics
- ] cretaceous [ silurian [=] Precambrian Undifferentisted
i} Permian I cambrian-

f———)

0 400 800  1.200 km

30°s

70°W

60° W

50°

w 40°W

Figure 1. A. Topographic map of Brazil (from NASA) with vegetation units of Amazonia and Northeast Brazil (modified after
Pestana, 1994) (see legend in Fig. 2a); B. Geological map of Amazonia and Northeast Brazil shows the main geological
units consiting of the (l) intracratonic Paleozoic Basins of the (ll) Brazilian and (lll) Guiana Shield and (IV) the coastal
escarpment formed by the Borborema Plateau (modified after http://0.tgn.com/d/geology/1/0/t/|/brazilmap.gif)

The Andean Cordillera in the west reaches up to ca. 7000 m elevation and the presence of
this mountain range plays a key role in the landscape and climate evolution of its wider periphery
(Marengo ez al., 2004; Vera et al., 2006; Veblen ez al., 2007; Garreaud ez al., 2009; Sepulchre e al.,
2010). The meeting of the humid Atlantic air masses with the Andes barrier results in particularly
high precipitation rates on the eastern flank of the Andes and in western Amazonia (Figure 2b).
This configuration, and the high volumes of sediment and water discharge from the Andes, make
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Amazonia the largest drainage basin in the world that contributes 20% of the total fresh water input
into the world’s oceans (Goulding ez a/.,2003).

On the eastern side of the continent the northernmost Brazilian Highlands reach up to ca.
1200 m elevation and, albeit less dramatic, also form an orographic barrier to air masses entering
from the Atlantic (Gottsberger & Silberbauer-Gottsberger, 2006) (Figures 1 and 2). This coastal
escarpment prompts increased precipitation rates that enable the subsistence of the lush Atlantic
rainforest or ‘Mata Atlantica’. However, the rain shadow, together with unpredictable interannual
climatic variations, cause prolonged droughts in the landward flank which result in a gradual transition
from dry (agreste) towards semi-desertic conditions (serzdo) that give way to the Caatinga vegetation

(Archibold, 1995; Behling ez a/., 2000).
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Figure 2. A. Vegetation map of Amazonia and Northeast Brazil and oceanic currents (modified after Pestana, 1994); B.
Precipitation patterns in Amazonia and Northeast Brazil (modified after Pestana, 1994).
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Other crucial factors that determine the climatic evolution in this region are: a) periodic
variations at orbital time scales caused by the changing position of the Earth around the Sun, b)
interannual climatic variations caused by ocean currents, ¢) E/ Nizio Southern Oscillation (ENSO),

and d) the migration of the overland ITCZ and the South Atlantic Convergence Zone (SACZ)

(Garreaud & Aceituno, 2007). These cyclic variations play a critical role in sea surface temperatures
(SSTs), which in turn determine the length of the dry season and precipitation patterns on land (i.e.
Behling ez al., 2000; Kaandorp ez al., 2005; Vonhof & Kaandorp, 2010) and are cause of the extreme
droughts in the Brazilian Northeast (Gottsberger & Silberbauer-Gottsberger, 2006).

3. CENOZOIC EVOLUTION OF AMAZONIA AND THE BRAZILIAN NORTHEAST
During the Paleogene (65.5 — 23 Ma) global temperatures were relatively high and latitudinal

variations small (Figure 3). Northern South America was characterized by a diverse rainforest (Jaramillo
et al., 2006; Jaramillo & Cardenas, 2013), which possibly extended into what is now Amazonia
(Hoorn et al., 2010). During this time, and most of the Neogene, South America was a large island
that gradually migrated northwards until colliding with the Caribbean Plate complex. In parallel,
the reorganization of the Pacific plates caused uplift of the Andes and changed the topography and
regional climate (Garzione ez a/., 2008; Shephard ez al.,2010). Onset of uplift was dated as Oligocene
(Parra ez a/.,2009) and last evidence of lowland conditions in Eastern Andes between Oligocene and
early Miocene (Ochoa ez al., 2012). This marked transition towards the modern relief and climate
system.

Climate models coincide with this regional geological framework and since middle Miocene
times an effective orographic barrier changed regional atmospheric patterns (Barnes ez 4/.,2012; Poulsen
et al., 2010; Insel ez al., 2010) increasing precipitation and run-off with the modern precipitation
regime in place around the middle Miocene (Kaandorp ez al., 2005) (Figure 3).

The transition from a low to a high Andes extended well beyond the Andes itself and affected
sedimentation patterns across South America even reaching the Atlantic coast (Dobson ez al,
2001; Figueiredo ez al., 2009). During this time a wetland system gradually extended over Western
Amazonia, which during the late Miocene merged into the fluvial Amazon River system (Figueiredo
et al., 2009). Climate, geography, sedimentary environments and biota in northern South America
all were influenced by Andean uplift (Gentry, 1982; Antonelli ez a/., 2009; Hoorn ez al., 2010), while
global temperatures gradually declined (Zachos ez a/., 2008) and climatic change promoted erosion
(Harris & Mix, 2002).

Eastern Amazonia and the Brazilian Northeast have a different geological history and
form part of the Brazilian Shield, which is composed of ancient crystalline rocks. Geographically,
the Brazilian Northeast is part of Plateau of Borborema (reaching up to 800 m) and the Chapada
Diamantina (reaching up to 1200 m) that constitute the northern part of the Brazilian Highlands.
These highlands -or Planalto Central- are thought to have a complex exhumation history that evolved
in 4 phases since the opening of the Southern Atlantic (Cretaceous), with the youngest uplift dated as
Miocene, coinciding with uplift in the Andes (Morais-Neto ez al., 2009; Jepsen ez al., 2012).
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Figure 3. The global climate curve (from Zachos et al., 2008) compared with the main tectonic and oceanic events in
Amazonia and Northeast Brazil (modified after Gottsberger & Silberbauer-Gottsberger, 2006).

The very different geological histories of Eastern and Western Amazonia also are reflected
in edaphic processes and, indirectly, in plant composition. On young and unstable strata of Andean
origin different soil types are formed than on the crystalline rocks of the shield where prolonged
weathering rates are common (Horbe ez al, 2004, 2007; Gottsberger & Silberbauer-Gottsberger,
2006; Young ez al., 2007).

The regional climate history should be seen in the wider context of global climate change (see
Figure 3; Zachos ez al., 2008). During the early and middle Miocene (23 — 16 Ma) temperatures are
relatively high, albeit lower than in the early part of the Paleogene. Global cooling and sea level fall
set in during the late Mliocene and act as prelude to the Quaternary ice ages.



Carina Hoorn, Mary E.C. Bernardes-de-Oliveira, Rodolfo Dino, Maria Judite Garcia, Luzia Antonioli,
Fabio da Costa Casado & Henry Hooghiemstra 285

4. AMAZONIA, EVIDENCE OF AN ANCIENT RAINFOREST
AND A WARM AND HUMID CLIMATE

The geological history and the interaction of bedrock, soil and climate all influenced the
composition and evolution of flora and fauna in Amazonia and the Brazilian Northeast. Although
Neogene paleobotanical records of terrestrial plants are geographically sparse and fragmented they
give us an insight into past vegetation and climate.

Palynological and paleobotanical remains are preserved in sedimentary basins such as the Acre
foreland basin, the intracratonic Solimées and Amazonas basins (also known as Paleozoic sedimentary
basins, see Wanderley Filho ez a/., 2010), the Marajo graben system (Rossetti e# a/., 2013) and the
Foz do Amazonas basin (Figueiredo ez al., 2009) (Figure 1a). The sedimentary infill of these basins
consists of hundreds of meters of sand, clay and lignite of Neogene age. The subsurface and outcrop
data points in Amazonia and the Brazilian Northeast are shown in Table 1 and Figure 4. Nearest
living relatives of the plant fossils and their habitat are listed in Tables 2 - 6, and all pollen and spores
recorded in Brazilian Amazonia are listed in Table 7; for ecology see Jaramillo ez a/. (2010) and for
taxonomic references see the paleobiology database (http://paleodb.org/). A selection of characteristic
pollen and spores and paleobotanical remains are shown in Figures 5 and 6. Works up to 2010 were
reviewed by Jaramillo ez al. (2010), but there have been some additions since then and which are
reviewed below.

Table 1. Coordinates of all fossil localities and relevant references.

N° LOCALITY STATE COORDINATES AUTHORS FOSSILS
, 70°54°00,00"W . Plant remains
1 Igarapé Waterfall AC 08°58'60,00”S Duarte & Japiassa (1971) Wood
Ouro Preto River 72°49'40,59"W . Plant remains
2 (Jurua River tributary ) AC 08°23'47,24”S Duarte & Japiassi (1971) Wood
Rio Branco 73°13’35,83"W . Plant remains
3 (Jurua-Mirim River tributary) AC 08°14’57,43”S Duarte & Japiassi (1971) Wood
Hollick & Berry (1924); Berry (1935,
1937);
4 Cruzeiro do Sul County, upstream AC 72°39’49,61"W Maury (1937); Leafs
Porto Peters 07°38’53,07”S Duarte (1970); Wood
Duarte & Japiasst (1971);
Machado ez al. (2012).
Sena Madureira 68°39°05,73"W L .
5 (Purus River) AC 09°0444,35”S Duarte & Japiasst (1971); ‘Wood
Canutama County, 64°2451,92"W o .
6 Santa Rosa AM 06°33'16,67°S Duarte & Japiasst (1971); Wood
. 64°48’8,46"W Oliveira & Leonardos (1943);
7 Labrea County AM 07°14'27,80”S Duarte & Japiasst (1971); Leafs
Sio Paulo de Olivenca County, 68°46'44,92”W - .
8 Ted River AC 032115.21S Duarte & Japiassu (1971); Wood
Santo Antonio do I¢d County, 67°54'42778"W Dolianitti (1948);
’ Ipiranga AC 03°06'44,07"S Duarte & Japiassa (1971) Caraceas
10 Capanema County PA 4:)711 100,510 6’6611’”\27 Duarte & Japiassu (1971) Foliar print-outs
Irituia County 47°26'40,12"W Japiassu (1969);
1 (Ipixuna Formation) PA 01°45'40,90"S Duarte & Japiasst (1971) Leafs
Sao Luiz County 44°1403,01"W L
12 (Anil District ) MA 02°3253,18”S Duarte & Japiassa (1971) ‘Wood
13 Humberto de Campos County MA 43°27°46,66"W Duarte & Japiassa (1971) Foliar print-outs

02°35’'11,70”S
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Duarte & Japiasst (1971); Lima (1991);

Cristalli (1997);
44°03°00,00"W Cristalli & Bernardes-de-Oliveira Palynomorphs
14 Nova lorque Bed MA 06°45'56,00”S (1998); Leafs
Anzétegui & Cristalli (2000);
Dino et al. (2006).
Aracaju County 36°56'15,81"W Mussa (1958);
15 (Barreiras Formation) SE 10°42’36,71”S Duarte & Japiassu (1971) Wood
Juazeiro County
16 - Ic6 Farm; BA 40°27'38,8"W Guimaries (1964); Plant remains
- Ico Lake; 09°24’59,13”S Duarte & Japiassu (1971) Wood
- Parteiro Farm
. , Berry (1924);
17 Pedrio / Irard County BA 3182%3 5,2175’4217}2/ Berry (1935); Leafs
’ Duarte & Japiassu (1971)
. B . 38°29’50,69"W Hollick & Berry (1924);
18 Alagoinhas — Aramari County BA 12°0434,01”S Duarte & Japiassi (1971) Leafs
. , Berry (1935);
19 Marat County BA 3194%2 6’130(;8116378\/ Hollick & Berry (1924); Leafs
’ Duarte & Japiasst (1971)
Marat 39°06’56,73"W S Foliar print-outs
20 (Barretos / Camamu / Jodo Branco) BA 13°57°05,38”S Duarte & Japiassi (1971) ‘Wood
43°23'38,01"W Oliveira (1937); . _y
21 Bom Jesus da Lapa County, Lapa BA 13°1426,74°S Duarte & Japiassti (1971) Foliar print-outs
Solimées Formation 71°33°00,00"W .
22 (IAS 33 AM Well) AC 05°1500,00°S Leite (2006) Palynomorphs
Solimées Formation 70°55’00,00"W
23 (IAS 42 AM Well) AC 04°2300,00”S Hoorn (1993) Palynomorphs
Novo Remanso Formation 60°32’02,00"W .
2 (Amazonas Basin / NS) 01) A 03°1828,00°S Dino etal. (2012) Palynomorphs
Novo Remanso Formation 60°25’39,00°'W .
25 (Amazonas Basin / NS 05) AN 03°17°58,00”S Dino e gi(2012) PEURERIPTPIS
26 Barreiras Formation PA %812003,2367’?&1%\/ Behling & Costa (2004) Palynomorphs
Leite (1997);
Leite (2004);
27 Outeiro Island PA 48°27°44,32"W Leite (2006); Palynomorphs
(Barreiras Formation) 01°15°09,09”S Arai et al. (1994); ‘Wood
Truckenbrodt ez al. (1994);
Dutra ez al. (2001).
Leite (1997);
Leite (2004);
Mosqueiro 48°28'21,07"W Leite (2006);
28 (Barreiras Formation) PA 01°09’38,59”S Arai et al. (1994); Palynomorphs
Leite ez al. (1997 a,b);
Truckenbrodt e al. (1994).
Leite (1997);
Leite (2004);
Atalaia 48°1713,73’W Leite (2006);
29 (Barreiras and Pirabas formations) PA 01°26’04,07”S Arai et al. (1994); Palynomorphs
Leite e al. (1997 a,b);
Truckenbrodt e al. (1994).
Leite (1997);
Leite (2004);
Capanema 47°1050,61"W Leite (2006);
30 (Pirabas Formation) PA 01°10°16,61”S Arai ez al. (1994); Palynomorphs
Leite et al. (1997 a,b);
Truckenbrodt ef al. (1994).
. 48°16’00,68"W
31 Amazon River, mouth PA 03°1814,62’N Carvalho (1996) Palynomorphs
32 (IAS 51 AM Well) AC 69°0200,00"W Leandro (2012) Palynomorphs

01°51°00,00”S
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33 (TAS 52 AM Well) AC 6092?497’?(%?0%’3’5" Leandro (2012) Palynomorphs
34 (IAS 27 AM Well AC 60255;?(%?0%:YS‘/ Silva—Caminhsaﬂgo(f(?)?i)z:andro (2012) Palynomorphs
35 (IAS 19 AM Wel) AC 60({;}3%90%?0%}2/ Silva—Caminhsaﬂgo(lzo(;?i)z:andro (2012) Palynomorphs
36 Feijé County AC R e Machado et al. (2012). Wood
37 SmeRemde B Comy e s Machado et al. (2012). Wood
38 Nitersi County AC 617(;‘5;‘&?0%’,,? Machado et al. (2012). Wood
39 Niter6i County AC 617(;:‘5;%77’720%’32/ Mussa e al. (2002). Wood
40 Niter6i County AC 617(;?2;%67’?0%’321 Latrubesse e# a/. (2007) Palynomorphs
41 Rio Doce, outcrop AC 619(;5) 55;;68?551”,2/ Latrubesse ez al. (2007) Palynomorphs
) TAS 32 AM Well AC 609;9532’90%?0%:2/ Latrubesse et al. (2007) Palynomorphs
43 fg;r;igr“o‘;t)y AC O ey Silveira & Nogueira (2007). Palynomorphs
44 ?;f;ﬁ?r‘;‘;t)y AC "03;%13’9582”26‘2,}’5" Silveira & Nogucira (2007). Palynomorphs
45 ?;;‘;ﬁ;“or:)y AC 603;9035’,2350’?’86;,? Silveira & Nogueira (2007). Palynog R
46 (CPolalrioSt(Z:l:(r)lg AC 603;9 589’,2‘?9’,3627”,}2] Silveira & Nogueira (2007). Palynomorphs
47 ((;izrioi:izg AC 6034;9066’?110’,5429”337 Silveira & Nogueira (2007). Palynomorphs
48 ((licl)grlocu[t)(ircl)g AC %3;9 08 6’55(;?365”%‘/ Silveira & Nogueira (2007). Palynomorphs
49 Ca;z%nle;n &S}Z‘;nty PA 4;18:88:88:\5}‘/ Aguilera ez al. (2013). Palynomorphs

Duarte & Japiassu (1971); Del'Arco ez
% Eirunepé village AC 69°46'11.70"W al (1977); Foliar print-outs
(Well and Outcrops) 06°33'55,50"S Gross et al. (2011); Wood

Paz et al. (in press).
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Figure 4. Locations of all fossil sites reported in this chapter. Coordinates and authors are listed in Table 1.
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Table 2. Habitat and ecology of the main taxa that were reported in the Cruzeiro do Sul County — Porto Peters, Jurua

river valley (Point 4).

4. CRUZEIRO DO SUL COUNTY — PORTO PETERS, RIO JURUA RIVER VALLEY (Duarte, 1970)

EARLY MIOCENE HABIT HABITAT
E,AB.ACEAE Ereeé - 8mh liophvtic. b b Amazon region (AP and AM), common in the lower
s eciduous, hellophytic, hygrophytes forest of the Amazonian riparian forest, flood plains and
wetlands, capoeiras, clay soils wet or flooded
MA to PR, broadleaf semideciduous. Forest of the Paran4
Tree 8 — 14m. basin and in the pluvial Atlantic forest
Machaerium Semideciduous, heliophytic, xerophytes asin andin the piuvial Aiantic forest.
URTICACEAE Trees latescent (8 — 15m). Pluvml' Atlan'tlc forest; .coastal plain wood. Exclusive of
Coussapoa Tree top, evergreen, heliophytics, hygrophytes Atlantic pluvial forest, in open areas or border of the
’ ’ it jungle, along the watercourses.
LAURACEAE g‘lShZS anc(li tt}rl(?est(4 _hlf'm)h ic, h hyt
Persea ound and thin top, heliophytic, hygrophytes South and southeast Brazil, ciliar woods and wet flood-
plains, mainly in higher regions and in swampy soils.
Trees 10 — 25m.
Mespilodaphne Semideciduous, heliophytic, xerophytes RJ, SP, MG - Cerrado, high fields of the Mantiqueira
Ocotea Hill and Mata dos Pinhais, Pr to RS. Draw off soils.
) Trees
Endlichera .
Evergreen, ciophyte, hygrophytes
HERNANDIACEAE Bushes 3 — 5m de high, climbing plants CE to RJ, pluvial Atlantic forest, Restinga and board.
Sparattanthelium Semideciduous, heliophytic, hygrophytes Arboreous Restinga, NE coast.
EUPHORBIACEAE Tree?‘. 6 - 12m. MG, QO, MT, MS to RS; serr'lideciduous woods. ﬁ‘Of‘n
. Semideciduous, globous shape, branches near the ~ Parana basin and Uruguay, argillaceous ground, rich in
Sapium . . . . .
ground, heliophytic organic matter, wet floodplains and river banks.
Trees of 7 — 24m Rainforest Atlantic slope and coastal plain SP and R]
VOCHYSIACEAE Evergreen, dense globous shape, heliophytic, hygro- and Central Brazil; in savannah 800 m - 1000 m altitude.
Vochysia .
phytes, xerophytes Well-drained slope land
BIGNONIACEAE Bush . 4-10 Coastal wetlands MT, GO, MG, AM, BA, PE, southern
Bignonites HEIHEE () m MA, PI, PA, in Cerrado.

Table 3. Habitat and ecology of the main taxa that were reported in the Pirabas Formation, Capanema County (Point 10).
10. PIRABAS FORMATION — CAPANEMA, PA (DUARTE, 1972, 2004)

EARLY MIOCENE HABIT HABITAT
ANNONACEAE . . . . .
Guatteria Evergreen, heliophytic to ciophytic, xerophytes Amazon rainforest - firm ground
LAURACEAE E ionhviic. h b Rainforest of the Atlantic hillside
Endlicheria vergreen, ciophytic, hygrophytes
DILFENIACEAE Liana Mainly Cerrado, central Brazil
Davilla
BONNETIACEAE Bush Amazon rainforest: Archytaea
Bonnetia Hshes Coastal dunes from Bahia: Bonnetia
CARYOCARACEAE Trees .
Caryocar Evergreen, heliophytic, hygrophytes; riparian forest Amazon region (AM, PA, AP)
CRYSOBALANACEAE Trees or bushes Margins of savannahs of the Amazon or Central Brazil;
Hirtella Semideciduous, heliophytic to ciophytic, xerophyte  Riparian forest, capoeiras, land slopes
PUTRANJIVACEAE Trees . . . . Atlantic rainforest of the coast of Bahia on high slopes
Drypetes Evergreen, ciophytic or heliophytic, xerophyte
RUTACEAE Bushes or trees Atlantic rainforest and slope; R] and MG semidecidu-
Hostia Evergreen, heliophytic, xerophyte ous altitude forest
MELIACEAE Trees Atlantic rainforest (200-600m); early slopes - soil moist
Trichilia Evergreen, esciophytic, hygrophyte and deciduous to semi-deciduous forests.
SAPINDACEAE . Borflers. of tropical and subtropicall forests moist to

L Lianas semi-arid, north to southern Brazil
Serjania
Sapindus Evergreen, heliophytic or semideciduous Amazon floodplains of low and semi-deciduous broad-

leaf forest
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MALVACEAE Herbs of trees The Amazon region until MG and SP. Rainforest to
Apeiba Evergreen, heliophytic semi-deciduous broadleaf forest

MYRTACEAE

Myrcia Evergreen, heliophytic, ciophytic, hygrophytes Rainforest on the Atlantic slope of hillside land
RHIZOPHORACEAE Bushes or trees Amazon. Forests, plains, wetlands, swamps in tropical
Cassipourea Evergreen and subtropical areas of flooding.

EBENACEAE Evergreen, semideciduous and deciduous, helio- Cerrado, semideciduous broadleaf forest in central
Diospyros phytic, hygrophyte to xerophytes Brazil, northeast and south

RUBIACEAE Herbs, bushes, ciophytic Cerrafio, riparian rainfore.st, rl}pestrian fields, montane
Faramea ’ ’ and high montane Atlantic rainforest
;R;;}ZJ:ZACEAE Aquatic or swampy herbs Associated with the border of creeks in the Amazon.

Table 4. Habitat and ecology of the main taxa that were reported in the Nova lorque Bed, Cenozoic coverage of the
Parnaiba Basin - Nova York Village - Margin of the Parnaiba River (Point 14).

14. NOVA IORQUE BED , CENOZOIC COVERAGE OF THE PARNAIBA BASIN - NOVA YORK VILLAGE (MA) - MARGIN OF THE
PARNAIBA RIVER. Cristalli (1997); Cristalli & Bernardes de Oliveira (1998) e Anzotegui & Cristalli (2000).

EARLY MIOCENE HABIT HABITAT
LAURACEAE Trees or shrubs Tropical and subtropical. Rainforests of the Americas and
Laurophyllum sp. Evergreen plants Asia. Common in the Amazon and Atlantic forest.
MALVACEAE Mostly herbs, bushes, lianas or trees Pantropical - cosmopolitan
EBENACEAE
cf. Diospyros sp. or Woody plants arboreal or shrub of 4 — 7m high Savannahs from MA, PI, CE to MS and PR.
Lisfocarpa sp.
FABAC.EA.E Tree-s Of.g - 30m . . Typical of the inside of the forest, occurs in the pluvial
Caesalpinoideae Semideciduous, heliophytic, hygrophytes or dry .
o - Atlantic forest.
cf. Caesalpinoideae sp. lands, humid lowlands
FABAC.EA_E Trees of 8 — 20 m Araucarian forest and Atlantic forest, in the Amazon region,
Caesalpinoideae . . . .
. Usually deciduous, heliophytic solid land forest.
cf. Cassia sp.
FABACEAE Trees de 4 —16m
Faboideae Evergreen, heliophytics or ciophytes,. Occurs in Atlantic slope rainforest and in the pine forests woods.
cf. Dalbergia sp. deep valleys, clay and moist soils.
FABACEAE Pantrop.ical with 60 spec.ies, 30 of which in tropical America,
. . o subtropical NE. In Brazil occurs in the N, NE and central-
Faboideae Leguminose, climbing plants

cf. Cassavalia sp.

west regions and in the Amazonia, Caatinga and Mata
Atlantica biomes.

MELIACEAE
cf. Cedrela sp.

Bushes or trees

Pantropical. Tropical America from N to S. Well-drained
habitats, from lowland rainforests or mountains in decidual
forests

SMIL.ACACEAE Herbaceous or woody lianas Tropical
cf. Smilax sp.
MELASTOMATACEAE
o Trees of 15 — 22m . . . . .
Miconia sp. E helionhvtic. si . Pluvial Atlantic forest in wet soils. From BA until SC.
vergreen, heliophytic, single leaves, coriaceous and
or glabrous. Exclusively from the S and SE Brazil and pluvial Atlantic

Meriania sp.

Trees or bushes, single leaves rarely verticilated.

forest From R] to SC —low lands until high fields .

Pantropical or subtropical, concentrated in Neotropical and

MYRTACEAE Trees or bushes, single leaves rarely verticilated. Australia. Atlantic forest and Restinga.
RUTACEAE ? Bushes or trees Pantropical. Seasonal forests
CLUSIACEAE Pantropical. Floodplain forests. Disperses around Brazil:

Bushes or trees

Cerrados, Restingas, etc.

Nova lorque Beds (MA): humid tropical climate - evergreen leaves vegetation, with entire margins leaves and

acuminate apex.
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Table 5. Habitat and ecology of the main taxa that were reported in the Pedrdo / Irard County (Point 17).
17. PEDRAO/IRARA COUNTY - PLIOCENE, Berry (1924, 1935).

FAMILY AND GENERA HABIT HABITAT

Floodplain forest and flooded woods in the
POLYGONACEAE Trees, shrubs, herbs or lianas Amazonian pluvial forest or latifoliated riparian
Coccoloba Heliophytic, hygrophytes wood, semideciduous of the central-western

Brazil

Table 6. Habitat and ecology of the main taxa that were reported in the Mocambo / Ourigcanga / Aramari / Marau County
(Point 19).

19. MOCAMBO / OURICANGA / ARAMARI / MARAU COUNTY — PLIOCENE (Berry, 1935)
FAMILY AND GENERA HABIT HABITAT

CANELLACEAE

Neotropical. No occurrence in Brazil, only

Canella Trees, rarely bushes Cinnamodendron.
High trees, evergreen, heliophytic, hygrophytes. Typically from Amazonia and Mata Atlantica
CLUSIACEAE Requiring humid soils. from sea level until 1500m altitude in the

Garcinia (=Rheedia) ombrophyllous dense forest.

4.1 Acre Basin

Latrubesse and colleagues (2007) first documented the palynological content of strata exposed
along the Acre River at Barranco da Elizete, Murici, Niteroi and Patos (40-41, Figure 4). The authors
concluded that the age of these deposits is late Miocene and the environment was characterized by
freshwater lakes and swamps with grasslands and gallery forests and fluctuating water levels implying
a tropical to tropical to wet-dry tropical seasonal climate.

Berry (1935, 1937), Maury (1937) and Duarte (1970), all studied plant macrofossils from
Cruzeiro do Sul (Alto Jurud), Sena Madureira and Rio Branco (Acre State) (4-5, Figure 4) from
sediments of estimated Pliocene age, and with occurrences of Fabaceae, Urticaceae, Lauraceae,
Rosaceae, Sapindaceae, Vochysiaceae, Hernandiaceae and Bignoniaceae. Berry (1937) further observed
plant fragments from clay beds at Tgaraje Agua Fuente, a tributary of the Rio Moa and refers to these
strata as Pebas Beds. He reports the following families: Coussapoa (Moraceae), Cassia aguaytiensis
(Caesalpiniaceae), Machaerium prematicum (Papilionaceae), Vochysia acuminatafolia (Vochysiaceae),
Sapium pliocenicum (Euphorbiaceae), Sparattanthelium pliocenicum (Hernandiaceae), Mespilodaphne
acrensis and Persea amoneana (Lauraceae), Bignonites mauryae (Bignoniaceae), Endlichera rhamnoides
(Rubiaceae). These taxa, and the species illustrated in Duarte’s (1970) paper, are all suggestive of warm
and wet tropical conditions.
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Figure 5. Characteristic pollen and spores from the Solimdes Formation (Neogene Amazonia). 1- Crassoretitriletes
vanraadshoovenii; 2- Deltoidospora adriennis; 3- Magnastriatites grandiosus; 4- Perimonoletes sp.; 5- Verrucatosporites
ssp.; 6- Polypodiaceiosporites potoniei; 7- Echitriletes muellerii; 8- Mauritiidites franciscoi; 9- Grimsdalea magnaclavata;
10- Echiperiporites stelae; 11- Fenestrites spinosus; 12- Echitricolporites spinosus; 13- Echitricolporites maristellae; 14-
Retitriporites dubiosus; 15- Margocolporites aff. vanwijhei; 16- Crototricolpites sp.; 17- Crassiectoapertites colombianus;
18- Psilastephanoporites tesseroporus; 19- Perisyncolporites pokornyi; 20- Retistephanoporites crassiannulatus;
21- Bombacacidites bellus; 22- Bombacacidites baculatus; 23- Multimarginites vanderhammeni; 24- Perfotricolpites
digitatus; 25- Retimonocolpites maximus; 26- Multiareolites formosus; 27- Rhoipites guianensis; 28- Psilatricolporites
caribbiensis; 29- Jandufouria seamrogiformis; 30- Polyadopollenites mariae (modified from Leite, 2006).
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Figure 6. Characteristic fossil leaves of the Pirabas Formation. 1- Pisonia ampliata; 2- Apeiba pulchra; 3- Trichilia
antecedene; 4-5- Cassipourea brasiliensis; 6- Hirtella berryana; 7- Hortia paraensis; 8-9- Caryocar recognitum; 10-
Diospyrus sculpta (modified from Duarte, 2004).

Plant fragments, woods and leaves are also reported from outcrops of the Solimées Formation
near the Eirunepé village in the SW Amazonas State (Duarte & Japiassu, 1971; Gross ez al., 2011,
Del'Arco et al., 1977; Paz et al., in press).

Fossil wood collected at Cachoeira do Gastdo village (Cruzeiro do Sul, Alto Jurud) by
Mussa (1959) and Mussa ez al. (2002) (39, Figure 4) was identified as Lecythidaceae, Fabaceae and

Sapindaceae and suggests wet and hot weather in mesophyte or xerophyte areas in the Amazonian
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rainforest. Duarte & Japiasst (1971) (6-8, Figure 4) refer to petrified woods and leaf compressions of
Pliocene age at the localities of Canutama, Labrea and Sio Paulo de Oliven¢a. However, there is no
taxonomic details for these plant remains.

Machado ez al. (2012) (4, Figure 4) also collected wood at outcrops of the Solimdes
Formation along the Jurud, Acre, Furnaia, Purus and Moa rivers and identified them as Fabaceae
(Caesalpinioideae), Lythraceae, and Myrtaceae. The specimens show anatomical features that indicate
predominantly hot and humid climate with seasonal fluctuations in water availability and a dry season.
It is worth mentioning that some of the large angiosperm fossils that were collected from outcrops
of the Solimées Formation situated along the Branco River are still awaiting identification and form
part of the paleobotanical collection at Guarulhos University (Brazil).

4.2 Solimoes Basin

The Neogene strata in the Solimdes and Amazonas basins are known as Pebas Formation
(Peru) and Solimées Formation (Maia ez al, 1977; Hoorn 1993; Leguizamon-Vega ez al., 2006;
Wanderley Filho ez al., 2010). A series of drill cores taken by Companhia do Pesquisas e Recursos
Minerais (CPRM) recovered hundreds of meters of Neogene sediments which formed the basis of
several palynological studies (Hoorn, 1993; Leite, 2006; Silva, 2004, 2008; Latrubesse ez al., 2007,
Silva-Caminha ez a/., 2010; Leandro, 2012) (22-23, 32-35, 42, Figure 4) in which hundreds of pollen
taxa were identified (Table 7) that are illustrative for the diversity of the Neogene rainforest.

Table 7. Pollen and spores recorded in the Neogene sediments of Brazilian Amazonia.

s $9) 7 | 5 [4a45|4n|2) o | 5
POLLEN
Alnipollenites verus x X X
Anacolosidites cf. luteoides X
Araucariacidites sp. x
Arecipites perfectus x X
A. polaris x
A. regio x
Bombacacidites spp. x X x X X X X
B. araracuarensis X
B. baculatus X x x x x x
B. baumfalki X X X
B. bellus X X X X X
B. brevis X
B. ciriloensis X
“B. eckfeldensis” X
B. fossulatus X X
B. muinaneorum X X
B. nacimentoensis X
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e 9| 8| 8 |38|an|in|e2| ¢ | =
B. simpliciriloensis X x
Byttneripollis ruedae X
Cichoreacidites longispinosus X
Cistacearumpollenites rotundiporus x x
C. poruscicularis x
Clavainaperturites microclavatus X
Clavatricolpites daemoni X
Corsinipollenites sp. X
C. collaris x
C. oculusnoctis x X X X X X
C. perfectus X
C. psilatus X
C. scabratus x
C. undulatus X x
Costatricolporites reticulatus x
Crassiectoapertites columbianus 5 X X X X
Cricotriporites spp. X
C. guianensis X
Crototricolpites sp. X X X X X
C. americanus X
C. annemariae X X X X X
C. finitus X X
Crotoidaepollenites reticulatus X
Ctenolophonidites suigeneris x
Dicolpopollenites obtusipolus X
Disulcites obtusispolus x
Echiperiporites spp. x x x
E. akanthos x x x
E. (Malvacearumpollis) estelae x X X X x x X X
“E. poruscircular” X
E. jutaiensis X
E. intectatus X
E. lophatus X
Echipollenites sp. x
Echitricolporites sp. X X
E. irregularis(?) x x x
E. (Malvacipolloides?) maristellae x X X X X X X
E. spinosus x x x x x x x
Echitriporites sp. x x
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e 9| 8| 8 |38|an|in|e2| ¢ | =
Lchitriporites trianguliformis X
Ephedripites sp. x
Ephedripites renzonii x
Fenestrites sp. x x x x
“F. garciae” X X
E spinosus X X
E oliveirae (Gomphrenipollis?) X
Foveotricolporites caldensis x
F florschutzi x
F pseudodubiosus X X
F lenticuloides X
Glencopollis curvimuratus x
Grimsdalea sp. X
G. magnaclavata & X X X X x X
Gomphrenipollis minima x
Heterocolpites incomptus X X X
H. brevicolpatus X
H. verrucosus X X
H. rotundus X b'q
Horniella morenoi X
H. megaporata X
“H. pseudopsilatus” X
Lllexpollenites sp. x X X x X X
1. margaritatus x
1L tropicalis b'e
Inaperturites? baculatus® X
Inaperturopollenites sp. x x X
‘L elizabetei” X
“I. microechinatus” X
‘L solimoensis” x x
Jandufouria sp. X
J. seamrogiformis X X X X
Jussitriporites sp. x
Ladakhipollenites floratus x
L. rectangularis x
L. costatus X
Loranthacidites sp. x
Loranthacidites psilatus x
Malvacipollis sp. X
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e 9| 8| 8 |38|an|in|e2| ¢ | =
M. cf. spinulosa x x x
Malvacipolloides spp. x
Maravenites polyodoratus X
Margocolporites sp. X
M. vanwijhei x X b X X
M. cf. vanwijhei x x
M. fastigiatus X X
M. muellerae X
Mauritiidites spp. x x
M. franciscoi var. franciscoi x X X X X X X X
M. franciscoi var. minutus X
Meliapollis sp. X X
Monocolpites sp. x
Monocolpopollenites sp.
M. ovatus X
Mongporgpollenites (Monoporites) annulatus 5 X X X X X X X X
M. oculusnoctis” x
Monoporites annuloides X
Multiareolites formosus x x
Multimarginites vanderbammenii X X X X X
Multiporopollenites crassinexinatus X
Myrtaceidites sp. x X X
Pachydermites diederixii X
Paleosantalaceapidites sp. x X
“Parsonsidites? brenacii” X
Perfotricolpites digitatus X X X x X
Perisyncolpites sp.
P, pokornyi x x X x x x x x
Podocarpidites sp. x x x x x X x
Polyadopollenites spp. x x x x
P macroreticulatus x
P mariae X X X
“P marileae” x
Proteacidites sp.
P triangulatus x X x x
P cf. triangulatus x x
P miniporatus x
Proxapertites tertiaria x X X X X
P, psilatus x
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e $9| 8| 8 [3w/an|(in|ee| | =
Prsilabrevitricolporites sp. x
“P. hoornii” X X
Prsilabrevicolpites flexibilis X
Prsiladiporites sp. x
P, redundantis X
P minimus X X
Psilamonocolpites spp. x
P amazonicus X
P, grandis x
P, nanus X X
P, medius X
P, rinconii x X
Prsilaperiporites spp. o X x x
P, minimus 5 X
“P. elizabetei”
P multiporatus x
Psilastephanocolporites spp. X X
P, fissilis X X X
P cf. fissilis x
P, schneideri X
P marinamensis X
Prilastephanoporites sp. X X X
P, herngreenii x X x
P cf. stelatus x
P tesseroporus X X X
Prsilatricolpites spp. x
P minutus X X
Prsilatriporites spp. X
P, desilvae X X
P, corstanjei X
P, sarmientoi x x
Psilatricolporites spp. x x x x x
P, acerbus x x X
P, atalayensis x X
P, (Horniella) caribbiensis x x x X
P, costatus x
P, crassoexinatus x
P, crassus (Lanagiopollis crassa) X x
P, cyamus x
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e 9| 8| 8 |38|an|in|e2| ¢ | =
P, (Psilabrevitricolporites) devriesii x x x
P, divisus X
P, exiguus x
P, garzonii X
P, labiatus X X X
P magniporatus X X
P, obesus x
P (Ranunculacidites) operculatus x x x x x x x
P (R.) cf. gperculatus x x
P, pachydermatus X X
P silvaticus X X
Psilatricolporites (Tetracolporopollenites) transversalis X X
P, (Psilabrevitricolporites) triangularis x X X x
P, vanus X X X
P, cf. varius x
P, venezuelanus x
Punctodiporites harrisii X
Retibrevitricolpites spp. X X
R. retibolus b'q
R. catatumbus x
R. cf. catatumbus X
R. yavarensis x X
Retibrevitricolporites spp. X
Retimonocolpites maximus x X
R. absyae x
Retistephanoporites sp. x
R. crassiannulatus X X X X
Retitricolpites spp. x X X
R. antonii X
R. amapaensis x x x x
R. colpiconstrictus X
R. conciliatus X
R. depressus x
R. florentinus X
R. perforatus X
R. simplex x X X
R. cf. simplex x
R. cf. grandis X
R. speciosus X
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Palynomorphs L o I P | Lm0 | b ® N -
(Localities on map) Y| N N ER S IS RT T @
R. wijningae X X
R. triangulatus X
Retistephanocolpites sp. X X X
R. circularis x
R. williamsi X
Retistephanocolporites spp. X X
Retitricolporites spp. x x X x X x
R. amazonensis X
R. caputoi X X
R. crassicostatus X X
R. crassopolaris x
R. ellipticus X
R. (Retitrescolpites?) irregularis X X X x X x x X
R. finitus x
R. (Rhoipites) guianensis X X X X X
R. (Rhoipites) hispidus x x x
R. kaarsii x X
R. latus X
R. leticianus X
R. lorentae x X
R. (Retitrescolpites) magnus X
R. medius X
R. milnei X
R. oblatus X
R. perpusillus X x
R. porispectus x
R. (Siltaria) santaisabelensis x
R. solimoensis X
R. squarrosus X X
R. ticuneorum X X X
‘R. toigoi” X x
Retitrescolpites sp. x x
Retitrescolpites? traversei X
Retitriporites spp. x X x
R. dubiosus X X
R. rotundus X
R. reticulatus X
Rhoipites gigantiporus x
Rubipollis mullerii X
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Rugutricolporites arcus X X X

Scabratricolpites elongatus X

Scabratriporites redundans x

Scabratricolporites planetensis X X

Siltaria sp. X

8. amygdalas x

S. dilcheroi X

S. hammeni X X

S. mariposa X

S. tectate X

Spinozonocolpites baculatus x
Spirosyncolpites spiralis X X
Stephanocolpites sp. X
Striasyncolporites anastomosus X

“Striatopollis striasimperfectas” X

Striatricolporites (Striatopollis) catatumbus a x x x x x
8. digitatus X

S. poloreticulatus X

8. tenuissimus X

Syncolporites sp. X

S. incomptus X X
S. poricostatus x X

Tetracolporopollenites sp. X

1" maculosus X

Thymelipollis retisculpturius X
Tricolpites sp. x

T. pseudoclarensis X

“T bendiensis” X

(Reti)tricolpites caquetanus X

(Reti)tricolpites simplex x
Tricolporopollenites edmundii X
Verrutricolporites rotundiporus X X X
Zonocostites duquei x

Z. equatorialis X X

Z. minor X
Z. ramonae X X
Z. cf. ramonae

SPORES
Azolla sp. x X X X
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e $9| 8| 8 [3a|an|is|22| s | =
Bacutriletes sp. x
Chomotriletes minor x X
Cicatricosisporites sp. x x x x x
Cingulatisporites sp. X
C. laevigatus X
C. rugulatus X
Clavatriletes sp. X
Concavisporites sp. x
“Concavissimisporites cingulatus” x
Crassoretitriletes sp. X
C. vanraadshoovenii X X X x X X x
Cyathidites sp. x
C. annulatus X X
Deltoidospora adriennis 5 X X X x X X x
Deltoidospora sp. x
Distaverrusporites margaritatus X X
Echinatisporis circularis X
E. muelleri X
Echitriletes sp. x x x
“Echitriletes clavatus” X
E. muellerii x X X X X
E. cf. muellerii x
“Foveomonoletes puntatus* X
“Fossutriletes bollatus* X
Foveotriletes ornatus X X
Hamulatisporites sp. x
Hydrosporis minor x
Kuylisporites waterbolkii x x x
Laevigatosporites sp. x X x
L. catanejensis X
L. tibuensis x
Leiotriletes adriennis
Leptolepidites sp. X
Magnastriatites sp. x
M. grandiosus x x x x X x x x
Matonisporites sp. x x x
M. mulleri X
Microfoveolatisporites sp. x x
Perinomonoletes sp. x X
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Perotriletes sp. X

Polypodiaceoisporites spp. x x x

P amazonensis x

P, potonie X X X X X

P, pseudopsilatus X

Polypodiisporites aff. specious X

P, scabraproximatus X

Polypodiisporites? planus X

Psilamonoletes spp.? X X

P, tibui

Psilatriletes sp. x x x x x

P, peruanus X X

P, lobatus X

Preridaceoisporis gemmatus X

Retitriletes sp. o x

R. altimuratus X

Rugulatisporites sp. X

Rugutriletes circulatus X

Tuberositriletes? crassus X

Verrumtosporite.r Spp- X X X X

V. (Polypodiisporites) usmensis x X X X X X

Verrucatotriletes sp. x

V. cf. bullatus X X

V. cf. baculatus x

V. etayoi X

Verrutriletes spp. x X X x

Verrumonoletes sp. x x

ALGAE

Pediastrum X X X

Owoidites x x x

Botryococcus x x x

Leandro (2012) reports on study of two cores (1AS-51-AM and 1AS-52-AM) situated in the
Jandaiatuba sub-basin (Solimdes Basin, NW Amazonas State). Palynological zonations range from
Psilodiporites minimus to Alnipollenites verus and suggest an age of early Miocene to Pleistocene. All
authors coincide that tropical rainforest conditions existed in the area during the Neogene. Leandro
turther suggests that an increase in palynological diversity was observed during the Quaternary.
However, it is not clear if sedimentary conditions or climate are responsible for this.
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4.3 Amazonas Basin

Palynological and paleobotanical remains are rare in the Amazonas Basin. Dino ez a/.(2012) and
Dino ez al. (in prep.) report outcrops of the Novo Remanso Formation between the towns Manacapuru
and Iranduba towns (24-25, Figure 4) and at the banks of the Uatuma River. They estimate the age of
the sediments as middle Miocene and in these fluvial sediments they report a palynoflora containing
spores of Lycopodiaceae, Selaginellaceae, Cyatheaceae, Gleicheniaceae, and Polypodiaceae, and pollen
from Arecaceae (Mauritia and others), Aquifoliaceae, Onagraceae (Ludwigia; formerly Jussiaea),
Euphorbiaceae, Malvaceae, Poaceae, Fabaceae and Malpighiaceae (among others). This assemblage is
representative of a tropical rainforest that dwelled in hot and humid weather conditions. Noticeably,
a pollen grain with as nearest living relative Araucaria was reported. Araucaria is now restricted to
areas outside the humid tropical lowlands and known from forests of higher southern latitudes. Wood
fossils of the Novo Remanso Formation were collected near the Manacapuru locality and are currently

being analyzed by Pons.

Silveira & Nogueira (2007) also report on a series of late Miocene and Pleistocene outcrops
along the Amazon River but make no paleoclimatic inferences. These outcrops are situated in the
Coari region, west of Manaus and are about 20 m high each.

4.4 Marajo and the Foz do Amazonas Basin

In eastern Amazonia Rossetti & Goes (2004), Rossetti ez a/. (2013) and Aguilera ez al. (2013)
-among others- described the coastal carbonate and siliciclastic deposits of the Pirabas Formation (early
Miocene) and the siliciclastic, fluvial-tidal deposits of the Barreiras Formation (middle Miocene) (27-
30; 49, Figure 4).In Foz do Amazonas Basin, at the Atlantic coast, time equivalent units were described
(Figueiredo ez al.,2009). In an earlier study Carvalho (1996) documented the palynological potential
of the Plio-Pleistocene section in this basin. Assemblages were assigned by quantifying biodiversity
and he found that glacial period had higher abundance of montane taxa, whereas interglacial periods
were richer in lowland taxa. Richards & Lowe (2002) add that late Pliocene sediments in the Foz
do Amazonas have abundant Podocarpus, Alnipollenites verus, and charred Poaceae (grass) that are
indicative of periods of mostly dry climate and frequent fires. They also suggest that high cuticle
abundance may coincide with sea level lowstands and the possible existence of “E/ Ni7io” conditions
in the pre-Quaternary.

The Miocene palynofloras of the Pirabas and Barreiras formations in the Bragantina region
were studied by Arai ez a/l. (1994), Truckenbrodt ez al. (1994), Leite (1997,2004), Leite ez a/.(1997 a,b)
and Aguilera ez a/. (2013) (27-30,49, Figure 4). Leite (1997,2004) and Leite ez al.(1997 a,b) described
a coastal plain environment with mangroves that gradually changed into a beach ridge setting with a
vegetation that grew under hot and humid climatic conditions.

In Eastern Amazonia (Pard, Maranhio, Amap4, Tocantins and Mato Grosso States), Neogene
paleobotanical remains were found in the Miocene Pirabas Formation (Duarte, 1972, 2004). Duarte
described outcrops in Caieira, municipality of Capanema (30, Figure 4) and an assemblage composed
of Nyctaginaceae, Lauraceae, Dilleniaceae, Theaceae, Caryocaraceae, Euphorbiaceae, Rutaceae
Chrysobalanaceae, Meliaceae, Sapindaceae, Malvaceae, Melastomataceae, Myrtaceae, Ebenaceae,
Rubiaceae and Rhizophoraceae, Rapataceae. This assemblage is suggestive of a neotropical flora.
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Some leaf morpho-adaptive features, such as the predominance of mesophyle type and acuminate
apexes leaves further reinforce the idea of a humid environment in a tropical plain biome.

In Outeiro Island (27, Figure 4) Dutra e a/. (2001) describe Bombacaceae plant macrofossils
and palynomorphs were reported by Dutra e a/. (2001), which are directly related to tropical wet
climates, periodic flooding and sandy soils with mangrove growths.

5. THE BRAZILIAN NORTHEAST, EVIDENCE FOR A HUMID PAST

Unambiguous paleoclimatic data on the pre-Quaternary of the Brazilian Northeast are scarce.
A Pliocene paleobotanical and palynological assemblage was found in Nova Iorque village (14, Figure
4), in the State of Maranhdo — northeast Brazil. This location in no longer accessible and replaced by
an artificial lake. The fossils were collected at this site in 1944, and deposited in the Departamento
Nacional de Produ¢dao Mineral (DNPM). Cristalli (1997), Cristalli & Bernardes de Oliveira (1998)
and Anzotegui & Cristalli (2000) identified Lauraceae, Malvaceae, Ebenaceae, Fabaceae, Meliaceae,
Smilacaceae families and conclude that an Atlantic forest once occurred in the area. The palynoflora
was studied by Lima (1991) and Dino ez a/. (2006, and in prep.) who confirmed the Pliocene age and the
presence of pollen grains representatives of Arecaceae, Juglandaceae, Asteraceae, Poaceae, Onagraceae
(Ludwigia; formerly Jussiaea), Euphorbiaceae, Aquifoliaceae, Compositae and Malpighiaceae families.
This assemblage indicates tropical climatic conditions at the time of deposition.

In the State of Bahia, Pedrio region (17, Figure 4), Berry (1924, 1935) found Pliocene fossils
of the Polygonaceae family. In Ouriganguinhas and Alagoinhas villages, Hollick & Berry (1924)
described macrofossils of Ascomycota, Cyatheaceae, Annonaceae, Lauraceae, Rutaceae, Moraceae,
Nyctaginaceae, Chrysobalanaceae, Fabaceae, Meliaceae, Anacardiaceae, Aquifoliaceae, Celastraceae,
Sapindaceae, Bombacaceae, Canellaceae, Clusiaceae, Myrtaceae, Melastomataceae, Myrsinaceae,
Lecythidaceae, Zygophyllaceae, Styracaceae, Sapotaceae and Apocynaceae families.

At the locality of Marat (19-20, Figure 4) these authors found fossils of the following families:
Heliconiaceae, Polygonaceae, Clusiaceae, Chrysobalanaceae, Fabaceae, Humiriaceae, Rutaceae,
Simaroubaceae, Vochysiaceae, Anacardiaceae, Sapindaceae, Myrtaceae and Sapotaceae. This taphoflora
illustrates the composition of this Pliocene Atlantic forest (Atlantic ombrophilous dense forest) in a
tropical everwet biome. Fossil wood of Combretaceae was found in Aracaju (15, Figure 4) by Mussa
(1958) and indicates this family existed in Atlantic forest during the Miocene.

6. PALEOCLIMATE PROXIES

The palynological and paleobotanical data from Neogene deposits in Amazonia and the
Brazilian Northeast all point at humid, warm tropical conditions across the region. However,
currently there are no quantitative data available that can provide us with more precise estimates of
temperature and precipitation rates for this time interval. Fossil plant remains can provide quantitative
data on paleoclimate and the available collections should form a good basis for further research.
Leat morphology of plant fossils, for instance, form an excellent indicator of past temperature

and precipitation as is shown in Kowalski (2002), but see Cardoso (2007) and http://clamp.ibcas.
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ac.cn/. Both paleobotanical and palynological data can also be used in quantitative analysis such as
coexistence approach, a method designed by Mossbrugger & Utescher (1997). This method should be
well applicable to South American data, in particular if the paleo-database is extended with diagnostic
South American taxa and their temperature and precipitation ranges (www.paleoflora.de).

In addition to palynological and paleobotanical data other proxies, such stable isotope analysis
(carbonate and oxygen), can also provide important insights on the Amazonian climate. Kaandorp ez
al.(2005) used the isotopic composition of Miocene mollusks to reconstruct seasonal rainfall patterns
in Western Amazonia. These authors found that seasonal migration of the I'TCZ and the intensity of
the hydrological cell was comparable to today and that climate conditions were in place to sustain a
tropical rainforest comparable.

Molecular phylogenies also form an excellent source of information on plant evolutionary
history and can be related to geological history and climate change. A study on montane and lowland
taxa from the Andes and Amazonia suggest that high species diversity in western Amazonia is
genetically bound to the pre-Quaternary uplift history of the Andes (Antonelli e# a/., 2009; Hoorn
et al., 2010) rather than the sole result of periodic global climatic cooling during the Quaternary
(following Haffer, 1969). Another study on molecular phylogenies suggests that central Brazilian
forests played a bridging role between Amazonia and the Atlantic forest and that the latter differ
substantially in composition from the Amazonian forest (Costa, 2003). Furthermore, molecular fossils
— or biomarkers — in organic rich sediments (see Sachs et al., 2007) can also extend our knowledge on
past temperature and precipitation regimes in this region.

7. DISCUSSION AND CONCLUSIONS

The palynological and paleobotanical evidence from Neogene deposits of Amazonia and the
Brazilian Northeast all do coincide on humid tropical conditions. However, data from the arid regions
with Caatinga vegetation are rare and in this respect the locality of Nova Iorque (nr. 14 in Figure 4) is
of particular interest. The plant fossils from this location indicate that during the Pliocene an Atlantic
forest type existed in an area currently populated by Caatinga. To get a grasp on the origin of this
ecosystem we make inferences based on regional and global Cenozoic change.

The present climatic configuration of Amazonia and the Brazilian northeast dates back to the
Oligocene and Miocene after continental drift caused a disjunction between Antarctica, Australia
and South America leading to the geographical isolation of the Antarctic continent around 40 Ma.
A circum-Antarctic Current developed causing also a thermic isolation of Antarctica, which led to
the buildup of the Antarctic ice sheet (Bearman & Colling, 2002; but also see Dalziel ez a/l. 2013).
Cold waters were transported towards the equator along the western sides of the African continent
(Benguela Current) and the South American continent (Humboldt Current). The cold offshore
waters caused desert environments in the coastal areas: the Namib Desert and the Atacama Desert,
respectively. These deserts are as old as the offshore cold ocean currents itself and this interconnected
ocean-terrestrial system is characterized by a long stability, leading in the Namib Desert to geologically
conserved endemics such as Welwitschia (Barnard, 1998).
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On the basis of hundreds of Atlantic Ocean core tops reflecting the period since the last glacial
maximum Pflaumann ez a/. (2003) developed paleogeographical maps of Atlantic Ocean conditions.
One important conclusion was that the cold Benguela Current is crossing the South Atlantic Ocean
and to touch the Brazilian coast around 10°S subsequently diverging into a northward- and a southward
current (Figure 2a). These offshore cold waters caused in coastal eastern Brazil the development
of a very dry biome i.e. the Caatinga. However, the coastal escarpment of the Brazilian Highland,
created orographic rains overruling the effects of cold offshore waters. Therefore, south of ca. 8°S a
narrow strip of wet Atlantic rainforest developed showing inland a steep gradient to the semi-desertic
Caatinga vegetation. During the Neogene this paleogeographical and paleoceanographic setting
formed a stable system explaining the similar age of Brazilian Caatinga and the Namib desert (see also
the synthesis in Gottsberger & Silberbauer-Gottsberger, 2006). Late Pliocene global cooling might
have further extended the size of these deserts (see e.g. Hartley and Chong, 2002).

Indeed, investigations in South American biogeography on non-mammal groups suggested
that the Caatinga provided xeric refugia during mesic phases of the Pleistocene (Mares ez a/., 1985).
This dynamic history between xeric and mesic environmental conditions at Pleistocene time scales
explains why the Caatinga also harbours a mammal fauna that is more characteristic of a mesic tropical
biome in terms of species composition as well as overall adaptations (Mares ez a/., 1985).
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