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Abstract: Down-core changes in sedimentary facies, elemental geochemistry, pollen, spore, δ13C, δ15N 
and radiocarbon records from a filled lake, named R4, of the Serra Sul dos Carajás were used to study 
the relationship between the paleomorphological and paleoecological processes and their significance for 
holocene paleoclimatology of the southeast Amazonia. the sediment deposition of the r4 lake started 
around 9500 cal yr BP. Increase of detrital components from 9500 to 7000 cal yr BP suggests high weathering 
of surrounding catchment rocks and soils, and deposition into the lake basin under mudflows. At that time, 
montane savanna and forest formation were already established suggesting predominance of wet climate. 
however, from 7000 to 3000 cal yr BP, a decline of detrital input occurred. Also, forest formation and 
pteridophytes were declined, while palms and macrophytes were remained relatively stable, indicating that 
water levels of the lake is likely dropped allowing the development of plants adapted to subaerial condition 
under drier climate conditions. After 3000 cal yr BP, eutrophication and low accommodation space lead 
to high lake productivity and the final stage of the lake filling respectively, and forest formation may has 
acquired its current structure, which suggests return of wetter climate conditions.
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INTRODUCTION

Incoming insolation has been considered as the 
main rule controlling the intensity of the South 

American monsoon system (SAMS) (Kutzbach 
et al. 2008), with precession regulating insolation 
changes at tropical latitudes and eccentricity 
modulating its amplitude (Berger 1978, Baker and 
Fritz 2015). Several paleoclimate records have 
been demonstrated the influence of precession on 
precipitation changes along the SAMS domain 
(e.g. Cruz et al. 2005, Wang et al. 2006, Cheng 
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et al. 2013, Prado et al. 2013b). Absolute-dated 
speleothem oxygen isotope records from Cheng 
et al. (2013) were used to characterize climate 
changes in western and eastern Amazonia over 
the past 250,000 and 20,000 yr BP. therefore, the 
data from eastern Amazonia indicated substantially 
wet conditions during the early-mid holocene 
(~ 10,000-5000 yr BP). In contrast, western 
Amazon records moderately dry conditions for 
this period. this suggests the presence of a dipole 
of precipitation associated to a walker cell that 
gives rise to an east-west bipolar see-saw pattern 
of monsoon precipitation (Cruz et al. 2009). 
however, Baker and Fritz (2015) re-evaluated 
the speleothem records presented by Cheng et 
al. (2013), and indicated different paleoclimate 
condition. therefore, this new evidence needs to be 
tested using other paleoclimate proxies. 

Several pollen and isotopic records in 
Amazonia suggest that during the early mid-
holocene the forested areas contracted, probably 
in response to a drier climate. During the late 
holocene, arboreal vegetation became more 
prominent due to the return of wetter climate, most 
likely similar to those prevailing today (Pessenda 
et al. 1998, Behling and Costa 2000, Freitas et al. 
2001, Bush et al. 2007, Mayle and Power 2008, 
Guimarães et al. 2012, 2013). the upland lakes 
of the Serra dos Carajás, southeast Amazonia, 
also registered this drier period, as indicated by 
the lower lake levels based on low detrital input 
into the lake basins associated with enrichment 
of hg, Se, organic carbon and evaporite minerals 
(Sifeddine et al. 2001, Cordeiro et al. 2008, turcq 
et al. 2002, Guimarães et al. 2016). however, the 
development of interproxy studies integrating 
faciology and geochemistry with palynology are 
still needed for this region, and they are required 
to better understanding of the relationship between 
the morphological processes and paleovegetation 

patterns and their significance in terms of Holocene 
climate changes.

this works aims to study the holocene history 
of a lake filling and vegetation changes in the Serra 
Sul dos Carajás considering the geomorphologic 
and paleoclimate changes using sedimentary 
facies, geochemical proxies (based on both major 
and trace elements), pollen, spore, δ13C, δ15N and 
radiocarbon data.

STUDY SITE

the study area is located in the Serra Sul of 
Carajás (Southern Plateau) in the domains of 
the Carajás National Forest, southeast Amazonia 
(Fig 1a). the plateau has altitude of around 730 
m above mean sea level, rising above a forested 
landscape (i.e. open and dense ombrophilous; 
Fig. 1b). this region represents the major 
Archean tectonic province of the Amazonian 
craton (Macambira and Lafon 1995, rämö et al. 
2002), including low-grade mafic, intermediate 
and felsic metavolcanic rocks of the Parauapebas 
Formation and banded iron formations (BIFs) of 
the Carajás Formation (Olszewski et al. 1989). 
Extensive lateritic crusts developed over BIFs 
under a tropical humid climate. Several lakes 
developed over the crusts into closed-catchment 
systems occur in the surface of the plateau and 
formed by structural and degradation process of 
the lateritic profile (Maurity and Kotschoubey 
1995). the studied lake of this work represents an 
inactive/filled lake, named R4 (Fig. 1b, c). 

the dominant vegetation types of Carajás are 
dense and open ombrophilous forest that covers all 
lithologies except BIFs and in the study area occurs 
along the slopes of the plateau whereas montane 
savanna vegetation is developed over the lateritic 
crusts under edaphic conditions (Fig. 1b). the 
occurrence of extensive lateritic crusts and low water 
retention allowed the widespread development of 
plant species adapted to nutrient and hydric stress 
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and hindered the colonization of tree species (Porto 
and Silva 1989, Skirycz et al. 2014, Nunes et al. 
2015). Consequently, small patches of forest (capão 
de mata) occur along structural features or over 
different lithologies that are much more sensitive to 
weathering and lead to the formation of a thicker soil 
horizon, with higher nutrient and water availability. 
Palms and macrophytes are the dominant vegetation 
on the filled lakes.

the regional climate is tropical monsoon, with 
a mean annual temperature of around 26ºC (Alvares 
et al. 2014). total annual precipitation ranges from 
1,800 to 2,300 mm, with a total mean of ~ 1,550 
mm during the rainy season (November to May) 
and ~ 350 mm during the dry season (June to 
October) (Moraes et al. 2005, Sahoo et al. 2016a). 

MATERIALS AND METHODS

A sediment core was collected from a filled lake 
(r4-95 cm; 06º19’1.20”S/ 50º27’9.20”W) located 
in the western part of the Serra Sul de Carajás 
(Fig. 1b, c) using a russian Sampler. Core sections 
were first X-rayed, and then the facies analysis 
was conducted, including the description of color, 
lithology, texture and sedimentary structures 
(Walker 1992). Classification system of lacustrine 
sediments of the Global Lake Drilling Program was 
also applied for the core (Schnurrenberger et al. 
2001, 2003). 

Eight bulk samples of about 2g each were 
used for radiocarbon dating using an Accelerator 
Mass Spectrometry (AMS) at the Beta Analytic 
facilities (Miami-FL, USA). Age-depth modelling 

Figure 1 - a) Location of the study site and its position into South America and biogeographic limits of the Amazonia (rAISG 
2009). b) Location of the studied Lake (r4 core) in the western portion of the Serra Sul dos Carajás (Source: Google Earth Pro). c) 
Oblique photography of the studied lake with location of the r4 core.
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was developed using Bayesian accumulation 
histories for lake (Guimarães et al. 2016) and peat 
deposits-Bacon (Blaauw and Christen 2011) in r 
software (r Development Core team 2013) with 
Intcal13.14c calibration dataset (table I; reimer et 
al. 2013). 

About 0.2 g of dried and powdered samples 
from each sedimentary facies were analyzed by 
inductively coupled plasma optical emission 
spectrometry (ICP-OES; major elements) 
and inductively coupled plasma optical mass 
spectrometry (ICP-MS; trace elements including 
rEEs), in the Acme Analytical Laboratory 
(Vancouver, Canada), after tetraborate fusion 
followed by dilute nitric acid digestion. the 
analytical error for major and minor elements was 
within 2% while for trace elements was within 10%. 
total sulphur (tS) and total organic carbon (tOC) 
were measured using a LECO CS-300 combustion 
analyzer. Data were statistically analyzed according 
Sahoo et al. (2015) and Guimarães et al. (2016).

Along the sedimentary facies of the cores, 1 
cm3 of sediment was collected at intervals of 2.5-5 
cm. A tablet of Lycopodium spores was added to 
each sample prior to chemical treatments in order 
to calculate pollen and spore concentration (grains/
cm3). All samples were prepared using analytical 
techniques for the extraction of pollen and spores, 
including cold hydrofluoric acid and acetolysis 
(Faegri and Iversen 1989). Pollen and spore counts 
were made at x400 and x1.000 magnification under 
a transmitted light optical microscope (Zeiss Axio 
Imager.M2). The identification of pollen and spores 
was achieved by comparing their morphological 
traits with specialized handbooks (roubik and 
Moreno 1991, Carreira et al. 1996, Colinvaux 
et al. 1999), pollen database (Carreira and Barth 
2003) and our reference collection (PALINOItV) 
of Carajás flora. tILIA and tILIAGrAPh 
software were used for calculations and plotting 
diagram (Grimm 1987). Precise information about 
the habitat of plant taxa was achieved from the 

herbarium database of the Vale mining company 
and Universidade Federal de Minas Gerais, which 
present the largest botanical collection of the Serra 
Sul de Carajás. We also included information from 
previous studies (rayol 2006, Nunes 2009, Golder 
2010, 2011, Guimarães et al. 2014, in press) and 
floristic surveys made by us in the studied area and 
vicinities. the pollen and spore data are presented 
in diagrams as percentages/concentration of the 
pollen sum and the pollen taxa. they are grouped 
into montane savanna, palms, macrophytes, forest 
formation (capão florestal and ombrophilous forest), 
cold-adapted taxa, pteridophytes, algae and fungi. 
these data were statistically subdivided into zones 
of pollen and spore assemblages (palynozones), 
based on square-root transformations of the 
percentage data and stratigraphically constrained 
cluster analysis by the method of total sum of 
squares using CONISS (Grimm 1987).

Sediment samples (6-50 mg) were also taken at 
2.5-5 cm intervals along the sedimentary facies for 
the isotopic study. the stable carbon and nitrogen 
isotopes were analyzed in the Centre of Stable 
Isotope of the Bioscience Institute, São Paulo State 
University (UNESP), using a ChNS elemental 
analyzer attached to a Delta S mass spectrometer 
(Finnigan MAT), Thermo Scientific tM, Waltham, 
Massachusetts, EUA, 13C and 15N results are given 
with respect to VPDB standard and atmospheric 
N2, respectively, using the conventional δ (‰) 
notation. Analytical precision is ± 0.1% and ±0.2‰, 
respectively. the interpretations about sources of 
organic matter were based on previous works and 
references therein (Deines 1980, Salomons and 
Mook 1981, Meyers 1994, thornton and McManus 
1994, tyson 1995, Meyers 1994, 1997, 2003, Lamb 
et al. 2006, Sahoo et al. 2015, 2016b).
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Figure 2 - Lithostratigraphic profiles illustrating facies characteristics and facies succession in R4 core (95 cm) collected from 
the Serra Sul de Carajás. The profile includes calibrated 14C dates (transparent blue), age–depth model (darker greys indicate more 
likely calendar ages; grey stippled lines show 95% confidence intervals; red curve shows single ‘best’ model based on the weighted 
mean age for each depth) and sedimentation rates (mm/yr) along the depth profile based on weighted mean age for each depth. The 
small box in the upper right corner of each age–depth model: green curve is the accumulation rate (prior) and the grey shading is 
the modelled accumulation rate (posterior).

TABLE I
Radiocarbon dates (AMS) of the samples from the Serra Sul dos Carajás.

Sample Lab. code Material Pretreatment 13C/12C
14C age

(yr B.P.)
Cal. age, 2σ-range

(cal yr B.P.)
r4-11 BEtA 422171 organic sediment: acid washes - 26.0 ‰ 390 ± 30 509-427

r4-20 BEtA 422172 organic sediment: acid washes - 26.6 ‰ 940 ± 30 924-792

r4-35 BEtA 408082 organic sediment: acid washes - 26.5 ‰ 3120 ± 30 3398-3243

r4-45 BEtA 422173 organic sediment: acid washes - 26.2 ‰ 2780 ± 30 2952-2793

r4-53 BEtA 408083 organic sediment: acid washes - 25.9 ‰ 1940 ± 30 1949-1821

r4-65 BEtA 408084 organic sediment: acid washes - 24.4 ‰ 6270 ± 30 7263-7161

r4-80 BEtA 422174 organic sediment: acid washes - 25.4 ‰ 6070 ± 40 7019-6793

r4-95 BEtA 408085 organic sediment: acid washes - 27.5 ‰ 8540 ± 30 9545-9490
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RESULTS

AGE MODELLING AND FACIES DESCrIPtION

Bayesian age-depth modelling for r4 core assumed 
a gamma distribution (shape=1.5) and a mean 
accumulation rate of 100 yr/cm (0.1 mm/yr), which 
resulted in maximum age of deposition of 9500 cal 
yr BP (Fig. 2; Table I). The 95% confidence ranges 
are minimum and maximum at 20 and 61 cm, 
respectively. the sedimentation rates of the core 
are between 0.04 and 0.31 mm/yr, in agreement 
with rates between 0.02 to 0.69 mm/yr described 
by Sifeddine et al. (2001), Cordeiro et al. (2008), 
hermanowski et al. (2012) and Guimarães et al. 
(2016) in other cores of the Serra dos Carajás. the 
profile of the sedimentation rates had the highest (~ 
7000 cal yr BP) and lowest (~ 4000 cal yr BP) values 
in the basal portion of the r4 core. the observed 
age inversions are probably related to the input 
of younger organic matter from shallower depths 
into profundal sediments by root penetration, as 
described by Guimarães et al. (2016).

three main sedimentary facies were described 
in the studied core representing one finning upward 
cycle of the lake filling (Fig. 2, Table II). The basal 
portion of the core presents massive mud (facies 
Mm) deposited from 9500 until 2500 cal yr BP. 
however, iron oxyhydroxides concretions were 
observed from 5000 to 3000 cal yr BP (table II). 
Mud interbedded with peat (facies Ml) occurred 
around 2500 until 1500 cal yr BP, which was 
overlaid by woody peat (facies Pfw) during the last 
1500 cal yr BP.

ELEMENtAL GEOChEMIStrY

the concentrations of major, trace, and rare earth 
elements (rEEs) in the lake sediments were 
evaluated using Principal Component Analysis 
(PCA with varimax rotation). three principal 
components (PC) with eigenvalues > 1 were 
obtained, which explain 87% of the total variance 

(Fig. 3a). PC 1 (which accounts for 65% of the 
total variance) shows high positive loading of 
major oxides such as Al2O3, tiO2, Fe2O3, P2O5 and 
trace elements such as th, U, Zr, hf, Nb, Y, V, W, 
Cr, Ga and rEEs (Cluster-1). All these elements 
are strongly and positively correlated with Al2O3 
(Supplementary Material, Table SI). This reflects 
detrital association of these elements and indicates 
that they derived from the same source, probably 
catchment lateritic materials transported to the 
basin. Map of PC1 factor scores show that these 
components were mainly enriched between 9500 
and 2500 cal yr BP associated with facies Mm (Fig. 
3b), with a relative decreasing from 7000 until 
3000 cal yr BP. Also, PC1 shows high negative 
loading of tOC, tS, along with Na2O, CaO, MgO, 
K2O, hg, rb, and Sr (Cluster-2), indicating these 
components are influenced by organic fractions. 
however, negative correlations between Al2O3 
and Ca-, Na-, and K-oxides (Table SI) may reflect 
changes in the rate of weathering that controls 
the mobility these soluble oxides. high tOC 
is associated with facies Pfw, being higher after 
1500 cal yr BP until the present (Fig. 3b). SiO2 is 
weakly loaded in both PC-1 and PC-2 and highly 
positively loaded in PC 3 along with Sc, Pb and Se 
(Cluster-3). Weak correlation of SiO2 with respect 
to Al2O3 and tOC (table SI) indicates its mixed 
(detrital and biogenic) origin.

the values of the chemical index of alteration 
[CIA = (Al2O3 /[Al2O3+CaO*+Na2O+K2O]100)] 
have been calculated to infer weathering intensity 
due to varying degree of water-rock interaction 
(Nesbitt et al. 1980, Sahoo et al. 2015, Guimarães 
et al. 2016). the CIA values vary from 91 to 99.6 
in core r4, with higher values recorded between 
9500 and 2000 cal yr BP associated with Mm facies 
(Fig. 3c). CIA is positively correlated with Al2O3, 
and negatively with Ca-, Na-, and K-oxides (Fig. 
3c). this indicates the breakdown of the primary 
minerals during weathering that resulted in the 
loss of mobile elements (Mg, Ca, Na, and K) and 
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TABLE II
Facies descriptions and sedimentary processes in the R4 sediment core.

Facies                                 Description Processes

Fragmental woody peat (Pfw)

Black peat with root fragments > 10 cm length 
and < 0.5 cm wide. Parts of barks ~ 0.5 cm. Some 

leaf remains have 3 to 6 cm length and < 2 cm 
wide. 

Predominant reducing conditions under 
stagnant water conditions, and high 

contribution of autochthonous organic 
matter. 

Laminated mud  (Ml)

Grayish brown to olive gray mud interlaminated 
black peat. Charcoal are present into peat lamina.  
Some detritic clasts > 1 cm can also be observed 

in the transition with facies Mm.

Low energy flows with mud inflow 
from suspension clouds and/or 

mudflows into the lake basin, followed 
by short stages of reduced conditions 

and input of autochthonous and 
allochthonous organic matter.

Massive mud (Mm)

Light olive yellow mud with herbaceous roots 
with 4 to 10 cm length and < 5 mm width. 

Goethite concretions with 0.5 to 1 cm are present 
around 50 cm depth, filling bark and roots 

fragments. Subangular lateritic clasts occur in the 
basal portion.

Massive nature and basal clasts may be 
suggestive of fast sediment deposition, 

which was interrupted by subaerial 
exposition of the deposit. this may 

allowed dehydration of ferric hydroxide 
and oxidation of organic components. 

Figure 3 - a) Principal component loading plot of PC1- PC2- PC3 extracted from the Factor 
Analysis of geochemical components (major and trace elements, and total organic carbon (tOC)) 
from r4 core; b) factor score of the PC1 and tOC (%) indicates the distribution of detritic 
and organic components, respectively along the vertical profile; c) Elemental proxies in the r4 
core along the depth profile of the R4 core (for stratigraphic discussion see Fig. 2 and Table II). 
Paleoclimate records of Carajás lakes described for Serra Sul by (1) Sifeddine et al. (2001), and 
Serra Norte by (2) Cordeiro et al. (2008). rel: relatively, Chl: chlorophyll. Considering this last 
work, high Chl. is related to increased lake levels. 
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formation of clay minerals (e.g., kaolinite). Fe2O3 
is also showed similar pattern with Al2O3 (Fig. 
3c). this indicates enrichment of Fe-oxyhydroxide 
phases (e.g., FeOOh) during chemical weathering, 
since Fe is easily enriched in weathering products 
to form red soils, which become the main source of 
lake sediments.

In lacustrine environment, ti and Al have been 
shown to be good markers of the source of the rock. 
the Al2O3/tiO2 ratio is 3-8 for mafic rocks, 8-21 
for rocks of mixed composition and 21-70 for felsic 
rocks. the Al2O3/tiO2 ratio in the studied sediment 
varies from 4.3 to 5.8, suggesting derivation 
from mafic rocks. However, the ratio close to the 
catchment laterites (6 – 7.2) and soils (4.5) (Sahoo 
et al. 2015) indicates that the sediments could 
be simply related to the influence of catchment 
rocks. Nevertheless, such small variation of the 
Al2O3/tiO2 (4.3 – 5.8) recorded in the deposition 
sequence of Lake r4 suggests that the main 
sources of sediments remained constant along the 
time. this is further evaluated using geochemical 
elements such as Al, ti, Zr, hf, U, th, Sc, V, Cr 
and rEEs and their ratios since these elements are 
useful indicators of sediment provenance due to 
their relative immobile nature during weathering, 
transport and sedimentation (Sahoo et al. 2015). 
the ratios of La/Al, La/Sc, Zr/hf, ti/Zr, V/Cr, th/
Sc, La/Gd and La/Sm (table SI) remained similar 
in facies Mm and close to the catchment laterites 
(LC) (table SII).

tOC content in sediments is an important 
proxy for tracking lake productivity and/or high 
epilimnion temperature (hodell and Schelske 
1998). high tOC was observed after 1500 cal yr 
BP until the present (Fig. 3b). high Ca and Na 
in tropical lake sediment are indicative of high 
leaching of the parent materials in the soils under 
humid conditions (Enters et al. 2010). the highest 
values of these elements were noticed at the top 
of the core. On the other hand, Fe/Al ratio is an 
indicative of authigenic precipitation of iron oxides 

(Lopez et al. 2006) and maximum values of Fe/Al 
were observed between 5000 and 3000 cal yr BP. 
the concentrations of biogenic silica (BSi), which 
expresses the contribution of lacustrine siliceous 
organisms (e.g., sponges and benthic diatoms) to 
the total siliceous content, could be used as an 
indicator of lake productivity and eutrophication 
of lake (tallberg et al. 2012). thus, positive 
and negative values of BSi indicate presence 
and absence of biogenic silica, respectivey. BSi 
(calculated using the following equation: SiO2 – 
2.8*Al2O3; robinson 1994) varies from -12 to 14.6 
%, positive values were obtained mainly after 2000 
cal yr BP (Fig. 3c). Si/ti ratio, which is also widely 
used as an indicator of BSi (Sahoo et al. 2015), 
shows higher values after 2000 cal yr BP mainly 
associated with Pfw facies. the concentrations of 
Fe together with Mo and As can be used as markers 
of redox condition in surface sediment (Patrick et al. 
2014). these elements increased from the base of 
the core until around 4000 cal yr BP, then suddenly 
oscillate around 3000 cal yr BP and afterwards 
decreased. Soluble elements such as Ca, Mg, K, Na 
may be used together with organic components to 
evaluate nutrient input into the lake basin (Sahoo et 
al. 2015). A significant increase of these elements 
after 1500 cal yr BP reinforces their affinities with 
organic matter (Fig. 3c). 

PALYNOLOGY 

the summary of the pollen and spore data is 
presented in Fig. 4, which shows percentages 
and concentration of the most important taxa and 
groups, and palynodiversity based on their total 
sum. therefore, three palynozones were statically 
subdivided according to the identification of 45 
morphotypes. 

the Zone r4-1 (9500-7500 cal yr BP, facies 
Mm) is characterized by the high abundance of 
montane savanna (max. 95%, 12,100 grains/cm3 
and 2 sp.), mainly represented by Poaceae (max. 
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69%, 11,600 grains/cm3). Forest formation taxa 
(max 50%, 11,200 grains/cm3 and 1 sp.) also occur 
with relatively high values, related to Casearia. 
Subordinately, palms (max. 30%, 5,400 grains/
cm3 and 3 sp.) are represented by Arecaceae type 
1 and 5. Pteridophytes (max. 30%, 4,500 grains/
cm3 and 5 sp.) are mainly related to Polypodium 
and Cyathea (max. <6%, ~1200 grains/cm3). 
Several sponge spicules and diatom frustules of the 
Pennales order were also identified in the base of 
this zone. In general, cold (with heating, overnight) 
or hot (heating, 5 to 20 min) hydrofluoric acid (HF) 
may be used for palynological analysis (Salgado-
Labouriau, 2007), depending on each lab with it 
wants to have lower influence of acids and heating 
in the pollen and spore grains. In this work, we used 
cold hF to try to preserve more grains, since most 
of the core is detritic. therefore, silica structures 

may remain in some portions of detritic facies, as 
also observed in Guimarães et al. (2014).

the Zone r4-2 (7500-3000 cal yr BP, facies 
Mm) presents relatively high values of montane 
savanna (max. 70%, 33,000 grains/cm3 and 3 sp.), 
represented by Poaceae (max. 68%, 32,500 grains/
cm3) and Byrsonima (~1%, 500 grains/cm3). Palms 
(max. 80%, 14,500 grains/cm3 and 2 sp.) increase 
along this zone, with Arecaceae type 1 and Mauritia. 
Macrophytes occur with high frequencies (max. 
25%, 3,000 grains/cm3 and 3 sp.). Forest formation 
taxa significantly decrease (max 2%, 400 grains/
cm3 and 1 sp.), as also pteridophytes (max. 10%, 
3,000 grains/cm3 and 4 sp.). Algae (max. 25%, 
13,500 grains/cm3) are mostly represented by only 
one taxon that seems to bloom in this zone. 

the highest pollen and spore frequencies are 
observed in the Zone r4-3 (3000 cal yr BP until 

Figure 4 - Pollen diagram of the r4 core with percentages and concentration, as well as palynodiversity values.
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the present, facies Mm, Ml and Pfw). this is due 
to montane savanna (max. 90%, 75,500 grains/cm3 
and 4 sp.), mainly represented by Poaceae (max. 
80%, 75,000 grains/cm3), Byrsonima (max. 10%, 
3300 grains/cm3) and Borreria (max. 10%, 1600 
grains/cm3). Palms (max. 70%, 27,000 grains/
cm3 and 4 sp.) also occur with high abundance of 
Arecaceae taxa (max. 43%, 22,500 grains/cm3) and 
Mauritia (max. 15%, 7000 grains/cm3), as well as 
macrophytes (max. 65%, 8000 grains/cm3 and 3 
sp.) such as Sagittaria (max. 15%, 7500 grains/
cm3) and Cyperaceae (max. 2%, 850 grains/cm3). 
Forest formation (max 8%, 3,500 grains/cm3 and 
3 sp.) is related to Alchornea (max. 2500 grains/
cm3), Casearia and Sapium (max. 2%, 400 grains/
cm3). Algae (max. 40%, 47,000 grains/cm3 and 2 
sp.) and Pteridophytes (max. 30%, 7000 grains/cm3 
and 4 sp.) also occur in large quantities. the latter 
are mainly composed by Lycopodiaceae (max. 
16%, 3300 grains/cm3) and Cyathea (max. 8%, 
1600 grains/cm3). Fungi become abundant along 
this zone following the increase of organic matter 
contribution from facies Ml to Pfw. 

CArBON AND NItrOGEN ISOtOPES

The values of δ13C and δ15N range from -25.5 to 
-28.6 ‰ ( = -27.4 ‰) and 2.3 to 4.8 ‰ ( = 3.6 
‰), respectively ( ba). This signature generally 
indicates contribution of C3 vascular plants (δ13C 
from -32 to -21 ‰, Meyers 1994; δ15N ~0 ‰, 
Meyers 1997) and macrophytes (δ13C from -30 
to -25 ‰, Smith et al. 2012; δ15N from 3 to 6‰, 
troxler and richards 2009, Sahoo et al. 2016b) as 
the predominant source of organic matter in lake 
sediments. Nevertheless, the values of δ15N are 
more depleted ( = 2.4 ‰) in facies Mm (Fig. 5b), 
mainly from around 7000 to 4000 cal yr BP, which 
suggest partial dilution with terrestrial plants (δ15N 
~ 10‰, Thornton and McManus 1994).

DISCUSSION

DEPOSItIONAL PrOCESSES OF thE LAKE BASIN

the studied lake is part of several closed basin 
lakes of the Serra Sul dos Carajás, which present 
filling histories marked by alternations between 
clastic and organic sedimentation grouped into 
finning and thinning upward cycles as a result of 
fluctuating shorelines along the late Quaternary. 
Diagenetic processes such as siderite formation 
related to abrupt changes in redox conditions of the 
lakes were also observed (Guimarães et al. 2016). 

the r4 Lake is one of the youngest depressions 
of the Serra Sul dos Carajás with sediment deposition 
starting around 9500 cal yr BP. however, down-
core changes in sedimentary facies, sedimentation 
rates, major and trace elements and elemental 
ratios display a strong zonation along the core. 
Predominance of detrital components values from 
9500 to 2500 cal yr BP suggests high weathering 
of surrounding catchment rocks and soils, which 
were deposited in the lake basin under mudflows. 
high sedimentation rates along with detrital input 
around 7000 cal yr BP may be also be related to 
more intense rainfall events. During this period, 
low BSi and low tOC can be caused by increased 
mineral matter related to catchment weathering 
and/or lower internal productivity. Increasing trend 
of Fe along with redox-sensitive elements such as 
As and Mo indicates oxic bottom-water condition 
(Patrick et al. 2014). Under such conditions, As 
and Mo are scavenged by Fe-oxyhydroxides. Iron 
is often enriched at the oxic/anoxic boundaries in 
the sediment (thomson et al. 1993). Dissolved 
Fe2+ diffusing from deeper parts of the sediment is 
adsorbed on oxyhydroxide surfaces at the redox-
boundary. Accentuate enrichment of Fe together 
with As and Mo at the end of this period indicates 
the oxic/anoxic boundary in the sediment. the co-
occurrence of Fe/Al ratio and absence of siderite 
during this interval indicates less diagenetic 
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changes due to oxidizing. this is also supported by 
the decrease of δ15N in the detrital zone. 

however, in the period from around 7000 to 
3000 cal BP, there was a relative decline of detrital 
input due to the subaerial exposition of the deposit. 
During this process, organic components were 
decomposed leading to mobilization of Fe and 
then Fe-oxide precipitation upon oxidation (Chan 
et al. 2007). this indicates that precipitation-fed 
runoff to the lake was relatively reduced suggesting 
that the region was submitted to drier conditions 
during that period. Although tOC was relatively 
increased, negative BSi values as well as decrease 
of Al during this period also suggest drier conditions 
and low lake levels, which is prevalent at the end 
of this period. relatively decrease of Fe together 
with As and Mo suggests their possible release due 

to reductive dissolution at or below the sediment 
water interface.

After 2500 cal yr BP, the detrital components 
became more restricted to the margins of the lake as 
a reflection of the decrease in the accommodation 
space and advance in the filling stage. Thus, until 
1500 cal yr BP, only sporadical suspension flows 
reached the central portion of the lake. however, 
after 1500 cal yr BP, it occurs the final filling stage 
of the lake and the deposition of autochthonous 
organic matter became predominant which 
suggests high productivity (hodell and Schelske 
1998, Sahoo et al. 2015, Guimarães et al. 2016). 
the increase of tOC with positive BSi values and 
high Si/ti ratios during this period is also indicated 
high lake productivity with autochthonous diatom 
(Burgess 2007, Sahoo et al. 2015), under relatively 
humid and wet conditions. this conditions leads 

Figure 5 - a) Vertical profiles of the δ13C and δ15N values of the r4 core and b) binary plots of δ13C and δ15N based on hamilton 
and Lewis (1992) and Sahoo et al. (2015, 2016). 



JOSÉ t.F. GUIMArÃES et al. hOLOCENE ENVIrONMENtAL ChANGES SE AMAZON rEGION

An Acad Bras Cienc (2019) 91(Suppl. 2) e20160916 12 | 17 

to eutrophication of the lake (tallberg et al. 
2012), which together with the decrease in the 
accommodation space, allowed growth of aquatic 
plants and high decomposition of organic matter in 
the lake bottom that caused higher sedimentation 
rate during this period. An increase in Ca, Mg, Na 
and K concentrations in sediments indicates higher 
nutrient contents that support plant growth in the 
filled lake. High TOC together with low Fe, As, 
and Mo concentration suggest a reducing condition 
(Leng et al. 2013), leading to limited bioturbation 
and bacterial respiration (Demaison and Moore 
1980) or rapid burial, accompanied by acidic 
conditions (Eusterhues et al. 2005).

PALEOVEGEtAtION DYNAMICS

the history of vegetation development in the study 
site using sediments of the r4 Lake started at 9500 
cal yr BP. Modern and dominant vegetation types 
of the western portion of the Serra Sul dos Carajás 
such montane savanna and forest formation were 
already established over lateritic crusts and soils, 
respectively. the co-occurrence of Casearia with 
Cyathea and Asplenium strongly suggests the 
presence of ombrophylous forests according to 
their current distribution and habitat affinity in the 
study site. In comparison with previous studies 
(hermanowsky et al. 2012, Guimarães et al. 2014, 
in press), the relatively lower abundance of forest 
taxa as well other groups found in this work may 
be related to the sediment type, since r4 core is 
predominately detritic. In addition, faciological, 
geochemical and isotopic data together with the 
presence of sponges and diatoms indicates wet 
environmental condition until around 9500 to 7000 
cal yr BP. 

From around 7000 to 3000 cal yr BP forest 
formation and pteridophytes declined, while 
palms and macrophytes were relatively stable. 
the lower sedimentation rates and input of detrital 
components, as well as more depleted nitrogen 

during this period indicate that the water levels of 
the lake likely dropped allowing the development 
of plants adapted to low-stand water and subaerial 
condition. 

After 3000 cal yr until the present, forest 
formation may have acquired its current structure. 
the presence of Polypodium, Cyathea and 
Asplenium reinforce this interpretation. the co-
occurrence of Mauritia and Mauritiella with 
Sagittaria and Cyperaceae are very well-related 
to the modern condition and the final filling stage 
of the lake. Decreased accommodation space, 
high organic carbon with some algae components 
suggests eutrophic conditions. these proxies 
clearly indicate wetter environmental and climate 
conditions prevailing in the study site during this 
period. 

PALEOCLIMAtE-DrIVEN ENVIrONMENtAL 
ChANGES

The most important feature that affects the climate 
variability over the Amazon basin has been related 
with the South American monsoon system (SAMS) 
(Garreaud et al. 2009, Vera et al. 2006, Marengo 
et al. 2012). However, it is common to find SAMS 
conflated with Intertropical Convergence Zone 
(ITCZ) in several studies about late Quaternary 
Paleoclimatology (Baker and Fritz 2015), since 
both present seasonal variability. Actually, SAMS 
is a product of land-sea thermal gradient. It occurs 
over the continent and is dependent on land 
topography, while ItCZ is essentially a permanent 
oceanic phenomenon affected by annual cycle of 
insolation and, accordingly, moves around the 
Equator (takahashi and Battisti 2007, Vuille et al. 
2012). 

the seasonal migration of the ItCZ primarily 
affects coastal areas and northern South America, 
while SASM develops between September 
and April and primarily affects southern South 
America (Garreaud et al. 2009). From September 
to November, moisture influx from the ItCZ 
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contributes to the development of the SASM (Vuille 
et al. 2012). SASM reaches its maximum during 
December to February and is characterized by 
heavy rainfall advancing southward to subtropical 
latitudes (Flantua et al. 2016).

ItCZ variability may indirectly produce 
precipitation anomalies along the region where the 
SAMS is active (Baker and Fritz 2015), since the 
increase in moisture advection into the Amazon 
basin may increase the intensity of the SASM, and 
this is true on modern (e.g. Garcia and Kayano 2014) 
and ancient ages (millennial timescale) (Baker 
et al. 2009, Vuille et al. 2012). thus, a southern 
shift of ITCZ may produce an intensification of the 
SASM. however, Cheng et al. (2013) suggested 
that this shift were related to dry and wet periods in 
western and eastern Amazonia, respectively, during 
the mid-holocene, producing an east-west bipolar 
see-saw pattern of monsoon precipitation (Cruz et 
al. 2009). 

Prado et al. (2013a, b) presented multiproxy 
compilation of 120 previously published records of 
changes in South American paleoclimate covering 
the mid-holocene in combination with model 
simulation. these works proposed a decrease in 
precipitation over the South Atlantic Convergence 
Zone (SACZ) area, except for the northeastern 
Brazil that presented wet conditions. the modern 
influence of SACZ over eastern Amazonia are well-
described by Gan and Kousky (1986), Carvalho et 
al. (2004), Souza and Ambrizzi (2003) and Lopes 
et al. (2013). 

Concurrent changes in weathering process, 
sediment transport and vegetation types in the 
Serra Sul dos Carajás, eastern Amazonia, during 
the holocene should be intrinsically related to 
paleoclimate conditions. the drier event observed in 
this work is well correlated with widespread drying 
across the southern tropics in the early and mid-
holocene (e.g. ~ 6 to 4 kyr BP by Cross et al. 2000, 
8 to 4 kyr BP by Seltzer et al. 2000, ~9 to 4.5 kyr 
BP by Sifeddine et al. 2001, 8 to 4 kyr BP by Mayle 

and Power 2008, ~7.6 to 4.7 kyr BP by Cordeiro 
et al. 2008, ~7.7 to 5.1 kyr BP by Guimarães et al. 
2012, ~6 kyr BP by Prado et al. 2013b, ~7 to 3 kyr 
BP by Guimarães et al. 2016). According to Prado 
et al. (2013b), low insolation may be induced a less 
effective land–sea contrast resulting in less energy 
available at the surface and diminished ascendant 
motion. thus, formation of rain cloud was impaired 
and drier climate predominated.

CONCLUSIONS

the information provided in this study based on 
sedimentary facies, geochemical, pollen, spore, 
δ13C, δ15N and radiocarbon records of the r4 
Lake in the Serra Sul dos Carajás indicated that 
alternations between high and low detrital and 
organic matter input into the basin during the last 
9500 cal yr BP reflect changes in paleoenvironment 
and paleoclimate. the period from 9500 to 
7000 cal yr BP was marked by high catchment 
weathering and transport of sediments into the 
lake under mudflows. Forest and montane savanna 
were already established over volcanic and lateritic 
crusts of the study site, respectively. therefore, 
wet climate conditions are proposed for that 
period. Nevertheless, from 7000 to 3000 cal yr BP, 
autochthonous process started in the studied lake 
as detrital input declined and water levels dropped. 
In response to this drier phase, macrophytes 
developed in the lake and there is evidence that 
forest contracted. During the last 3000 cal yr BP, 
high lake productivity suggests lake becomes 
eutrophic and forest formation may has acquired its 
current structure due to the return of wetter climate 
conditions. these alternations between wetter and 
drier phases seem to be related to orbital changes 
influencing the intensity of the SAMS.
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