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Abstract: The upland lakes (ULs) in Carajas, southeastern Amazonia, have been extensively studied
with respect to their high-resolution structural geology, geomorphology, stratigraphy, multielement
and isotope geochemistry, palynology and limnology. These studies have generated large multiproxy
datasets, which were integrated in this review to explain the formation and evolution of the ULs.
These ULs evolved during the Pliocene—Pleistocene periods through several episodes of a subsidence
of the lateritic crust (canga) promoted by fault reactivation. The resulting ULs were filled under
wet/dry and warm/cool paleoclimatic conditions during the Pleistocene period. The multielement
geochemical signature indicates that the detrital sediments of these ULs were predominantly derived
from weathered canga and ferruginous soils, while the sedimentary organic matter came from
autochthonous (siliceous sponge spicules, algae, macrophytes) and allochthonous (C3/C4 canga
and forest plants and freshwater dissolved organic carbon) sources. Modern pollen rain suggests
that even small ULs can record both the influence of canga vegetation and forest signals; thus, they
can serve as reliable sites to provide a record of vegetation history. The integrated data from the
sedimentary cores indicate that the active ULs have never dried up during the last 50 ka cal BP.
However, subaerial exposure occurred in filled ULs, such as the Tarzan mountain range during
the Last Glacial Maximum (LGM) and the Bocaina and S11 mountain ranges in the mid-Holocene
period, due to the drier conditions. Considering the organic proxies, the expansion of C4 plants
has been observed in the S11 and Tarzan ULs during dry events. Extensive precipitation of siderite
in UL deposits during the LGM indicated drier paleoenvironmental conditions, interrupting the
predominantly wet conditions. However, there is no evidence of widespread forest replacement by
savanna in the Carajas plateau of southeastern Amazonia during the late Pleistocene and Holocene.

Keywords: Amazonia; upland lakes; Carajas mountain range; landscape evolution; Quaternary geology

1. Introduction

The upland lakes (ULs) in the Brazilian Amazon are singular mid-altitude (from 400 m
to 800 m) landforms formed over iron and iron-aluminous lateritic crusts as a result of cyclic
tectonic, weathering and the erosional processes under tropical climate conditions [1-3].
These lakes are classified as active and inactive lake systems, the latter corresponding to
upland swamps [4].

The sediment deposition in ULs is highly influenced by the natural and local character-
istics of the catchment basin, including the geology, vegetation cover, primary productivity
of the central basin [5-7] and relative lake age [3]. Despite the relative homogeneity, the
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drainage basins in southeastern Amazonia locally present various lithotypes and geomor-
phological settings. Consequently, they hold plant communities with different structures
and compositions [8]. Moreover, diagenetic processes have modified sediment composi-
tion [5]. All of these factors have controlled the geochemical and limnological characteristics
of these ULs over time [9,10].

The Quaternary deposits in Amazonian ULs have different thicknesses. Some display
continuous sedimentation, as evidenced in the Seis Lagos (northwestern Amazonia), Mai-
curu/Maraconai (central-northeastern Amazonia) and Carajas (southeastern Amazonia)
mountain ranges [4,11-18]. The investigations conducted at these localities have allowed
an evaluation of the effects of the last glacial and interglacial periods on tropical Amazonia.
ULs may become more similar to terrestrial habitats during the negative water balance
period produced by prolonged water stress, which may affect the ecological attributes of
water-dependent biota [19,20]. In contrast, more resilient ULs may act as microrefuges for
such organisms. Thus, both the physical and biological aspects, as well as their dynamic
nature, must be carefully evaluated over shorter (annual to decadal) and longer (century to
millennial) time scales. In this review, we present the multiproxy dataset of the Quaternary
surface and subsurface processes in the Carajas mountain range in southeastern Amazonia.
We also use a series of multivariate statistical analyses to gain a better understanding of the
differences/similarities between the ULs (Supplementary Data S1) [21-35].

Geology, Physiography and Climate

The study area is located in the eastern portion of Carajas Province, southeastern Ama-
zonia (Figure 1), and the geology is represented by: (1) Mesoarchean tonalite-trondhjemite—
granodiorite (TTG) series and granulitic units (Xikrin-Cateté Orthogranulite) [36,37];
(2) Neoarchean metavolcano-sedimentary sequences [38]; (3) Neoarchean intrusive
rocks [39] and mafic—ultramafic stratified bodies [40]; (4) Paleoproterozoic sedimentary
rocks [41]; and (5) Paleoproterozoic anorogenic intrusions [42].

The Cenozoic tropical paleoclimate has favored extensive weathering events in the
region, contributing to the development of the lateritic crusts, which were mainly derived
from metavolcano-sedimentary rocks, including the banded iron formation (BIF) of the
Itacaitinas Supergroup [1]. The ULs were formed according to neotectonic and weathering
events that affected the lateritic crusts [1]. These lakes occur only at altitudes of between
600 and 800 m in the upper lateritic terrains (plateaus) of the Carajas mountain range,
which includes Sul, Norte, Leste, Tarzan and Bocaina (Figure 1).
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Figure 1. Upper map with study area in the context of South America and Amazon Rainforest
(green area: forest cover, red areas: deforestation). Lower map with associated legends: geological
map showing the main lithological units of the Carajds mountain range in the Brazilian Amazon.
The studied lakes are located in the lateritic crusts in the Sul (active lakes: Trés Irmas, Amendoim,
Violao; filled lakes: R1, R2, R4, R5), Norte (filled lake: Trilha da mata), Leste (active lake: lagoa Serra
Leste—LSL), Tarzan (active lake: Tarzan) and Bocaina (filled lakes: LB3, LB4) plateaus; modified
from [43]. Carajas Province (RM + S-CC + CB: Rio Maria + Sapucaia + Canaa dos Carajas domains +
Carajas Basin).

The studied ULs are inserted into the Itacaiunas River Watershed (IRW), which drains
an area of approximately 41,300 km? [44] (Figure 1 and Table S1). These lakes are active or
inactive (filled) depending on the sedimentary filling stage [16] (Table S1).

There are two well-defined seasons: a rainy season and a dry season [45]. The total
rainfall varies between 1545 mm and 1863 mm during the rainy season (November to May)
and between 159 mm and 321 mm during the dry season (June to October) [46]. The mean
recorded temperature is 27.2 °C, with a minimum of 26.6 °C in January and a maximum of
28.1 °C in September [47].

2. Lake Formation Processes

The lateritic crusts of the Sul mountain range are displaced by sets of E-W faults that
are responsible for the morphology of the plateaus, NW-SE normal faults to NE-SW frac-
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tures, and sinistral—normal faults [3]. The partial dissolution of the lateritic crust oriented
by these fractures and faults formed karst-like features, such as caves, sinkholes and under-
ground streams [1]. A series of fault reactivations promoted the collapse of blocks along the
normal faults, which formed the shallow upland lakes. The partial dissolution of the lateritic
crust and intense run-off, particularly during the rainy season, favors the transport and
deposition of clastic sediments into the lake [44] (Supplementary Video S1). In some cases,
the overloading of the base of the lakes, together with fault reactivations, promoted new col-
lapses and increased the accommodation space of the lakes [44] (Supplementary Video S1).

The shallow-water seismic transects and their reflection characteristics, as well as
the sediment cores, allowed us to identify the geometry of the seismostratigraphic units
deposited in the Carajas ULs [3] (Figure 2). The acoustic features are associated with the
morphometry and morphology of the bedrock reflector, debris flows, synsedimentary
deformational structures, plane-parallel reflectors and multiple reflectors from the water-
substrate interface (Figure 2). The interface between the bottom sediments and the lateritic
crust is marked by a total acoustic reflection of the crust, which produces strong-amplitude
lake-bottom multiples (bedrock reflectors). The basal fine-grained deposits located near the
main drainage inflows correspond to the fault-collapsed, basinward prograding clinoforms
related to the delta fans. Underflow processes are responsible for carrying fine-grained
particles toward the lake depocenter, interrupted by siderite beds. The top deposits are
related to massive aggradational and structureless mud with some scattered peat fragments
(Figure 2). This facies an arrangement that produces fining and thinning upward cycles,
which might vary in thickness depending on the rate of the accommodation space.

PCR SD

dephtin m

W%E I: seismo-stratigraphic unit | DF: debris flow

II: seismo-stratigraphic unit Il B: bedrock reflector
I1I: seismo-stratigraphic unit 11l M: water-bottom mulitple

- PCR: parallel continuous
(VAN Seismic reflector refiectors

- o SD: sediment deformation
VN Seismic boundary

Mud
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Figure 2. NW-SE longitudinal seismic transects showing the different observed morphologic levels,
depositional units, basement and multiple reflectors, and fault. The seismostratigraphic interpretation
in the lower part of the figure. All interpreted units can be accessed elsewhere [3]. Upper figure
(shallow seismic image), middle figure (seismostratigraphic interpretation) and lower figure (legends
and location of the seismic profile in the lake bathymetry).

3. Surface Geology and Geobotany of the Catchment Basins

The lateritic crusts of the study area are genetically classified as structured (iron ore),
detrital and Al-rich crusts [48] (Figure 3). Structured and detrital crusts were formed
by the lateritization of BIF and the weathering of the structured crusts, respectively, and
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contain hematite, magnetite, goethite and secondarily quartz and clay minerals [9]. These
crusts are generally thick and more resistant to modern weathering, forming only Petric
Plinthosols/Petroferric Acrustox, which dominate the higher topographic levels. Con-
versely, the Al-rich crusts formed by the lateritization of mafic rocks are richer in clay
minerals and gibbsite, especially close to the saprolite horizon. Additionally, they are less
resistant to weathering and occur on lower quotas than structured and detrital crusts. Thus,
these crusts may produce thicker soils (i.e., Ferrasols/Oxisols).
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Figure 3. (a,b) Digital elevation model (DEM) integrated with bathymetric data showing the western
and eastern portions of the Serra Sul Plateau and the main lithotypes described in the catchment
basins of active ULs [25]. Aerial photograph of (c) Trés Irmas (TI1, TI2 and TI3), (d) Amendoim (AM)
and Violao lakes (VL). (e,f) DEM showing the main lithotypes described in the catchment basins of
filled ULs, also a detail (black arrow) for the direction of view of photo (e f). (g,/h) Aerial photograph
of the filled ULs.
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The detrital and structured crusts have some peculiar characteristics, including shal-
low, patchy and acidic soils, with low water retention and nutrient availability and high
insolation and temperature [49,50], which allowed the widespread development of canga
vegetation and hindered the colonization of tree species (Figure 3a-d), such as SDF and
HETF [8,49]. This interpretation is supported by the high §'3C values of the canga vegeta-
tion compared to soils in neotropical forests, which are related to more pronounced water
shortages in cangas than forests [51]. Mafic sills and dikes are predominant on the slopes
of the Carajas mountain range and marginal to the Trés Irmas and Violao lakes, extending
toward Amendoim Lake (Figure 3a—d). Palms and macrophytes occur extensively in filled
lakes (Figure 3e-h). Moreover, macrophytes, especially Isoétes cangae, which is a very rare
and endemic species, are widely found at the bottom of Amendoim Lake at depths up to
7 m [52]. The dominant plant species of each physiognomy are described in Table 1.

Table 1. Main plant species of canga vegetation, SDF (semideciduous tropical dry forests) HETF (hu-
mid evergreen tropical forest) and filled lakes according to their based on [9,30], reviewed according
to Carajas Flora Project [53].

Vegetation Type

Species

Canga

Dyckia duckei (Bromeliaceae), Ipomoea marabensis (Convolvulaceae), Erythroxylum nelson-rosae (Erythroxylaceae),

Bauhinia pulchella, Mimosa acutistipula var. ferrea and M. skinneri var. carajarum (Fabaceae), Byrsonima
chrysophylla (Malpighiaceae), Norantea goyasensis (Marcgraviaceae), Tibouchina edmundoi and Pleroma
carajasensis (Melastomataceae), Sobralia liliastrum (Orchidaceae), Axonopus carajasensis, Panicum millegrana,
Paspalum cangarum, P. carajasense and Sporobolus multiramosus (Poaceae), Borreria (Rubiaceae), Vellozia glauca
(Velloziaceae), Callisthene microphylla (Vochysiaceae).

SDF

Licania blackii (Chrysobalanaceae), Aparisthmium cordatum and Maprounea guianensis (Euphorbiaceae), Myrcia
splendens (Myrtaceae), Henriettea ramiflora, Miconia chrysophylla (Melastomataceae),
Matayba inelegans (Sapindaceae).

HETF

Tapirira guianensis (Anacardiaceae), Guatteria punctata and G. tomentosa (Annonaceae), Oenocarpus distichus
(Arecaceae), Cordia sellowiana (Boraginaceae), Licania laxiflora (Chrysobalanaceae), Deguelia negrensis,

Pseudopiptadenia suaveolens (Fabaceae), Emmotum nitens (Icacinaceae), Sacoglottis mattogrossensis (Humiriaceae),
Mezilaurus itauba (Lauraceae), Miconia piperifolia (Melastomataceae), Myrcia silvatica (Myrtaceae), Neea ovalifolia

(Nyctaginaceae), Matayba arborescens (Sapindaceae), Erisma uncinatum (Vochysiaceae).

Filled lakes

Mauritiella armata (Arecaceae), Eleocharis pedroviane, Cyperus, Scleria (Cyperaceae), Hydrochorea corymbosa
(Fabaceae), Miconia alternans (Melastomataceae), Styrax griseus (Styracaceae).

4. Modern Sedimentation Patterns: Basin Morphology and
Source-to-Sink Relationship

The active Carajas ULs have mid-altitude ranges (695-725 m), very small surface
areas (<0.5 km?), shallow to very shallow depths (<10 m: mean depth) and catchments
with relatively high declivities (>20° and maximum of ~60°) [21]. The Violao (VL) and
Amendoim (AM) lakes are separated by an intermediate basin that prevents any surface
connection of water between them (Figure 3b). The catchment of Amendoim Lake was
composed of two lakes (Figure 3d), but the smaller lake, located in the western portion,
was progressively filled by detritic and organic sediments and currently represents a filled
lake (swamp) colonized by macrophytes [30]. In contrast, the three lakes (TI1, TI2 and TI3)
of Trés Irmas are connected, and the water flow follows the elevation gradient from TI1 to
TI3 (Figure 3c), forming a small waterfall between the lakes [21].

The statistical distribution of the major and trace elements in the lake sediments
(Table S3) shows that there is considerable variation in the chemical elements among the
lakes, which is reinforced by the Kruskal-Wallis test (Table S4), which indicated p values
of <0.05 for most of the elements. Si was the highest in VL and the lowest in TI2, which
had the highest total organic carbon (TOC) values. The concentrations of Al, P, Ti and
Zr are mainly enriched in TI1, followed by VL. This enrichment is due to the presence
of Al-enriched lateritic crusts (including basalts) and soils. When compared to upper the
continental crust (UCC) values, Fe is highly enriched in all of the lake sediments, followed
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by P and Se, while the concentrations of Na, K and Ca are highly depleted. The strong
depletion of these mobile elements is due to intense chemical weathering in the source
areas, which is an indication of a typical lateritic environment.

Integrating the geochemical data from active ULs, based on principal components
analysis (PCA), five major groups of geochemical associations are distinguished (Figure 4a),
with the major detritic groups being similar to the catchment basin laterites [25]. The
Ti-Zr-Hf-Y-Nb-HREE (Gp-1) corresponds to resistant minerals, which possibly remained
stable during lateritization, while the different behavior of the LREE (Gp-2) relative to
the HREE indicates their relative mobility during laterite formation and reprecipitation
by REE-bearing minerals. The Al-Sc-V-Cr association (Gp-3) in the sediments reflects the
signature of the local country rock, such as mafic sills. TOC-503-Hg-Se (Gp-4) is controlled
by organic matter, while the Fe-P-Mo-As-Zn (Gp-5) in the sediments is influenced by
Fe-oxyhydroxide precipitation.

Principal Component Analysis (PCA)

Lake sediments (clr-transformed)
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o ©
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Figure 4. Principal component analysis (PCA) biplot of PC1 vs. PC2 and PC3 vs. PC4 for active
lake sediments and catchment lateritic crusts [25], based on centered log-ratio (clr)-transformed data,
showing the different geochemical associations and the major detrital signatures that are similar
among them (a); and linear discriminate analysis (LDA) showing the distribution of lake sediments

and the relationship with catchment basin materials (b).
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PC 2 (22.58 %)

The detritic association of Gps 1, 2 and 3, similar to the catchment rocks indicates
a strong influence on the catchment basin lithology and laterization processes. The mul-
tivariate analysis, such as the linear discriminant analysis (LDA), further indicates that
the detritic sediments are not directly derived from the parent rocks (Figure 4b), but are
well correlated with the underlying weathered crusts (mainly ferruginous) and soils, while
the ferruginous laterite crusts are the major source of detrital sediments. This inference
demonstrates that lake sediments can be a potential tool for identifying and describing the
catchment processes and basin lithology.

PCA performed on the centered log-ratio (clr)-transformed data was also employed to
evaluate the relationships of the geochemistry of the bottom sediments among the filled
lakes (Figures 5 and S1). The Bocaina (LB3 and LB4) lakes were mostly differentiated
from the others as they loaded weakly positively on the PC2. This feature is related to
the dominance in that area of Al-enriched lateritic crusts that were formed mostly from
metavolcanic rocks. Thus, the geochemical signature of the Bocaina lake sediments shows
higher concentrations of Al, Ga, Ti, Cr, V, Sc and REEs [24]. In these sediments, there is
different geochemical behavior between the LREE and HREE, which is due to their different
mobilities during lateralization [25]. Similar high enrichment of the detritic elements, such
as Al, V, Ga and Cr, which are moderate to highly loaded on PC2, were also observed in the
lakes from the Norte mountain range—Trilha da Mata Lake (LTM, LTP and LTD).

Biplot (axes PC1 and PC2: 50.70 %)

10

-6 -4 -2 0 2 4 6 8
PC 1(28.12 %)

STO02 (Serra do Tarzan) @ LSL (Serra Leste)

@® R1, R2, R4, R5 (Serra Sul) @ LB3, LB4 (Bocaina)
® LTM, LTP, LTD (Serra Norte - Trilha da Mata)

Figure 5. Principal component analysis (PCA) performed on centered log-ratio (clr)-transformed
data for all filled lakes (sediment cores).
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The sediments from Tarzan Lake (ST02) show mostly negative loading on PC1 and
positive loading on PC2. This result is partly associated with Fe, suggesting that the crusts
are similar to the Sul mountain range, but the high enrichment of Co, Cu, Mo, P, Cr and P
in these sediments indicates a strong influence of mafic rocks, which is not exactly similar
to that observed in the Bocaina lake sediments.

The sediments from Leste Lake (LSL) are negatively loaded on both PC1 and PC2 and
seem very different from the sediments of the other lakes. The high enrichment of TOC in
the detritic sediments of these lakes points to the control of different geomorphological and
lithological characteristics of the basin. Moreover, in the Leste Lake sediments, As is more
enriched, similar to the sediments from Tarzan lakes, suggesting the presence of sulfide
minerals in the catchment rocks.

The filled lakes in the Sul mountain range (R1, R2, R4 and R5) have widely variable
geochemical compositions, with the samples being positively and negatively loaded on
PC1. Most of them are associated with Fe, as well as Si, thus indicating that the crusts
developed mainly from iron formations, which have significant concentrations of Fe, while
the Si contribution comes from BIF.

All of this fundamental knowledge of the modern lake sedimentary processes of
Amazonian ULs and their catchment interactions can thus provide crucial insights for the
interpretation of source—sink relationships and paleoclimate reconstruction.

5. Environmental Influences on Limnology and Water Quality

Regarding the ULs in the Carajas region, the lake waters are mostly acidic (avg.
pH of 4.9-5.9), with high total Fe (up to 1.52 mg/L) and low SO4%~ and other metal
concentrations [10]. The low pH can be explained by the trivial level of carbonate minerals
and the total dominance of ferruginous lateritic material in the catchment, as well as high
sedimentary organic carbon in the lake bottom, which releases CO, and H,S via bacterial
decomposition, making the water acidic [54]. The high levels of Fe in the lake water are
related to the weathering and erosion of the catchment ferruginous soils and lateritic crusts.
This evidence indicates that the catchment geology is the dominant factor influencing the
lake water chemistry.

These ULs are shallow, weakly stratified (Figure 6a) and classified as polymictic, which
controlled the vertical mixing of the limnological parameters [10]. Although the water
quality index (WQI) shows good water quality and high similarity among the studied lakes,
the trophic state of these lakes varied significantly between ultraoligotrophic and eutrophic
(Figure 6b), with lower values observed for Amendoim Lake [10]. High trophic states are
due to nutrient concentrations, mainly total phosphorous (TP), promoting algal growth.
The sources of TP for these lakes are associated with the presence of mafic rocks and caves
with high guano volume [7,10]. Although Chl-a and cyanobacteria are mainly influenced
by nutrients such as TP, this is not the case for these lakes; rather, they are controlled by
additional factors, such as the seasonal climate conditions, catchment lithology specificities
and lake morphology [10].

The Phytoplankton taxa in the lakes are characterized by small Chroococcales groups
and desmids, together with filamentous algae, which are more commonly observed in
the dry season. The Phytoplankton composition also varies among the lakes based on
the differences in the water depth and nutrient concentration [10]. The studies conducted
thus far have contributed to understanding the common limnological characteristics of the
Amazonian ULs and their role in controlling the geochemical distribution of the elements
and diagenetic processes in the sediments.
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lakes during both dry and rainy seasons (b), showing the significant variation in trophic state among

lakes [10].

6. Role of Isotopes in Understanding the Sources of Sediment Organic Matter

The §13C, §°N and C/N data from the surface sediments of Violdo Lake indicate
that the organic matter comes from siliceous sponge spicules, algae and C3 vascular forest
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plants [5]. The latter is dominant in the shallower portion of this lake (arm), with more
impoverished 5'°N. In Amendoim Lake, the stable isotopic compositions are quite homo-
geneous and suggest organic sources composed of submerged macrophytes, including
I. cangae and palms [6]. More diversified sources occur in the Trés Irmas Lake [9]. The
isotopic and elemental signatures are indicative of C3 plants, macrophytes and freshwa-
ter dissolved organic carbon (DOC), while lake TI2 has a lower influence from aquatic
organic matter, which is quite similar to the arm of Violao Lake, based on the 5'°N values
(Figure 7a,b).
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Figure 7. Binary plots of (a) §13C vs. C/N and (b) §!°N vs. §'3C of the surface sediments of the active
ULs (modified from Sahoo et al., 2019), and (c) 513C vs. C/N and (d) 6!°N vs. §13C of sediment cores
from filled ULs of the Carajas mountain range (fields based on [5-7,9,17,55-62]).
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The filled lakes (R1, R2, R4, R5, ST02, LB3, LB4 and LTM2), are mainly composed of
organic matter derived from freshwater DOC, C3 plants and algae, while canga plants are
less represented or their signals are diluted by the other organic sources (Figure 7c,d). The
enriched 5'°N values indicate a slightly higher aquatic influence on lakes R4 and ST02.
More impoverished 5!*C values occur in LTM2. This site is located on a very narrow
plateau with an area of approximately 0.033 km? surrounded by HETF [28]. The HETF has
deeper soils with higher water availability than the lateritic crusts. Adaptations to seasonal
droughts enable canga plants to withstand high water shortages, thus resulting in higher
513C values than HETF [51]. Thus, the signal from the HETF must be predominant in the
sedimentary organic matter of lake LTM2. Therefore, the sources of organic matter to ULs
are variable and are derived from the vegetation cover of the catchment and central basins,
as well as lacustrine primary and secondary productivity [9,10].

7. Modern Pollen Rain Using UL Sediments

The edaphic conditions developed in the plateaus of the Carajas region lead to the
formation of islands of canga plants that are structurally and compositionally different
from the surrounding matrix [8,49]. The pollen signal of the HETF may overlap the signal
of comparatively smaller savanna areas due to high production and enhanced dispersal
capacity, but this is not always true.

The modern pollen rain of Violao Lake, evaluated using surface sediments, shows
significant differences in its spatial distribution [29]. Pollen from canga vegetation is
predominant in the lake, occurring in the eastern and western portions. Algae spores are
mainly observed in the central portion of Violao Lake (Figure 2b), while pollen grains from
the HETF and SDF are concentrated in its arm. This observed pattern is strongly associated
with the occurrence of mafic rocks, where thicker soils and forest are developed. The
comparative analysis between the floristic inventories of the catchment basin and modern
pollen rain indicates that the pollen grains from canga plants are brought into the lake
basin from ‘regional” sources (outside the basin). In contrast, the pollen grains from HETF
and SDF represent local sources (inside the basin), which reinforce the connection between
mafic rocks and forest vegetation.

The modern pollen rain based in Amendoim Lake, located ~1 km eastward and 20 m
below the mean altitude of Violao Lake (Figure 3b), shows that pollen grains from the HETF
and SDF are dominant in surface sediments, despite the widespread abundance of canga
plants in its drainage basin. This reinforces the role of topographic control and prevailing
wind direction on pollen deposition [63].

Conversely, one year (2015-2016) of the pollen data collected from artificial traps
installed along the drainage basin of Lake LTM2 did not indicate overlaps in the pollen
signals between the vegetation types (Figure 8), although this lake is inserted in a HETF
domain [28]. These findings, based on surface lake sediments and artificial traps, demon-
strated that a clear savanna signal may also be acquired in sites with a reduced extent of
this vegetation type.

Amendoim Lake is the only oligotrophic active lake in this region [7]. This trophic state
favored the widespread development of I. cangae, which only occurs in this lake [52,64]. In
addition, this species is very well represented in surface sediments by its microspores [63].
Thus, the use of Isdetes microspores as a proxy for low water levels and eutrophic and drier
paleoclimatic conditions must be made with caution.

These studies improved our understanding of: (1) the ways modern pollen grains are
transported into lakes; (2) the relationship between pollen and regional or local vegeta-
tion signals; and (3) the modern vegetation types, by considering a clear taxonomic and
ecological determination, coupled with a robust pollen database of the studied site.
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8. UL Sediments: Implications for Paleovegetation and Paleoenvironmental Changes

Based on the sedimentary facies, geochemistry, pollen and spore analyses, as well as
the carbon and nitrogen isotopes of the eleven sediment cores from the Carajas ULs, it was
possible to understand the effects of hydroclimate changes on the geomorphological and
limnological settings, as well as the vegetation dynamics of the southeastern Amazonia dur-
ing the late Quaternary. Therefore, the absence of woody roots and physical or geochemical
indicators of subaerial exposure indicate that these lakes have never dried up during the
last 50 ka cal BP. Regarding the geochemical proxies (Figures S1 and 9), the detrital fraction
(Al and Ti) provides insight into the climatic conditions that prevail in the source areas and
the mechanisms involved in the transport of materials within the basin [16,17]. When the
rainfall is strong enough, it can cause erosion and high detrital input to lakes [65], as shown



Atmosphere 2023, 14, 621

14 of 23

by the increase in Al and Ti. Ti and K are typically associated with clays, and an increase in
the Ti/K suggests high amounts of weathered clay minerals deposited during high water
stands and wetter periods [66]. In the plateau lakes of Carajas, Al/K and Ti/K show a
strong correlation, and the slightly increased values seem to fit with Heinrich Stadials (HS)
1-3. This may be attributed to increased precipitation resulting from the strengthening of
the South American summer monsoon due to a change in the Atlantic interhemispheric
sea surface temperature (S5ST) gradient [67], which also affects the eastern Amazon. This
increased precipitation interrupted a generalized drier period at the beginning of the Last
Glacial Maximum (LGM) until approximately 13 ka cal BP (Figure 9). Carbon and nitrogen
isotopes indicate a continuous predominance of C3 plants and freshwater DOC, except
for Violao Lake, which presented more enriched values throughout the late Pleistocene,
until 20 ka cal BP. This may be indicative of the presence of siderite nodules [4,16], which
massively formed in Violao Lake at approximately 30 to 35 ka cal BP, and the presence of
C4 plants in the drainage basin [17]. The multiproxy data from Saci Lake [68], located in
southeastern Amazon Basin and 100 km from the Central Plateau of Brazil, have indicated a
dry and cool climate between 35 and 18 cal yr BP, based on the high counts of open savanna
taxa, Podocarpus, Ilex, as well as the low lake-level conditions indicated by Sagittaria and the
low TOC content.

The high Al/K and Ti/K values imply a high amount of weathered clay minerals
deposited during the high water stands and wetter period in the Holocene deposits of
the active lakes, except for the relatively low ratios around the mid-Holocene (Figure 9).
This will also be favored during the cycling of the dry-to-wet period. During dry periods,
occasional rainfall leads to weathering, and these materials are transported during heavy
rainfall events. Additionally, the pollen data from Leste Lake, which covered the last 15 ka
cal BP, showed that canga vegetation and forests concomitantly contracted and expanded
in a cyclic pattern during the last 5 ka cal BP. This is a clear indication of the predominance
of strong millennial climate seasonality.

Filled lakes formed over structured and detrital (R1, R2, R4, R5) and Al-rich crusts
(ST02, LB3, LB4, LTM2) are more influenced by the basin-filling effect. Thus, the estab-
lishment of modern swampy conditions (final filling stage) varies according to site. These
conditions were attained in lakes R1, R5, ST02 and LTM2 at approximately 10 ka cal,
while in lakes R2 and LB3, they were attained at 5 ka cal BP, and in lakes R4 and LB4
they were attained at 2 ka cal BP, which is observed from their TOC, carbon and nitrogen
isotopic profiles (Figure 9). The detrital fraction of these cores follows the cycles of the
lake-level and paleoclimate changes in the Carajés region, with good records for the LGM
and mid-Holocene, as described by the relatively low Ti/K. However, in contrast to the
active lakes, the Ti/K profiles between the late Quaternary deposits of the filled lakes
cannot be compared as the latter were represented by modern swampy conditions. In other
words, swamps are developed in lakes under very low accommodation space when the
accommodation angle (measured between lake margins and depocenter) decreases at a
point that restricts the deposition of detrital materials from the runoff to the lake margins.

Dryness with a subaerial exposure of lacustrine deposits was observed in lake ST02
during the LGM and in lakes LB3 and R2 during the mid-Holocene period. However,
C4 plants were never predominant in the Carajas region, except for the LB3 area, which
recorded canga expansion with C4 plants during the LGM, without siderite influence
(Figure 9). Siderites were formed between ~35 and 30 ka cal BP in lakes R5 and ST02 and
during the LGM in lakes R1 and R2. The Bocaina lakes do not present iron carbonates,
such as siderite, which may be due to the different depositional conditions, as well as a
lower abundance of Fe in the crust, which leads to a lower aqueous iron content [69,70].
The biomarker records from sediment cores collected in the Amazon River fan indicated
that the Amazon basin have not shown C3/C4 vegetation replacements during the last
50 ka BP [71,72].

Cool-adapted taxa were widely developed in the Carajas region and occurred through-
out the late Pleistocene, until ~7 ka cal, with a higher abundance observed before 40 ka cal
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Figure 9. Generalized profile of the geochemical (Al/K and TOC with black line, Ti/K with blue-
dashed line), isotopic (§'3C with black line, 5'>N with blue dashed line), and pollen (canga vegetation
with red line, forest with green dashed line and cool-adapted taxa with blue line) data of active (Trés
Irmas, Violao and Serra Leste) and filled (R1, R2, R4, R5, ST02, LB3, LB4 and LTM) lakes. Light blue
and red vertical bars represent wet and dry lacustrine phases in the ULs of Carajas [4,13,16,17,26,27].
Divided into 2 parts. YD (Younger Dryas), HS (Heinrich event) and LGM (Last Glacial Maximum).

The interpretation of the speleothem data from Paraiso cave in the eastern Ama-
zonia indicates wetter climate conditions than those present at ~6 ka cal BP [73]. This
contradicts a long set of paleoclimate studies in the Carajés region that indicate the domi-
nance of montane savanna and SDF during the mid-Holocene period under drier climatic



Atmosphere 2023, 14, 621

17 of 23

conditions [4,13,16,18,26,27,74-76]. Smith et al. [77] proposed that the Holocene pollen
assemblage of Carajas only reflects canga vegetation with small signals from the HETE,
thus reflecting local changes on the plateau and making it difficult for any regional-scale
vegetation changes. Smith et al. [77] based their assumptions on the modern pollen rain
of Violao Lake [29], while the modern pollen rain of Amendoim Lake shows the opposite
pattern, with a predominance of the pollen signal from the HETF [30]. Thus, it depends
on the topographic position of each lake and wind direction, among other factors [63].
Therefore, the multiproxy data from several cores from active and filled lakes must be used
to better indicate the paleoclimatic changes throughout this region.

The drier conditions during the mid-Holocene period in Carajas are mainly based
on the multielemental and organic isotope geochemistry, with strong indications of water
deficits and low weathering and sedimentation rates [4,13,16,17,27,75]. In addition, lakes
LB3 and R2 (~40 km from each other) were subaerially exposed during this period, with
massive formations of iron oxides and mud cracks (Figure S1). The drier mid-Holocene
event was widespread along the southern tropics [75,78-82] and according to the numerical
simulations [83]. The pollen and geochemical records of Saci Lake indicated that between
7.5 and 5 ka cal BP, open savanna and the SDF taxa expanded in the region, suggesting a
short-scale dry event [68]. This may be a consequence of the low insolation, which induced
a less effective land—sea contrast, reducing the South Atlantic Convergence Zone intensity
and weakening the SAMS [82,83].

9. Current Approach and Future Perspectives of Paleoenvironmental Studies
in Carajas

The large number of pollen and geochemical datasets generated thus far in the Carajas
region on the vegetation dynamics and landscape evolution associated with human and
natural forces has naturally led to the resolution of scientific questions, such as whether the
forest was replaced by savanna in the eastern portion of the Amazon basin, which for a long
time remained unanswered. However, although pollen analysis is a fundamental tool in
paleoenvironmental studies, the limitations in species-level identification hamper broader
discussions about the dynamics of plant communities, leading to biases in pollen-based
climate reconstructions. Poaceae, for instance, is one of the most problematic taxa, as it
is abundant in fossil records and commonly used as an indicator of vegetation openness
due to dry climatic conditions [74,84]. The association of Poaceae with dry environments,
however, must be evaluated with caution, as some species can also be found in flooded
and swamp areas [63]. Therefore, only species-level identification makes it possible to
distinguish among the species adapted to water stress conditions on cangas from those that
inhabit swampy environments.

A very promising tool that would improve the reconstruction of past flora and move
beyond measures of the presence-absence of species in natural systems is environmental
DNA (eDNA) [85,86]. Any given sample (e.g., root, leaves, fruit, pollen) contains eDNA,
which is continuously deposited in the environment in ways that enable the reconstruction
of ecological and evolutionary processes [87]. By extracting these pieces of information, the
rate of discovery would accelerate as no a priori information about the likely species found
in a particular environment is required to identify those individuals [87]. Moreover, even
trace samples of eDNA left behind by plants and animals that are no longer present in the
environment can persist for centuries or millennia in soils and lake sediments and remain
detectable [88-90]. Thus, the use of eDNA analysis is very well suited for studies that
require multiple species detection, such as surveys of past vegetation and of community
diversity dynamics through time [90,91].

The current barriers to the use of eDNA include the need for extensive training
in molecular biology and the subsequent analysis of the genetic data [87]. The rapid
emergence of commercial companies specializing in eDNA, however, tends to overcome
such shortcomings.
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Through the identification of plant species and the knowledge of the geographic
and altimetric distribution range of those species, a pollen-based temperature is likely to
be obtained [92], thus allowing inferences about the changes in temperature over time.
Although a consolidated method is available in the literature [93], such approaches are still
very incipient and overlooked in paleoenvironmental studies carried out in continental
environments such as lakes and oxbows.

Paleotemperature reconstructions and paleoprecipitation records obtained from
compound-specific isotope analysis [94,95] are also underexplored in paleoenvironmen-
tal studies in Amazonia. Nevertheless, they are fundamental tools for understanding
the effects of environmental changes on the distribution and composition of the plant
community [18]. Therefore, we highlight the importance of using these proxies, together
with pollen and geochemistry, to obtain more robust and accurate interpretations of past
environmental and climatic changes in the Amazon region.

A more achievable short-term goal is the potential use of guano deposits as environmen-
tal archives, with, for example, applications for biodiversity and wildlife conservation, as
well as ecological networks, rather than only general discussions about vegetation dynamics.

More than 1500 small cavities have already been identified in Carajas, considered one
of the largest concentrations of caves in Brazil [96]. Guano deposits are very common in
these cave systems, and several meters of bat guano can accumulate on cave floors [97],
representing an outstanding environmental archive. However, although such an approach
is incipient in Brazil, an increasing number of studies worldwide have shown that bat guano
deposits provide valuable information and may track changes in humidity, precipitation,
and local vegetation over millennial timescales [98-101]. Future investigations should
address paleoenvironmental and paleoecological studies from this new perspective to
unravel the ecological interactions between animals and vegetation as drivers of temporal
and spatial changes in the landscape.

10. Conclusions

This review presents an integrated interpretation of a large multiproxy dataset to
clarify some key questions about the formation of the Carajas ULs, as well as the apparent
mismatches in the plant and paleoclimate dynamics during the last 50 ka cal BP. The ULs
were formed by structural processes and the dissolution of lateritic crusts during the late
Cenozoic period, and sedimentation possibly started during the Quaternary. Detritic facies
are related to predominant chemical weathering, peat facies to water-saturated conditions
and high primary productivity or macrophyte development to ultraoligotrophic conditions,
depending upon the accommodation space. The cyclical pattern of sediment deposition
with alternating beds of mud, peat and siderites reveals that the paleoclimate seasonality
was stronger during the Holocene than late Pleistocene period, which was evidenced
by the stratigraphy, multi-elemental and isotope geochemistry and the pollen data. The
ULs were strongly influenced by the drier paleoclimate conditions of the LGM and mid-
Holocene period, with very low detrital inflow, the subaerial exposure of lake deposits
and the widespread formation of siderites (late Pleistocene). However, there is no sign of
widespread forest replacement by savanna during the studied period. Despite the strong
edaphic control on the vegetation distribution in Carajas, paleoenvironmental studies based
on multi-proxy approaches have shown that the pollen records retrieved from the ULs
reflect the response of plant communities to changes in the climatic conditions (local or
regional). Finally, we emphasize that future studies in Amazonia should investigate past
ecological interactions and their role in landscape evolution, as well as making use of the
very promising, but still underused, techniques, such as eDNA and paleotemperature
reconstructions. Therefore, this study brings a new outlook to paleoenvironmental studies.
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Carajas region. Table S1. General description of the surface sediment samples and sediment cores
collected from the upland lakes of the Carajés region. Table S2. Radiocarbon dates (AMS) of the
samples from the Carajas region. Table S3. Analytical data of surface lake sediments (Violao (VL),
Amendoim (AM) and Trés Irmas (TI1, TI2, TI3) and catchment basin rocks and soils, and core lake
sediments (R1, R2, R4, R5, LB1, LB2, LB3, LB4, ST02, LSL, LTD, LTM) Carajas, Brazil. Units: major
and minor elements (Si to TS) in %; trace and REEs in mg/kg. Table S4. Kruskal-Wallis test results
of the chemical parameters among grouping variables (lakes). Units: major and minor elements (Si
to TS) in %; trace and REEs in mg/kg. Figure S1. (a) Graphic sedimentary log of the active lakes:
LTI3 (Trés Irmas-S11), VL2 (Violao-S11), LSL (Serra Leste) and inactive lakes: R1, R2, R4 and R5
(S11). (b) Graphic sedimentary log of the inactive lakes: ST2 (Serra do Tarzan), LB3 and LB4 (Serra
da Bocaina), LTM2 (Lagoa Trilha da Mata-Serra Norte). Video S1. Tectono-sedimentary evolution
model of the upland Violado Lake and its relationship with reactivation of collapse normal faults and
sedimentary infilling.
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