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a b s t r a c t

High-resolution geochemical and sedimentological data have been obtained for a lacustrine sediment
record from Lagoa Dourada (South Brazil). Four distinctly different depositional processes were deter-
mined: (1) Suspension fallout of fine-grained minerogenic particles transferred via fluvial activity
dominates the Early Holocene and relates to open grassland in the catchment area; (2) Activation of the
karst hydrological system with deposition of massive sand layers indicates increased precipitation at the
onset of the Middle Holocene; (3) Minerogenic sediments are replaced by organic deposition due to
wetter climatic conditions with the expansion of woodlands in combination with release of dissolved
nutrients due to enhanced pedogenesis during the Middle to Late Holocene; (4) Human-induced land-
use change caused destabilization of soils in the catchment area with resulting cultural soil erosion
between 1800 and 1950 CE. These depositional trends are linked to intensity variations of the South
American Monsoon System (SAMS). Century-long climatic events detected by data of high-resolution
XRF scanning confirm this relationship and provide signals of the 8.2 and 4.2 ka events as well as of
the Little Ice Age. These events document increased rainfall with complex responses of the environ-
mental system. Our SAMS-induced consequences of past hydroclimatic variability on the environment of
South Brazil provide background information for better evaluating model projections of future climate
change.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Brazil is the country with the second largest forest cover in the
world and thus provides an enormous potential for decarbon-
ization initiatives through CO2 storage in biomass. Especially, the
Amazon and the Atlantic rain forests belong to those regions on
Earth with the richest biodiversity (Carnaval et al., 2009; Myers
et al., 2000). Moreover, the Atlantic rain forest was and is very
important for the economic development of Brazil. Where once
forests were growing, there is today rapid industrialization hosting
tute of Geography, Celsiusstr.

).
one of the most densely populated regions of South America. Most
forests disappeared, with less than 10% remaining as fragmented
woodlands. This has major consequences for regional climate,
biodiversity and soil erosion (Freitas, 2011).

The Atlantic rain forest is a 4000 km long and 100e200 kmwide
band along the Atlantic coast of Brazil, from tropical Natal in the NE
(5 �S) to subtropical Porto Alegre in the S (30 �S). Its appearance is
dependent on the spatial and temporal distribution of precipitation
and climatologically controlled by the South American Monsoon
System (SAMS) (Deininger et al., 2019; Zhou and Lau, 1998).
Moreover, this is the most significant atmospheric circulation sys-
tem of South America and responsible for precipitation from the
Amazon to the La Plata Basin (Baker and Fritz, 2015). This large-
scale climatic system is driven by differential heating of conti-
nents and oceans and responsible for seasonal reversals of low-
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level winds, a typical monsoon feature (Zhou and Lau, 1998). In
southern winter, the Intertropical Convergence Zone (ITCZ) re-
mains north of the equator, while SE Brazil is dominated by the
South Atlantic high-pressure cell moving towards the continent.
Thus, the advection of cold polar air masses closely linked to South
Atlantic cyclones (SACs) brings humidity from the Atlantic Ocean to
South America with coastal rainfall from 25 to 30 �S. At the same
time, NE Brazil experiences a dry season of 6e8 months duration.
This constellation changes in southern summer, when the ITCZ
extends further to the south. Warm and moist tropical air masses
from the Amazon Basin cause rainfall from 15 to 25 �S, while the
Atlantic high-pressure cell is weakened and moves to an offshore
position (Baker and Fritz, 2015; Ledru et al., 1998). Currently, 60% of
precipitation is related to the summer monsoon (OctobereMarch)
and 40% are considered as winter rain (Cruz et al., 2007). Most of
the millennial-scale variability of the SAMS coincides with orbital
forcing, i.e. variations of insolation, while minor influences are
related to Southern HemisphericWesterlies (SHW) and Atlantic sea
surface temperatures (Baker and Fritz, 2015; Deininger et al., 2019;
Utida et al., 2020). As the Atlantic rain forest depends on the
amount of precipitation, orbitally controlled changes in precipita-
tion are directly linked to its retractions and expansions but also to
changes in vegetation types, i.e. from grasslands to woodlands and
vice versa (Ledru et al., 2009; Novello et al., 2017).

Such climatic changes are not directly recorded in environ-
mental archives but have to be inferred from the results of envi-
ronmental processes acting under particular climate conditions.
These proxy data are usually imperfect recorders of a small number
and often not well constrained climate and environmental vari-
ables. In this regard, lake sediments are considered one of the most
powerful terrestrial archives of past environmental and hydro-
climatic variability. Such information is also an important contri-
bution to the understanding of present ecosystems and their
stability. Through a large number of proxies, lake sediment records
have the potential to characterize their lacustrine system and the
catchment area with natural and anthropogenic processes closely
linked to regional hydroclimatic conditions. However, and due to
the scarce occurrence of natural lakes in S and SE Brazil, only a
limited number of such long-term environmental histories are
available. Just three multiproxy studies were carried out on lacus-
trine sediments that include geochemical, sedimentological,
diatom and/or stable isotope data and provide a more compre-
hensive picture of environmental processes: Lago Aleixo at 18 �S
(Enters et al., 2010), Lago Silvana at 19.5 �S (Rodrigues-Filho et al.,
2002) and Lagoa Dourada at 25 �S (Melo et al., 2003; Moro et al.,
2004). The majority of paleoenvironmental investigations carried
out in this SAMS-dominated region are pollen and charcoal studies
of small wetlands mainly from highlands and coastal mountains
(Rodrigues et al., 2016) and only a small number of studies recon-
structing Holocene and Late Pleistocene vegetation is based on
lacustrine sediments (e.g., Behling,1995, 2003; Behling and Safford,
2009).

The best available information on hydrological changes in S
Brazil is provided by the speleothem records from Caverna
Botuver�a (Bernal et al., 2016b; Cruz et al., 2005a). Their oxygen
isotope records document a period of increased humidity during
the Younger Dryas (YD), while the remainder of the Late Glacial and
the Early Holocene were dry relative to present-day conditions. At
that time, the vegetation on highlands and coastal mountains was
dominated by grasslands with the Pleistocene/Holocene transition
often marked by a shift in abundance of fern spores, possibly
responding to the more humid YD (Behling and Oliveira, 2017;
Behling et al., 2004). These relatively dry conditions of the Early
2

Holocene caused hillslope denudation with silt-rich suspension
deposits in lakes as reported e.g. for Lago Silvana (Rodrigues-Filho
et al., 2002).

The oxygen isotope record indicates a shift to more humid
conditions between 7000 and 4400 cal. BP (Bernal et al., 2016b;
Cruz et al., 2009) and many pollen diagrams from S and SE Brazil
indicate a gradual increase in woodland cover across the highlands
(e.g., Behling et al., 2004; Jeske-Pieruschka et al., 2013). Thus, hill-
slope erosion was more and more reduced and chemical weath-
ering increased leading to intensified pedogenesis with the
leaching of nutrients. Consequently, the surplus of nutrients
enhanced the biological productivity of lakes as documented by
organic sediments e.g. for Lago Aleixo (Enters et al., 2010). A major
spread of woodlands and in particular of Araucaria angustifolia in
pollen diagrams started only after ca. 4300 cal. BP with marked
increases at 2800 and 1200 cal. BP leading to the development of
the modern mosaic of grasslands and Araucaria forests (Rodrigues
et al., 2016). These conditions continued until the last millennium
when few pollen records document even wetter climatic condi-
tions, i.e. they are evidence for the Little Ice Age (LIA) (Behling,
2003; Behling et al., 2004). Finally, the vegetation was modified
by agricultural activities of European settlers that started in the late
18th century increasing thereafter (Freitas, 2011). In consequence,
soil erosion was activated leading to deposition of more minero-
genic sediments in some of the studied lakes (Enters et al., 2010;
Portes et al., 2018).

Located at the southern fringe of SAMS influence, Lagoa Dourada
is a promising site to enhance our understanding of Holocene cli-
matic conditions with high-resolution environmental records.
Initial low-resolution investigations are available, including paly-
nological, diatom, total carbon, d13C, LOI-550 as well as selected
elemental (P, Ca, Mg, K) data (Lorscheitter and Takeda, 1995; Melo
et al., 2003;Moro et al., 2004). However, the provided chronology is
based on only two bulk radiocarbon dates from the Early Holocene,
insufficient for a detailed understanding of paleoenvironmental
changes. With this investigation, we provide new and high-
resolution sedimentological and geochemical data to study
hydroclimatic variations from a site located in a climatically sen-
sitive region of S Brazil. Thirty years after first investigations at
Lagoa Dourada have been carried out (Melo et al., 2003; Moro et al.,
2004), this lake was re-visited and two long and overlapping
sediment profiles were recovered. The major goal of this study
focuses on the knowledge gap existing for low- and high-frequency
environmental variability in SE Brazil climatically controlled by the
SAMS. Moreover, we aim at providing detailed background infor-
mation to better evaluate past climatic developments, which pro-
vide keystones for model predictions of future climatic conditions.
To achieve this goal, we use sophisticated age-depth modelling
based on radiocarbon-dated terrestrial macro remains and on bulk
dates with reservoir correction, apply scanning techniques (X-ray
fluorescence, magnetic susceptibility) as well as multiproxy sedi-
ment analyses to establish a continuous and high-resolution
geochemical and sedimentological dataset for a better under-
standing of the responses of lacustrine and geomorphological
systems to hydroclimatic variability.

Furthermore, anthropogenic impacts of the last two centuries
are discussed that influence cultural soil erosion and lacustrine
eutrophication. This is supported by high-resolution investigations
of pollen and charcoal reliably linking vegetation and forest fires to
climatic variations and human activities. Except for pollen and
charcoal studies, which are discussed by Piraquive Bermúdez
(2020) and will be published elsewhere, this investigation pro-
vides a comprehensive and well-dated multiproxy investigation
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allowing insights into geomorphological processes in the catch-
ment area as well as into lacustrine processes, all reflecting
hydroclimatic fluctuations in response to SAMS variability during
the Holocene.
2. Study site

Lagoa Dourada (Portuguese: Golden Lake) is located in Vila
Velha State Park near Ponta Grossa (25�1402500 S, 50�0205900 W,
817 m asl) around 80 km W of Curitiba, the capital of the State of
Paran�a (S Brazil), and 180 kmWof the Atlantic coast. The small lake
has a maximumwater depth of 5.4 m and is elliptical in shape with
a size of ca. 150 m � 200 m (Moro et al., 2004). It was formed in the
Furnas Formation on the Second Paran�a Plateau (Fig. 1). The Furnas
Formation is of Silurian to Devonian age, part of the Paleozoic
Paran�a Sedimentary Basin, mainly consists of whitish, medium to
coarse-grained quarzitic sandstones (Melo and Giannini, 2007;
Pires et al., 2019) and is classified as quartz-arenite with 97% quartz
(Pontes et al., 2020). Aside from mainly kaolinite as cement, these
sandstones are enriched in ultra-stable minerals such as zircon
(Moro et al., 2004). Chemical weathering of the cement as well as of
quartz-grain surfaces by intergranular corrosion is responsible for
the process of arenization, which loosens and removes sand grains
by groundwater (Wray, 2013). Overall, arenization increases the
underground porosity and finally causes the development of sili-
cate karst.

The Vila Velha State Park was created in 1953 and is enlisted as a
State Heritage since 1966 (Thomaz, 2010). It is famous for its karstic
features in sandstone with caves, dolines, sinkholes, speleothems,
karren, collapse structures and underground drainage systems
including karstic springs (Melo and Giannini, 2007). The formation
Fig. 1. Location of Lagoa Dourada in Paran�a (S Brazil) with a geological map of the Vilha Vel
Vila Velha” (Goberno do Estado de Paran�a, 2004) and an aerial photography of the lake with R
the aerial photography.
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of quarzitic karst is very slow-acting compared to carbonaceous
karst and requires extended periods of geological stability with
intensive chemical weathering. As a consequence of subterranean
karstic erosion, Lagoa Dourada was formed as a sinkhole after the
roof of a cave collapsed. Such sinkholes (Portuguese: furnas) are
typical for this part of the Paran�a Basin and eponymous for the
Paleozoic Furnas Formation.

As the non-fluvial catchment area of Lagoa Dourada is
composed of siliceous karst, there is limited surface runoff into the
lake: precipitation immediately infiltrates, contributes to the un-
derground karstic drainage system and returns to the surface via
layered karstic springs at the northern shores of Lagoa Dourada.
There the Furnas Formation borders the alluvial plain of Rio Gua-
biroba. Petrographic data document that sands transferred via
karstic springs are enriched in ultra-stable minerals like their
source: the Furnas Formation (Melo et al., 2003).

The short and ca. 300 m-long outflow of Lagoa Dourada drains
into Rio Guabiroba. However, during high rainfall events with
flooding, the water in the outflow channel changes direction and
enters the lake. These floodwater invasions are silting-up Lagoa
Dourada from the S, while the largest water depth of the lake is
close to the northern shore (Melo et al., 2003). During flooding, a
much larger catchment area extends ca. 25 km towards E (Fig. 1).
This watershed of Rio Guabiroba includes not only sandstones of
the Furnas Formation but also shales and fine-grained sandstones
of the Devonian Ponta Grossa Formation as well as reddish and
predominantly medium-grained Vila Velha Sandstones of the Up-
per Carboniferous Itarar�e Group (Fig. 1). The latter is cemented by
iron and manganese oxides and dominated by quartz with a high
mineralogical maturity (Melo et al., 2003;Melo and Coimbra,1996).
Some of the strongly cemented parts of the Vila Velha Sandstone
ha State Park based on information from “Plano de Manejo Vegetaç~ao Parque Estadual
io Guabiroba from Google Earth. Coring locations LD17-A and LD17-B are marked (X) in
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are resistant against weathering and form ruined inselbergs
described as “ruiniform relief” (Melo and Coimbra, 1996), one of the
major attractions of the Vila Velha State Park.

The subtropical climate at Vila Velha is characterized by
temperate oceanic conditions without dry seasons (Cfb according
to the K€oppen classification). The mean annual temperature is
17.5 �C (warmest month January: 21.4 �C; coldest month July:
13.7 �C) and the annual sum of precipitation reaches 1495 mm
(wettest month February: 177 mm; driest month August: 83 mm)
(Merkel, 2020). Regional vegetation is dominated by subtropical
grassland (Campos) with Araucaria woodlands covering hills and
valleys (Moro and Fürstenberger, 1998). A recent vegetation map of
the Vila Velha State Park determined Araucaria angustifolia (12%) as
the characteristic local tree in valleys and moister habitats with
deeper soils, while on shallow and drier soils on sandstones Cam-
pos dominates with Poaceae (23%), Cyperaceae (13%), Asteraceae
(10%) and Baccharis (9%) (Piraquive Bermúdez et al., 2021).

The modern freshwater of Lagoa Dourada is characterized by
alkalinity of 77.5 mg/l, pH of 7.8, water temperature of 19.8 �C and
9.2 mg/l dissolved oxygen. All measurements are mean August
values obtained from the epilimnion of 1990e1993 (Moro and
Fürstenberger, 1998). These water conditions are confirmed by
modern diatom samples, which document eutrophic conditions
typical for a shallow alkaline to neutral lake with a dominance
(>90%) of periphytic over planktonic diatom species (Moro and
Fürstenberger, 1998).
3. Methods

3.1. Coring, lithological description and subsampling

In February 2017 two parallel and overlapping sediment cores
(LD17-A: to a sediment depth of 14.0 m; LD17-B: 14.2 m) have been
recovered. The upper 10 m were cored with a light-weight Liv-
ingstone piston corer (Nesje et al., 1987) and the deeper sediments
with a square-rod Livingstone piston corer (Wright, 1967). The 1 m
long core sections (diameter: 50 mm) were obtained from a loca-
tion south of the largest water depth (5.4 m) of Lagoa Dourada
(50�2058.2100 W; 25�14025.5500 S). Coring sites were 10e15 m apart
Table 1
Radiocarbon ages with sample depths, sample characteristics as well as reservoir correc
modelling (shaded in dark gray) as well as outliers mainly located in sand horizons (sha

4

and at 4.0 m (LD17-A) and 2.8 m (LD17-B) water depths (Fig. 1). The
upper 20 cm of the record were almost liquid, difficult to retain and
only used for pollen analysis. All sediment cores were shipped to
the University of G€ottingen (Germany), where they were split,
photographed and describedmacroscopically. In addition,14 smear
slides from characteristic intervals were prepared following
Rothwell (1989) for microscopic sediment description (magnifica-
tion: 100e400 x) at the University of Bremen (Germany). In support
of core description, high-resolution color images are available from
the line-scan camera mounted to the ITRAX X-ray fluorescence
(XRF) core-scanner (Croudace et al., 2006, 2019).

Subsampling for pollen (Piraquive Bermúdez, 2020) and in
parallel for sedimentology and geochemistry (this study) was car-
ried out providing a total of 177 samples with a mean spatial res-
olution of 8 cm.
3.2. Dating

Terrestrial plant macro remains, encountered during sub-
sampling and searched for by sieving sediment slices, were pref-
erably used for radiocarbon dating wherever possible. However, no
macroscopic plant remains were found below 7.31 mcd (meter
composite depth), except for a part of a twig at 9.24 mcd. Twenty-
one AMS 14C samples were dated at the Pozna�n Radiocarbon Lab-
oratory in Poland (POZ) and two additional samples at the 14Chrono
Centre, Queen's University Belfast in Northern Ireland (UBA). Eight
dates derive from terrestrial plant macro remains, while other de-
terminations are based on bulk organic matter (OM; Table 1). To
assess the magnitude of a presumed old carbon effect of bulk dates
(reservoir effect), two sediment samples were submitted for
radiocarbon dating above and below the terrestrial macrofossil
date at 7.31 mcd. These two dates were not used in building the age
model. In addition to the radiocarbon dates, the sediment/water
interface (2017 CE) is used as a control point, while distinct sand
sections in the core are interpreted as events and treated as
instantaneous. Sediment accumulation in relation to the results of
radiocarbon measurements and the core top was modelled using
the R-package “rbacon” (Blaauw et al., 2021). Radiocarbon dates
were calibrated during age modelling applying the Southern
tions. Ages used for calculation of the reservoir effect are excluded from age-depth
ded in light gray).
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Hemisphere calibration curve SHCal20 (Hogg et al., 2020).
Several publications used for discussion provide only uncali-

brated radiocarbon ages. To improve comparisons with our data,
these ages were calibrated using OxCal 4.4 (Bronk Ramsey, 2009)
applying the Southern Hemisphere calibration curve SHCal20
(Hogg et al., 2020).
3.3. Core scanning

Prior to applying non-destructive core scanning techniques, the
split core halves were cleaned and smoothened. A continuous log of
volume-specific magnetic susceptibility (MS) was measured in
1 cm increments with a Bartington MS2E sensor employed to an
automated measuring bench (Dearing, 1994; Nowaczyk, 2001). For
analyzing the geochemical composition of sediment cores in high
resolution, all sections were scanned with the ITRAX XRF core
scanner (Cox Analytics) (Croudace et al., 2019; Croudace and
Rothwell, 2015). The molybdenum (Mo) tube was used with con-
stant settings of 30 kV and 50 mA, a step size of 2 mm and an
exposure time of 5 s. The output was processed with the software
Q-spec (Cox Analytics) and results are expressed in counts (cts),
which describe relative intensities of 23 elements as well as vari-
ations of coherent (coh) and incoherent (inc) scattering.

In a next step, reproducibility of XRF elemental data was eval-
uated by five repeated scans of two 1 m long sections representing
highly organic (sediment core LD17-B6) and highly minerogenic
(LD17-B12) sediment with the same adjustments as mentioned
above. A feasible way to evaluate the credibility of each determined
element is to calculate correlation coefficients for elements be-
tween replicate measurements where high correlations indicate
good reproducibility for the respective element. This procedure
allows excluding elements with low signal-to-noise ratios
(L€owemark et al., 2019), thus reducing the number of elements for
statistical evaluation.

Due to changing physical properties along the sediment record,
like matrix effects related to variations in water content, OM con-
tent and/or grainsize, the chemical composition obtained by XRF
core scanning is non-linearly correlated to element concentrations
(Croudace et al., 2019; Tjallingii et al., 2007). Moreover, element
intensities underlie the closed-sum effect, which inhibits multi-
variate statistical analyses (e.g., Martin-Puertas et al., 2017). A so-
lution for these limiting factors is available with the centered log-
ratio (clr), which normalizes data and determines relative
changes in element composition resembling their chemical
composition (Tjallingii et al., 2007; Weltje et al., 2015; Weltje and
Tjallingii, 2008). Moreover, clr transformation is consistent with
the statistical theory of compositional data analyses (Aitchison,
1982; Weltje et al., 2015) and calculates as:

clr of Iij ¼ ln ðIij = gmjÞ;

where Iij is the intensity (I) of the element i for measurement j and
gmj is the geometric mean of all elements analyzed at measure-
ment j. In addition to elemental clr values, we calculate the log
molybdenum incoherent/coherent scattering ratio (ln inc/coh),
which is regarded as a proxy for OM content of lacustrine sedi-
ments (Liu et al., 2013; Woodward and Gadd, 2019). This ratio of
Compton scattering (inc) versus Rayleigh scattering (coh) depends
on the presence of light elements (H, C, N, O). High amounts of
these elements, such as analyzed for OM and/or high-water con-
tent, increase the Compton Effect and thus the value for ln inc/coh.
Other possible matrix effects are negligible (Weltje and Tjallingii,
2008; Woodward and Gadd, 2019).
5

3.4. Elemental analyses

Total carbon (TC), total nitrogen (TN) and total sulphur (TS) were
measured with a CNS elemental analyzer (EuroEA, Eurovector).
Prior to measurements, all 177 samples were freeze-dried, ground,
homogenized and 5e20 mg were weighted into tin crucibles.
During measurements, the elemental analyzer combusts the cru-
cibles with the sample material at a temperature of 1800 �C. All OM
is oxidized and the resulting gases (CO2, NO2, SO2) are detected by
chromatography. As TC includes organic as well as inorganic car-
bon, a second step is necessary to distinguish total organic carbon
(TOC) from total inorganic carbon (TIC). As the catchment area has
no carbonaceous rocks, we assume that also the lacustrine sedi-
ments are carbonate-free. To test this hypothesis, 10 samples with
TC values > 2% were treated first with 3% and then with 20% HCl at
80 �C to remove potential carbonates prior to measurement of TOC
with the same elemental analyzer. Total inorganic carbon (TIC) was
then calculated as the difference between TC and TOC. Furthermore
and to distinguish autochthonous from allochthonous sources of
OM, C/N ratios were calculated with low values (<10) indicative of
autochthonous lacustrine productivity (algal matter), while higher
values (>20) are dominated by higher plants with cellulose of
terrestrial origin (Meyers and Teranes, 2001). Biogenic matter is
calculated as the sum of opal (BSi) and OM, which is the product of
TOC with the factor of 2.13 (Dean, 1974).

Biogenic silica (BSi) was analyzed for 177 samples following the
leaching method of Müller and Schneider (1993). We extracted BSi
with 1 M NaOH at 85 �C. The solution was cycled by a continuous-
flow system into an auto analyzer, where dissolved silicon was
detected by spectrophotometry.
3.5. Grainsize

Prior to grainsize analysis, OM was removed by H2O2 from each
of the 177 samples. For dispersion, 20 ml of Calgon [(NaPO3)n] was
added and agitated overnight. On the next day, analyses were
performed with a laser diffraction analyzer (Beckman Coulter LS
200) after ultrasonic treatment for 30 s. Each sample was measured
at least four times for 60 s until a stable distribution was reached.
Thereafter, the arithmetic mean was calculated for the best three
sample runs. Grainsize distributions and all statistical grainsize
parameters were calculated from the output of the LS 200 as geo-
metric graphical measures according to Folk and Ward (1957) with
the MS Excel-based macro Gradistat, Version 8.0 (Blott and Pye,
2001).
3.6. Multivariate statistics

Principal component analysis (PCA) was applied to the stan-
dardized and normalized (clr-transformed) dataset obtained by
XRF core scanning for reducing the data dimension (Abdi and
Williams, 2010). The standardization rescaled each element's pro-
file to zero mean and unit standard deviation. The selection of
credible principal components (PCs) is based on the elbow concept
and preference is given to PCs with >10% of total variance. The first
two PCs were selected and whitened (i.e., standardized) as data
representation. The logic of whitening is the same as for stan-
dardization prior to PCA. The process of whitening gives the two
selected PCs equal contribution for later clustering. We applied
“hierarchical density-based spatial clustering of applications with
noise” (HDBSCAN). This clustering algorithm combines hierarchical
clustering with the spatial density metric of data and tends to find
clusters with dense distributions (McInnes et al., 2017). Due to
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density-based characteristics, the shapes of the clusters are not
limited to sphere-like shapes but can also be polygons as long as
data points within these clusters are dense enough. Furthermore,
data points located in a loose manner or at distance from the cores
of dense clusters will be recognized as noise, i.e. as outlying data.
This makes the algorithm robust against noise. HDBSCAN's hierar-
chical clustering approach on density metric provides flexibility
with regard to density. In other words, data points determined as
dense clusters can be based on different densities, for details see
the algorithm's source documents (https://hdbscan.readthedocs.io/
en/latest/index.html). Two primary parameters have to be adjusted
for this algorithm. Min_cluster_size sets the minimum size for the
grouping of data considered as a cluster and Min_sample de-
termines what the algorithm defines as “dense”, i.e. howmany data
points will be selected as noise. A grid search for optimal param-
eters (min_cluster_size: 20, 50, 80, 100, 150, 200; min_sample: 2, 3,
4, 5, 8, 10) was carried out by checking the visualization of spatial
data distributions on the first two PCs. Optimal min_cluster_size
and min_sample were set to 100 and 5, respectively. Computations
and part of visualizations were conducted using the packages in the
Scipy ecosystem (Harris et al., 2020; Hunter, 2007; Pedregosa et al.,
2011; van der Walt et al., 2014; Virtanen et al., 2020) and the
HDBSCAN library (McInnes et al., 2017).

Individual cluster labels were smoothed to develop the clus-
terlog. This was carried out by looking at subsets of 11 consecutive
data points (11 � 2 mm). For each of these subsets, fragmented
labels and labels of minor importance were replaced by the
dominant label. Thus, 31.4% of noise was changed to cluster labels,
which increased the number of cluster labels for all clusters except
Fig. 2. Litholog (left) of the composite record based on macroscopic and microscopic obse
composite record as well as positions of samples for radiocarbon (14C) dating. Radiocarbon a
matter as pink stars. All data related to 14C dating are provided with Table 1. Clusterlog (right
in this figure legend, the reader is referred to the Web version of this article.)
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for cluster 3, which remained unchanged.
4. Results

4.1. Core correlation and lithological description

Correlation of core sections from LD17-A and LD17-B is based on
20 marker layers clearly distinguishable on high-resolution line-
scan images and supported by high-resolution XRF core scanning
data. Of all detected elements, Ca is best suited for this purpose due
to relatively high counts combined with sufficient variability along
the entire record (Fig. S1). All depths of the established composite
record are provided in meter composite depth (mcd). Technical
gaps due to coring typically occur between individual core sections
and were bridged down to 10.5 mcd by parallel and overlapping
cores (Fig. 2). Beyond 10.5 mcd and until the basal depth of
14.4 mcd there are five intersections of which four could not be
bridged due to lacking overlap. These gaps were assumed to be
3 cmwide based on the mean for similar technical gaps observed in
the upper 10 m.

Initially, the scans of magnetic susceptibility (c) were intended
for core correlation. However, the variability of c was too low for
this purpose (Figs. 3 and S2). Moreover, above 9.7 mcd LD17-A and
LD17-B show mean values for c of �4.14 SI and �3.98 10�6 SI,
respectively, i.e. in the field of diamagnetism. Only below 9.7 mcd c
has positivemean values of 7.5110�6 SI for LD17-A and 15.4310�6 SI
for LD17-B, i.e. in the field of paramagnetism (Fig. S2). Thus, the
record of Lagoa Dourada carries no ferromagnetic signal and c
cannot be used for core correlation.
rvations with lithozones A1 through G, core sections used for the construction of the
ges of terrestrial macrofossils are shown as yellow diamonds and those on bulk organic
) based on cluster analysis for comparison. (For interpretation of the references to color

https://hdbscan.readthedocs.io/en/latest/index.html
https://hdbscan.readthedocs.io/en/latest/index.html


Fig. 3. Litholog with lithozones A1 through G (for legend: cf., Fig. 2) with bulk geochemistry, including total nitrogen (TN), total organic carbon (TOC), total inorganic carbon (TIC),
magnetic susceptibility (Magn. susc.), biogenic silica (BSi), carbon-to-nitrogen ratio (C/N) and mean grainsize. Sand horizons (LZs B and E) and lithozone F are shaded in gray.
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A test for total inorganic carbon (TIC) was carried out with 14
lithologically representative samples (Fig. 3). The detected values
are very low and range between �1.99 and 2.49% TIC (mean: 0.45%
TIC) confirming our assumption that the sediment is basically free
of carbonates like the catchment area.

Based on macroscopic as well as on microscopic sediment
characterization and supported by bulk geochemistry and grain-
size, the sediment record of Lagoa Dourada is subdivided into seven
lithological units (lithozones A to G: LZ A-G) with six subzones
(Figs. 2 and 3). Basal LZ A1 (14.4e12.1 mcd) is a dark gray mud
composed of up to 15% BSi (opal of small planktonic central and
pennate diatoms as well as few sponge spicules) but low amounts
of TOC (~3%) in a silt-rich matrix. The C/N ratio decreases from base
(15) to top (10) of LZ A1, indicating increasing autochthonous OM
supply. This development is interrupted by a gray layer of fine sand
(LZ B1: 12.1e12.0 mcd) with almost no organic components. The
following LZ C consists of laminated and diatomaceous dark gray
mud (12.0e11.5 mcd) with dominating pennate and very small
(planktonic) diatoms. C/N ratios remain low (7e12) and medium
silt dominates the grainsize. Altogether, this evidences the devel-
opment of a deeper lake system with peaking BSi (up to 30%) and
increasing TOC values (~5%). LZ B2 (11.5e10.4 mcd) is a thick and
structureless gray sand layer without organic components. With LZ
A2 (10.4e10.0 mcd) the dark gray mud of LZ A1 returns. Compared
to LZ A1, geochemical data of LZ A2 showmarkedly lower values for
BSi (<3%), while TOC increases to 7% including more allochthonous
organic material as indicated by rising C/N ratios. For the third
intercalation of gray sand (LZ B3: 10.0e9.5 mcd) inorganic condi-
tions recur with BSi and TOC documenting almost absence of OM.
7

With the advent of LZ D1 (9.5e8.9 mcd), sediments change
markedly (Fig. 3). The bedded brown organic mud differs distinctly
from all lithozones below. A color change to brownish hues in-
dicates an increased importance of OM (mean TOC ~10%) including
plant macrofossils that explain the rise of C/N ratios to 32. Diatoms
show comparable values (~3% BSi) like in LZ A2. In addition to
changes in color and OM, mean grainsize coarsens from dominance
of medium silt in lithozones A and C to coarse silt in LZ D with
frequent intercalations of fine sand. LZ D1 is followed by an inter-
calation of 1.2 m of dark gray sand (LZ E1: 8.9e7.7 mcd) consisting
mainly of fine sand without organic components. Following this
sand layer, sediments continue with LZ D2 (7.7e6.7 mcd) and
increasing TOC values (20%). Diatoms remain at lower values (~3%
BSi) like before, while C/N ratios decrease to 20. After a second dark
gray and fine sand horizon without organic components (LZ E2:
5.7e5.3 mcd), bedded brown organic mud (LZ D3: 5.3e1.1 mcd)
continues with increasing OM contents (maxima up to 30% TOC)
and slightly more diatoms (~5% BSi), while C/N ratios decrease to
13. Throughout LZ D the mean grainsize remains in the coarse silt
fraction, while organic productivity increases as documented by
higher TOC and BSi values. At the beginning of LZ D3 the influence
of allochthonous OM is still high (C/N> 20) but decreases thereafter
to <15. In LZ D3 amorphous OM is ubiquitous as well as pyrite,
which often forms microscopically detectable framboids.

With LZ F (1.1e0.4 mcd) minerogenic sediments recur (Fig. 3).
This pale brown to gray clay-rich mud displays a drop in lacustrine
productivity to 2% BSi and 13% TOC (Fig. 3). Additionally, C/N ratios
decline reaching low values of 11, thus indicating dominance of
autochthonous OM. Grainsize changes to finest values of the record
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with a mean in the fine silt fraction and up to 33% of clay. Finally, at
the top of the record there is black, organic-rich and homogenous
mud (LZ G: 0.4e0.2 mcd) with a higher water content and TOC
values reaching 29%, while the C/N ratio remains at ~10. Despite
these productive conditions causing highly organic sediments, BSi
remains <3%.
4.2. XRF scanning data: comparing litholog with clusterlog
stratigraphies

The XRF scanner detected 20 elements (Al, Si, P, S, Cl, K, Ca, Ti, V,
Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr, Pb) with counts varying from 7
(Cl) to 21,607 (Fe) as well as coherent (coh) and incoherent (inc)
radiation. Many of these elements have low signal-to-noise ratios
and need to be excluded from further discussion. Five replicate XRF
scans were carried out for 97 cm of organic sediment from LD17-B6
(LZs D2, E2 and D3) and 97 cm of minerogenic sediment from LD17-
B12 (LZs A1, B1 and C). These records were used in correlation
analyses to inform on the replicability of the signals. High corre-
lations reveal a generally good reproducibility of elemental ana-
lyses (Table S1). Only elements with a high positive correlation
(r > 0.8) for at least one of the two scanned sediment sections are
considered for further discussion (Table S1). Thus, ten elements (Si,
S, K, Ca, Ti, Fe, Zn, Rb, Sr, Zr) as well as the inc/coh ratio are selected
for principal component analysis (PCA) and cluster analysis.

The first two principal components (PCs) are representing 64.6%
of the explained total variance (Fig. 4). Additional PC's explain <10%
and were not considered based on the elbow concept (Fig. S3). This
first PC discriminates with 43.8% of explained variance between
organic (positive direction) andminerogenic sediment composition
(negative direction). The second PC with 20.8% of explained vari-
ance represents mainly the trends in grainsize variability with
Fig. 4. PCA loadings from homogenized (clr-transformed) elemental intensities ob-
tained by XRF core scanning. The first two principal components preserve 64.6% of the
total variance. The four determined clusters (Cluster 1e4) are color-coded (for legend:
cf., Fig. 2) and data points related to noise are plotted in gray. The circle indicates a
value of 1 for the loadings. Interpretations in terms of grainsize variations and
dominance of organic vs. minerogenic matter are indicated by blue arrows. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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larger grainsizes related to the positive direction and smaller
grainsizes to the negative direction. Hierarchical density-based
spatial clustering of applications with noise (HDBSCAN) provides
four distinct clusters (Fig. 4), which are transferred into a clusterlog
to be compared with the litholog (Fig. 2). Although the number of
clusterlog units (4) is smaller than the number of litholog units (7),
an overall agreement is evident. The discrepancies, i.e. merging of
the LZs A with C, B with E as well as D with G, are related to XRF
analyses capturing only heavier elements than Al. Thus, changes in
organic sediment components consisting of lighter elements such
as H, C and O are not detected.

Cluster 1 combines LZ B (light gray sand) with LZ E (dark gray
sand), the latter being influenced by organic-rich pore water
available from under- and overlying highly organic sediments of LZ
D. The distinct link to Si and Zr relates these two sandy lithozones
to weathering resistant minerals (quartz, zircon) of the Furnas
Formation as their source rock. LZ A (dark gray mud) and LZ C
(laminated and diatomaceous dark gray mud) together are related
to cluster 2, which shows K, Ti and Rb as dominant siliciclastic el-
ements. These elements likely originate from the Ponta Grossa
Formation consisting of shales as potential source rocks.

Cluster 3 links to LZ F (reddish brown clay-richmud)with Fe and
Sr as dominant elements. As Fe is lacking in the Furnas Formation,
these sediments derive from the iron-rich cement of the Vila Velha
Sandstone. Moreover, PC loadings of Fe plot at the transition from
minerogenic to organic components (Fig. 4), which indicates that Fe
is not only bound to detrital silicates but also occurs as pyrite (FeS)
and thus can as well be related to organic productivity. Sulphur is
introduced to the sediment via lacustrine production of OM, which
is deposited, decomposed and combined with dissolved Fe under
anoxic (reducing) conditions typical for eutrophic lakes. Thus, there
is a positive correlation between Fe and S for organic LZ D (r¼ 0.49).
However, the correlation for minerogenic LZs A and C is negative
(r ¼ �0.48). This characteristic of Fe results in absence of any cor-
relation between Fe and S if the entire record is considered
(r ¼ �0.20).

In cluster 4, including LZs D (bedded brown organic mud) and G
(black, organic-rich homogenous mud), the organic components S,
Ca and the inc/coh ratio are combined. Despite this link to cluster 4,
Ca has a positive correlation with the siliciclastic elements K
(r ¼ 0.68), Fe (0.50), Rb (0.68) and Sr (0.75) for LZs A1 and C. More
dominantly than Fe, Ca is related to organic productivity, which
might result from carbonaceous shells, which have been observed
sporadically during coring. However, evidence for carbonate is
lacking e TIC was not detected and XRD analysis is not promising
because of very low calcite concentrations, as it was similarly
documented for the highly organic sediment record from Laguna
Azul (Zolitschka et al., 2019). Finally, the inc/coh ratio has a positive
correlation (r ¼ 0.88) with TOC (Fig. S4) and thus provides a very
high-resolution record of OM for the sediment record of Lagoa
Dourada.

4.3. XRF scanning data: stratigraphy of selected elements

High-resolution XRF core-scanning data support the lithological
description. However, and due to their high spatial resolution of
2 mm, XRF records are more detailed and provide additional in-
sights. All sand layers are reflected by distinct lows of the ln inc/coh
ratio as well as by pronounced peaks in Si (Fig. 5), both proxies
clearly document inorganic quartz deposition. The high-resolution
OM proxy (ln inc/coh) displays a steady increase of organic pro-
ductivity from the base of LZ A1 until the top of the record, if the
sand layers and LZ F are taken out of consideration. However, a
marked increase is observed at the onset of LZ D1, when dark gray
mud changes to brown organic mud. This distinct sedimentological



Fig. 5. Litholog with lithozones A1 through G (for legend: cf., Fig. 2) and selected clr-transformed elemental data obtained by XRF core scanning. Shown are the elements sulphur
(S), silica (Si), titanium (Ti), iron (Fe), potassium (K) and the incoherent/coherent ratio (inc/coh). Sand horizons (LZs B and E) and lithozone F are shaded in gray.
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transition is even more pronounced for the S record, with low
values prior to LZ D1 and much higher values during LZ D1 (Fig. 5).
After this major sedimentological transition S covaries with Fe,
which is explained by diagenetic formation of pyrite (FeS). This
mineral is formed under anoxic conditions and was determined by
microscopic smear slide investigations as typical framboids. Such
conditions also explain the higher degree of OM preservation
during LZ D. During LZs A and C, Fe displays a decreasing trend and
no covariation with S. Thus, we consider Fe as being related to a
siliciclastic source for the older part of the record. This assumption
is supported by the elements K and Ti. Both are siliciclastic and
decrease as well during LZs A and C (Fig. 5).

The only marked change in the upper 5 m of the sediment re-
cord is related to the reddish-brown clay-rich mud of LZ F. During
this lithozone, the organic parameters ln inc/coh and S drop to
distinctly lower values while Fe increases. We consider this as the
result of an increased siliciclastic origin of Fe during LZ F, which is
again supported by K and Ti values rising in parallel. For topmost LZ
G, most elemental parameters seem to continue from where LZ D3
was interrupted by LZ F. Only the element K shows an unexpected
increase during this lithozone peaking at higher values than during
the entire LZ D.
4.4. Grainsize statistics and sediment dynamics

Grainsize analysis documents two distinctly different pop-
ulations (Fig. 6). Silty sand and fine to medium sand of LZs B and E
are moderately well-sorted, unimodal and with one maximum in
the fine sand fraction (Fig. S5). The other lithozones except LZ D3
consist of poorly sorted sandy silt or silt. They are characterized by
bimodal grainsize distributions (Fig. S5) with maxima in the
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medium to coarse silt fractions and in the fine sand fraction (LZs A1
and F). Only LZ D3 displays a trimodal grainsize distribution with a
broad maximum in the fine silt fraction and two narrowmaxima in
the fine and medium sand fractions (Fig. S5).

As there are no dunes or sand sheets in the catchment area to
explain the moderately well-sorted sands of LZs B and E, we
consider that this distinct unimodal grainsize distribution is
inherited from sandstones of the Furnas Formation. During its
relatively rapid flow through the karst hydrological system, the
groundwater adds no additional grainsize fractions prior to depo-
sition in Lagoa Dourada. Very different from the sand layers, the
silt-sized sediment of LZs A, C and F probably originate from the
shales of the Ponta Grossa Formation in the larger catchment area,
which is drained via Rio Guabiroba and enters the lake during
flooding events where it settles out of suspension. As this suspen-
sion freight needs to be transported towards the lake against the
slope of the outlet channel (Fig. 1), it is unlikely that the fine sand
component observed by the secondary grainsize maximum rained
out of suspension from river floods as well. Instead, we consider
these sands as subordinated contribution from karstic springs,
contributions which are coarser andmore pronounced during LZs A
and D compared to LZs C and F. Lithozone F has distinctly less fine
sand, while there is a four-times higher contribution of clay.

Grainsize distributions provide insights into depositional pro-
cesses at Lagoa Dourada. The two different sand horizons (LZs B and
E) can only be differentiated by their color (Fig. 2), but have com-
parable unimodal grainsize distributions (Fig. S5) and an almost
identical chemical composition (Figs. 4 and 5). Based on the lack of
OM and iron as well as on grainsize and chemical composition
inherited from weathering-resistant minerals of the Furnas For-
mation, we consider these sands as event deposits related to



Fig. 6. Ternary grainsize diagram (red dots mark individual samples) with mean grainsize values for lithozones A-F (labelled with the corresponding letter and encircled in green
color). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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flushing of the karst hydrological system. These sediments are
added to the stratigraphic record in relatively short time intervals
and thus are without temporal significance for the stratigraphic
record. The other lithozones are dominated by silt-sized grainsize
fractions, derived from suspension fallout, but also show a minor
sandy component (bimodal grainsize distribution, Fig. S5) likely
added by karstic springs. This sand component is least pronounced
for LZs C and F. The highly organic LZ D shows a trimodal grainsize
distribution (Fig. S5) with two maxima in the sand fraction, which
is interpreted in terms of increasing importance of the karst system
for the contribution of minerogenic components to the lake, while
settling out of suspension was reduced.

4.5. Age-depth model

All radiocarbon dates from terrestrial macrofossils are in strat-
igraphic order and their age-depth relationship is almost linear
(Table 1, Fig. 7). Radiocarbon age determinations on bulk sediment
also follow a linear age-depth trend with a cluster of three dates
being too young and two dates being too old compared to the trend
indicated by the other ten bulk dates. The two radiocarbon dates on
bulk sediment above and below the terrestrial macrofossil at
7.3 mcd are too old by 5065 and 5235 radiocarbon years, respec-
tively (Table 1). The resulting average of 5150 years is used as an
offset applied to all bulk dates prior to calibration. Describing the
uncertainty of this reservoir correction, an error of 100 years was
added as contribution of old carbon to the sediment, which cannot
be regarded as constant with time.

The resulting age-depth model suggests an age of 10,400 cal. BP
for the basal sample (Fig. 7). The two aforementioned clusters of
five bulk dates deviating from the general trend were not consid-
ered by the age model. It is noticeable that four out of five bulk
dates deviating from the linear trend were obtained from sand
sections. The radiocarbon date of the twiglet at 9.25 mcd was also
compared to a neighboring bulk date resulting in an offset of 5145
years (Table 1), which confirms that the reservoir effect applied
10
(5150 years) is applicable also for the older part of the record with
much lower OM content.

5. Interpretation

Processes of sediment formation at Lagoa Dourada are differ-
entiated into threemodes according to their elemental composition
and supported by cluster analysis (Figs. 3e5). The three involved
depositional processes relate to (1) fluvial activities of Rio Guabir-
oba, (2) discharge through the karst hydrological system and (3)
autochthonous lacustrine productivity. Contributions of all three
processes vary through time. However, one of them can always be
regarded as the leading depositional process. Prevalence of karstic
runoff is considered for the five sand layers, i.e. cluster 1 (Figs. 2 and
4). As coarse-grained deposits they differ from the fine-grained silts
related to seasonal flooding of the river. Therefore, they are regar-
ded as short events and thus as stratigraphically insignificant. This
is why these sand intercalations via karst hydrology are excluded
from the discussion of past environmental conditions as well as
from the selection of geochemical, elemental and sedimentological
data plotted vs. time (Figs. 8e10). Based on these considerations,
five different periods have been distinguished for this subtropical
lake characterizing its Holocene environmental history.

5.1. Early Holocene (10,400e7800 cal. BP) with dominance of
fluvial sedimentation

This period is composed of LZs A1 and C and characterized by
cluster 2 with increased values of Fe, K and Ti (Fig. 9) in a medium
silt matrix. This type of sediment is introduced by suspension
fallout during flooding of Rio Guabiroba. Moreover, the elemental
composition excludes the Furnas Formation as the source for these
deposits, because Fe and K are unknown from the sandstone of the
Furnas Formation making river influence the only possible source.
In terms of organic sediment components, the onset at 10,400 cal.
BP reflects rather low values for TOC and BSi (Fig. 8). While TOC



Fig. 7. Age-depth relationship (red dotted line) modelled with “rbacon” and based on 21 radiocarbon dates (in blue) with the sediment surface (in green). The 1s error margins
(gray dotted lines) are indicated as well as the five sand horizons (gray horizontal bars) excluded from age-depth model calculations. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Selected geochemical data (biogenic silica: BSi; total organic carbon: TOC; carbon-to-nitrogen ratio: C/N ratio) are shown together with mean grainsize vs. time. Lithozones
and the position of sand horizons (LZs B and E) excluded from age-depth modelling are labelled as well as stratigraphical assignments and human impact.
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Fig. 9. Selected clr-transformed elemental data obtained by XRF core scanning. Shown are the elements sulphur (S), silica (Si), titanium (Ti), potassium (K), iron (Fe) and the log
incoherent/coherent ratio (ln inc/coh) vs. time. Shading as in Fig. 8.
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remains at such low levels throughout this period, diatom pro-
ductivity (BSi) increases rapidly and reaches two distinct maxima at
8300 and 8000 cal. BP, both with microscopically detectable high
numbers of planktonic diatoms. This increased diatom productivity
might be fostered by relatively high amounts of K and Si together
with other micronutrients essential for diatom growth introduced
through fluvial discharge, while N remains rather low (Fig. 8)
leaving non-siliceous algae at low numbers. In general, the lacus-
trine system of the Early Holocene is characterized by increasing
nutrient levels, while the source of OM is dominantly lacustrine (C/
N ratio: 10e15).

Rio Guabiroba flows on its flood plain with a very low gradient.
This is indicated by the high degree of meandering along the river
course (Fig. 1), which leads to the deposition of silt and sand in the
river bed. During flooding, coarse silt and fine sand are deposited
on the river banks forming a levee and finer grains cover the flood
plain. Lagoa Dourada is situated on this flood plain and has a short-
12
cut connecting river and lake. As flooding through this outflow
channel occurs against the local gradient, flow velocity is expected
to be low and only silt and clay can be transported and eventually
deposited in the lake basin as suspension fallout. This process is
supported by observations during coring, when low lake-water
transparency due to high suspension loads occurred during a
flood event changing to high lake-water transparency virtually
hours after the flood event has ended.

Another aspect to be mentioned is the availability of fine-
grained material for river transport and deposition. Initially such
material needs to be eroded, but erosion only occurs if the soil is not
well protected by vegetation. Moreover, the type of rainfall in-
creases the susceptibility to erosional processes: episodic precipi-
tation during a drier climate results in higher erosion rates
compared to more evenly distributed precipitation during a wetter
climate. This would exclude forest as vegetation type for the Early
Holocene as it protects from soil erosion. Thus, decreasing silt



Fig. 10. Comparison of speleothem data from Caverna Botuver�a with lacustrine sediment data from Lagoa Dourada, both S Brazil. A) Oxygen isotope record from Botuver�a spe-
leothem BTV2 focusing on the last 14 ka (Cruz et al., 2005a, 2005b). Climatic conditions are labelled and color-coded (YD: Younger Dryas) and derived from Novello et al. (2017).
Note that this time scale is in U/Th years! B) Oxygen isotope record and C) Sr/Ca ratio from Botuver�a speleothem BTV21 for the Holocene (Bernal et al., 2016a, 2016b) with
hydroclimatic interpretation (arrows). Additionally, clr-transformed elemental data of D) titanium (Ti) and E) potassium (K) are shown from the sediment record of Lagoa Dourada.
The three most prominent Holocene climatic events are marked by vertical gray bars. Note: the chronology for the last millennium of the Lagoa Dourada record is shown with the
“rbacon” age-depth model causing a temporal offset for the last millennium e for explanation see the text. All data from Caverna Botuver�a were accessed online via the NOAA
Paleoclimatology Program on February 18, 2021. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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deposition during the subsequent early Middle Holocene transi-
tional period is explained by woodland expansion as the conse-
quence of higher rainfall reducing soil erosional processes. Another
possible explanation could be that levees have been created in the
course of several millennia protecting the flood plain more effi-
ciently from flooding.

The final centuries of the Early Holocene (8300-7800 cal. BP) are
characterized by an all-time maximum in planktonic diatom
development (Fig. 8), a marked decrease in Ti as well as a distinct
increase in K (Fig. 9). Together, this could be explained by increased
precipitation, which would correspond to less soil erosion due to a
denser vegetation cover (Ti), a higher degree of chemical weath-
ering with related leaching of K and a deeper lake with more nu-
trients beneficial for planktonic diatom development (Fig. 9). This
wetter period may represent the 8.2 ka event, which is character-
ized e according to model simulationse bymore rainfall in S Brazil
as a result of North Atlantic cooling and monsoon enhancement
across Brazil (Morrill et al., 2013).

5.2. Early Middle Holocene transition (7800-6200 cal. BP) from
dominance of fluvial influence to autochthonous lacustrine
deposition

This combination of LZs A2 and D1 is a two-partite transitional
period belonging to clusters 2 and 4. On the one hand, BSi drops
from 20 to 3% right at the beginning of this period and remains
constantly low further on. On the other hand, TOC triples to values
up to 15%. This development goes along with an increase of the C/N
ratio from 12 to 30, a change starting with a delay of 400 years,
which indicates a higher influence of allochthonous OM inter-
preted as a decrease in water depth with less lacustrine and more
catchment derived OM. This parallels an increase in mean grainsize
from 20 mm (middle silt) to 70 mm (fine sand). C/N and grainsize
remain at their high levels until the end of the early Middle Holo-
cene at 6200 cal. BP. A component related to OM that additionally
comes into play during the latter part of this period is S (Fig. 9). This
element is low during the first part of this transition and increases
markedly after 7400 cal. BP e a change that goes along with an
increase in Fe. Formation of pyrite explains this process pointing to
anoxic conditions at the lake floor and being responsible for the
color change to darker hues with the onset of LZ D1. Finally, ele-
ments of theminerogenic sediment component relating to the river
catchment area as source (K, Ti) loose importance towards the end
of this transitional period (Fig. 9).

There are two possible options explaining the transition from
silt-dominated sediments poor in OM to an increasing sand-
dominance with more allochthonous OM. The general process
behind this development is less influence of river flooding. Simul-
taneously, increasing influence of organic lacustrine productivity
and/or runoff from the immediate catchment area of Lagoa Dour-
ada with influx of allochthonous OM such as leaves and twigs is
reflected by higher C/N ratios. Buildup of levees preventing the
floodplain from flooding could be regarded as an explanation.
However, as the outflow channel from the lake always keeps an
opening in the levee, this option seems unlikely. Instead, it is more
likely that higher and more evenly distributed precipitation
increased the density of vegetation, which on the one hand protects
soils in the wider catchment area of Rio Guabiroba from erosion
and thus reduces availability and river transport of fine-grained
minerogenic matter. On the other hand, less suspension transport
of the river frees fluvial energy increasing incision rates into the
river bed and reducing the likelihood of flooding. As the second
mechanism can be explained favorably by increased rainfall, we
assume this process to be the most likely case explaining the
change in depositional processes.
14
More precipitation is also regarded as the reason for (1) higher
activity of the karst hydrological system responsible for introducing
sand into the lake; (2) intensified chemical weathering and thus
increased pedogenesis in combination with denser vegetation
making available more nutrients such as N and P (cf., Fig. 3 for N).
Additionally, the decrease in diatom abundance suggests other
algae, such as blue-green algae (cyanobacteria), as being respon-
sible for a fueled lacustrine productivity leading to anoxia at the
lake bottom with formation of pyrite; and (3) an increased density
of vegetation, which explains the higher contribution of allochth-
onous and lignin-rich OM responsible for increasing C/N ratios
(Fig. 8). The underlying change from a drier to a wetter landscape
with adapting vegetationmight be considered as the reason for this
transition indicated by highest C/N ratios and sand influx. It is
interesting to note that this transitional period is framed by two
(LZs B2 and E1) and includes a third (LZ B3) out of five sand hori-
zons, which make up almost 87% of the thickness of all sand layers.
This also confirms a higher activity of the karst hydrological system
in the catchment area.

5.3. Late Middle Holocene (6200-3800 cal. BP) with
stabilization of lacustrine deposition

During the late Middle Holocene (LZ D2) the ecosystem stabi-
lized with increasingly organic sediment deposition. Although BSi
remains at its low level, TOC continues to rise to 20% until 4600 cal.
BP, when a distinct drop to 10% occurs until 3800 cal. BP (Fig. 8). The
only other parameter marking this change is grainsize, which
coarsens towards amean of >100 mm. Thus, the drop in TOC likely is
a result of dilution by additional quartz grains. However, the C/N
ratio is decreasing (Fig. 8), which excludes intensified surface runoff
and suggests a stable catchment system with increased influx of
sand via karstic springs. This is supported by continuing high levels
of S indicating anoxia as the result of increased organic lacustrine
productivity probably dominated by blue-green algae.

Altogether, the lacustrine system further stabilized during this
period as well as the catchment area, from where less terrestrial
organic remains enter the lake and thus cause the C/N ratio to
decrease. However, between 4600 and 3800 cal. BP and thus prior
to the onset of the Late Holocene, an increased activity of the karst
hydrological system indicates wetter environmental conditions not
only causing an increase in grain size but also the formation of the
youngest sand layer (LZ E2) at this transitional period.

5.4. Late Holocene (3800-150 cal. BP) with mature lacustrine
deposition

The Late Holocene lake system matures in the course of LZ D3.
OM steadily increases to a maximum of >25% TOC and also BSi
doubles to 5%. At the same time, the C/N ratio decreases indicating a
more prominent contribution of autochthonous lacustrine OM. This
is supported by S remaining at the same high level as during the
Middle Holocene and thus documents the presence of anoxia at the
lake bottom. Grainsize diminishes from a mean of 50 to 30 mm as
well as siliciclastic elements (K, Ti) decrease, indicating a minimum
of minerogenic components. Altogether, the lake develops towards
more eutrophic conditions with two TOC maxima at 1750 and
1000 cal. BP.

The ending of LZ D3 is characterized by distinctly dropping
values for Ti and K, which is best explained by denser vegetation
inhibiting soil erosion. This interpretation argues in favor of higher
precipitation as the responsible factor, i.e. a strengthening of the
SAMS, comparable to the observation made for the 8.2 and 4.2 ka
events. Due to more humid conditions with distinctly reduced
export of erosion-related elements Ti and K (lowest value of the
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entire record for Ti), these four centuries are related to the LIA.
However, the timing as determined by the radiocarbon-based age-
depth model is 1000e600 cal. BP (950e1350 CE; Fig. 10) and would
be too old if compared to other available dates for the LIA in the
Southern Hemisphere: 600-150 cal. BP or 1350e1800 CE (e.g.,
Bernal et al., 2016b). As the onset of the LIA is very distinct, we use
this transition to adjust our chronology with the date of 1350 CE for
the beginning of the LIA (Fig. S6). The radiocarbon-based age-depth
model (Fig. 7) provides an older age because the youngest 14C age is
850 cal. BP (1100 CE). As the lithology is quite variable during the
last millennium, a higher degree of variability has to be expected
for the sedimentation rate, which is modelled as linear due to the
lack of data points (Table 1, Fig. 7).

5.5. Human impact with returning dominance of fluvial
sedimentation during the last two centuries

Drastic sedimentological changes occur after the preceding
mature period within LZs F and G. Not only TOC, BSi, C/N ratio and
grainsize decrease markedly in LZ F (Fig. 8), also all elemental data
(Fig. 9) respond accordingly: S and Si drop to lower values while Fe,
K and Ti increase. S covaries with all organic productivity indicating
proxies, which either points to a drop in organic productivity or to
dilution by minerogenic matter. The latter seems to be the more
likely explanation here because Fe is no longer correlating with S
but with K and Ti instead. This indicates an increased presence of
siliciclastic matter, which is supported by a change in color and
higher K and Ti levels. The simultaneous drop in Si as well as the
presence of Fe suggest that during this period the lake again
received suspended sediment loads from Rio Guabiroba. The fine
silt fraction observed has a mean grainsize of 6 mm with highest
contributions of clay (up to 33%) and elevated Fe and K contents.
These are not components of the Furnas sandstone but were pro-
duced by chemical weathering and pedogenesis of shales from the
Ponta Grossa Formation.

If this sediment is the result of re-activated flooding of the river
(cluster 3 of Fig. 4) then the question arises, which processes caused
these deposits and shape them so markedly different from Early
Holocene suspension load (cluster 2 of Fig. 4). The most convincing
explanation includes human activity related to land-use change.
Since the Middle Holocene, the vegetation became denser during
wetter environmental conditions. These climatic conditions
intensified chemical weathering and pedogenesis and thus altered
the soils causing enrichment in Fe, depletion in K and formation of
the clay mineral kaolinite. These soils were stabilized by vegetation
until European farmers claimed the land. While vegetation protects
soils from erosion even under high rainfall conditions, land clear-
ance immediately triggers erosional processes (cf., Zolitschka,1998)
often with the help of fire. As the soil-protecting canopy and sta-
bilizing root systems were removed, less water is stored in vege-
tation and in soil OM increasing surface runoff and causing soil
erosion. Relocated downslope, the river picks up the eroded ma-
terial and transports it towards Lagoa Dourada. This high sediment
freight of Rio Guabiroba gave rise to a high amount of deposition in
the river bed, thus decreasing its cross section and at the same time
increasing the probability of flooding, which is regarded as the
reason for deposition of LZ F.

However, this plausible interpretation of LZ F contradicts with
the radiocarbon-based age-depth model suggesting 600 cal. BP
(1350 CE) for the onset of human activities. This date opposes
historical data of first European settlements in the region around
Ponta Grossa at ca. 1800 CE (Freitas, 2011) with still marginal in-
fluences on the landscape, which was initially restricted to cattle
breeding. Only decades later, land-use change accelerated around
1850 CE (Freitas, 2011). Altogether, this challenges the age-depth
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model for the last millennium with only one radiocarbon date at
850 cal. BP (Table 1, Fig. 7). We, therefore, add the historical date of
1800 CE (150 cal. BP) for the onset of agricultural activities in the
hydrological catchment (Fig. S6).

Another explanation of clastic LZ F needs to be discussed
assuming the age-depth model is correct (Fig. 7). For the time from
600 to 150 cal. BP (1350e1800 CE) natural climatic variability, such
as the LIA, might be considered as a reason. Only few paleorecords
provide evidences of the LIA for S Brazil. However, this is most likely
a matter of temporal resolution being less adequate for detecting
this rather short climatic fluctuation (cf., Bernal et al., 2016b).
However, assuming the LIA as the reason for LZ F, causative pro-
cesses are not supported by the sediment record of Lagoa Dourada.
The impact of the LIA on climatic conditions for S Brazil is increased
precipitation (Bernal et al., 2016b; Novello et al., 2021). Conse-
quently, this is leading to denser vegetationwith less soil erosion, a
process described for the centuries immediately prior to LZ F. Thus,
we refuse the option of considering the LIA as responsible for
increased minerogenic deposition during LZ F and find further
support for a necessary modification of our chronology for the last
millennium (cf., Fig. S6).

This interpretation in combinationwith the modified age-depth
model is supported by topmost lithozone (LZ G), which is charac-
terized by a return to highly organic deposits (Fig. 8) around 1950
CE (0 cal. BP). This corresponds to the establishment of the Vila
Velha State Park in 1953 CE. Thus, we can add another “historical”
date to modify our chronology of the last millennium (Fig. S6). In
combination with plantations of pine and eucalypt during the
following decade, soil erosion was reduced. A return to highly
organic sediments comparable to those prior to 800 CE was the
result, except for two elements: N (Fig. 3) and K (Figs. 5 and 9). Both
elements increase considerably towards the top of the record, a
process explained by the extensive use of fertilizers in the catch-
ment area since the 1950ies.

5.6. Refining the chronology

Altogether, we add three ages to our record to refine the
radiocarbon-based chronology of the last millennium (Fig. S6):

The onset of LZ G is linked to the establishment of the Vila Velha
State Park in 1953 CE with a return to highly organic sediments
caused by less soil erosion in the now (partly) protected catchment
area in combination with intensified use of fertilizers causing
eutrophication since the 1950ies (0 cal. BP);

The onset of human influence with related agricultural activities
and land-use changes causing high rates of soil erosion starting
around 1800 CE ± 50 (150 ± 50 cal. BP) and

The onset of the LIA with higher precipitation and denser
vegetation leading to less leaching of elements like K and Ti, which
is anticipated for 1350 CE (600 cal. BP).

6. Discussion

Chronological considerations: Evidences in support of an Early
Holocene basal age of the recovered sediments come from various
sources. Although the oldest uncalibrated radiocarbon ages date
the sediment core LD91 to 11,170 ± 110 BP (Melo et al., 2003; Moro
et al., 2004) and LD17-ID23 to 13,850 ± 70 BP and 14,660 ± 80 cal.
BP (Table 1), these ages document influences of reservoir effects
and are not providing a Lateglacial age for the basal sediments of
Lagoa Dourada. This is confirmed by pollen and speleothem data.
Palynological investigations at Serra dos Orgaos (22.5 �S) describe a
warm and wet YD chronozone, which extends from
12,700e11,600 cal. BP (Behling and Safford, 2010). Similar climatic
conditions are reconstructed with pollen from Serra do Tabuleiro at
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28 �S (Behling and Oliveira, 2017). Additionally, the reconstruction
of precipitation using stable isotopes of a speleothem from
Botuver�a Cave at 27 �S (Cruz et al., 2005a) also characterizes the YD
as wet comparable to the Late Holocene (Fig. 10A). There is no ev-
idence for such awarm andwet period with forest expansion at the
base of our record (Piraquive Bermúdez, 2020). Thus, we have
further evidence that the obtained Lateglacial ages really are arte-
facts and the record from Lagoa Dourada starts with the Early
Holocene.

Information about the age of the uppermost meter of sediment
is deduced with links to the regional historic development. The
pollen diagram of Cambara do Sul (29 �S) has a high sample reso-
lution for the last centuries and indicates human activities. At this
site European land use started after 1780 CE, first with cattle
breeding followed by logging. Since 1820 CE, settlements were
established with accompanying agriculture (Behling et al., 2004).
Furthermore, historic evidence for the introduction of neophytes
(eucalypt and pine trees) to S Brazil dates back to 1904 CE, when
timber barons established first tests with these fast-growing tree
species (Ayling and Martins, 1981). However, commercial eucalypt
plantations near Lagoa Dourada did not occur before the mid-
1960ies (Ayling and Martins, 1981). They are reported for Vila
Velha State Park for 1964 CE (Goberno do Estado de Paran�a, 2004).
Thus, we are confident that LZ G covers only the last ~70 years. The
reason for the discrepancy between historical data and the
radiocarbon-based age-depth model is the lack of 14C ages for the
last millennium, where distinct changes in sedimentation rate have
implications for sedimentation rates (Fig. S6).

Comparison with previously published data from Lagoa Dour-
ada: Sediments from Lagoa Dourada (LD91) have been cored for the
first time more than 30 years ago (Melo et al., 2003; Moro et al.,
2004). However, this record is severely hampered by (1) very
general sediment descriptions differing between Melo et al. (2003)
and Moro et al. (2004); (2) many data are only available with low
spatial resolution, i.e. one or two analyses per meter; and (3) the
chronology is based on two radiocarbon dates only providing ages
of 11,170 ± 110 BP and 8720 ± 150 BP from 11.9 m and 10.6 m of
LD91, respectively. With these dates, a Lateglacial age has been
proposed for the basal sediments at 12.2 m. As a result of our study,
these ages should be considered cautiously and not without
considering a reservoir correction. Despite of these limitations,
Melo et al. (2003) provide mineralogical data based on XRD ana-
lyses, which document the presence of quartz, kaolinite, illite, py-
rite and gypsum. The latter is certainly an artefact and produced
after core splitting when pyrite (FeS) oxidized and recrystallized as
gypsum (CaSO4). As total carbon percentages of this old record are
erroneously low (<0.83%), the presence of pyrite together with
gypsum is interpreted as an indicator of dry (semi-arid) climate
conditions prior to 8720 BP and as well for a period between 5000
and 3000 BP (Melo et al., 2003). Furthermore, it is argued that the
sand horizons are related to semi-arid conditions, when river
runoff and thus flooding events did not occur while karstic springs
provided water with quartz grains. While our study does not sup-
port these assumptions, the detection of a planktonic diatom
maximum at 11.8 m by Moro et al. (2004) agrees with LZ C with its
high BSi values and the microscopic detection of planktonic di-
atoms.Moreover, Moro et al. (2004) confirm the high concentration
of K for a depth of 20 cm, which they relate to NPK fertilizers
applied in the catchment area, results that also agree with our
study.

Comparison with pollen data from S and SE Brazil: Most pale-
oenvironmental data from S and SE Brazil is from palynological
investigations. Here we compare our investigation with pollen re-
cords spanning a latitudinal range from 18 to 28 �S.

The pollen record from Serra do Tabuleiro (28 �S) provides a
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nicely dated and densely analyzed Early Holocene record (Behling
and Oliveira, 2017). After the warm and wet second half of the
YD, Campos vegetation (grassland) with a warm and dry climate
dominated the Early Holocene until 8000 cal. BP. Compiling eleven
pollen records covering the latitudes between 15 and 35 �S, Ledru
et al. (1998) document warm and dry Early Holocene climatic
conditions for the time period 11,400e7700 cal. BP. In a comparable
synthesis, Behling (2002) uses 14 pollen records between 18 and 28
�S and suggests ~6300 cal. BP as the end of warm and dry Early
Holocene conditions. This data supports our interpretation of
environmental conditions at Lagoa Dourada, where grassland
vegetation under dry and warm climate conditions is proposed to
explain erosion of fine-grained material in the catchment area via
slope-wash (no or much less trees to protect against soil erosion),
river transport and flooding until 7800 cal. BP (Fig. 8). This is also
supported by data from NE Brazil, where the Middle Holocene shift
from forest to grassland vegetation (Caatinga), i.e. from wet to dry
conditions, caused an increase in soil-erosion rates due to less
dense vegetation exposing soils to erosion during precipitation
events (Jaqueto et al., 2016; Utida et al., 2020). In SE Brazil, this
process not only caused intense colluvial deposition but also the
formation of high fluvial terraces in the drainage systems of rivers
dated to 11,400e9500 cal. BP (Suguio et al., 1989).

After a warm and dry onset of the Holocene, precipitation
started to increase, causing a change from Campos vegetation to the
development of forest at Serra do Tabuleiro (Behling and Oliveira,
2017). Increased moisture advection from the Amazon Basin with
a weakening of polar advection results in an expansion of forests in
S Brazil dated to 7700-4390 cal. BP (Ledru et al., 1998). This process
is not consistent in timing across S and SE Brazil (cf., Behling, 2002),
a fact that may be due to the large latitudinal extension (1300 km)
of available data, differences in elevation between coastal plains
and the mountainous hinterland, chronological uncertainties and
also to a time-transgressive spatial evolution or gradual shift of
climatic conditions (Rodrigues et al., 2016). Higher rainfall with the
expansion of forests is noted by other pollen records for a time
period from 8900 until 5700 cal. BP (Behling, 1995, 2003; Behling
and Oliveira, 2017; Behling and Safford, 2010; Enters et al., 2010;
Rodrigues-Filho et al., 2002). This change from grassland to forest
reduced hillslope denudation to a minimum and increased chem-
ical weathering and pedogenesis with leaching of nutrients as
documented by increased lacustrine productivity, e.g. at Lago
Aleixo (Enters et al., 2010). This also transformed lacustrine sedi-
mentological processes at Lagoa Dourada and at Lago Silvana at 19,5
�S from silt-rich suspension fallout to Fe-rich organic sediments
(Rodrigues-Filho et al., 2002).

Organic deposition continued until the last millennium when a
few sites document a climatic fluctuation related to the LIA with
warm and wetter climatic conditions. These have been detected for
1520e1780 CE at Cambara do Sul (Behling et al., 2004) and since
1390 CE at Lagoa Nova (Behling, 2003). For Lagoa Dourada less
siliciclastic matter (K and Ti; Fig. 9) is detected and possibly related
to the LIA dated to 1350e1800 CE according to the modified
chronology (Fig. S6).

Finally, human activities changed the ecosystems. Since the late
18th century, European settlers started to use the area for farming
(Behling and Oliveira, 2017; Portes et al., 2018). Agricultural activ-
ities (logging, cattle breeding, tillage) gave rise to increased soil
erosion, as documented for Lagoa Dourada and less prominent for
Lago Aleixo (Enters et al., 2010). In both cases, organic sediments
were replaced by minerogenic sediments.

Comparison with other paleoclimate data: Speleothems
currently provide the best dated climatic parameters for the
reconstruction of precipitation in NE and SE Brazil (Baker and Fritz,
2015). In a distance of only 240 km SSE from Lagoa Dourada,
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speleothems from Caverna Botuver�a (27 �S) provide high-
resolution stable isotope data with a precise U/Th-based chronol-
ogy dating back to 116 ka (Cruz et al., 2005a). The obtained oxygen-
isotope records (Fig. 10A and B) vary with the source of precipita-
tion and thus are interpreted as proxies for atmospheric circulation
and convective intensity, both closely related to the SAMS con-
trolling hydroclimatic conditions. Summer convection over the
Amazon Basin and associated monsoonal precipitation in S Brazil
has a more negative oxygen isotope signature compared to winter
rain related to incursions of mid-latitudinal storm tracks from the
Atlantic Ocean (Cruz et al., 2005a). These conditions are nicely
summarized by Wang et al. (2007): “Low (high) Botuver�a speleo-
them d18O indicates intensified (weakened) SAMS activity, more
(less) Amazon moisture contribution and higher (lower) rainfall in
S Brazil.” Thus, the isotopic record from Caverna Botuver�a is linked
to variability in precipitation caused by insolation-controlled fluc-
tuations of the SAMS and provides one of the most robust climate
reconstructions for South America. While the early studies of
Caverna Botuver�a focus on orbital to millennial timescales (Cruz
et al., 2005a; Wang et al., 2007), follow-up investigations ob-
tained a much higher temporal resolution for the Holocene
detecting decadal to centennial climatic variability (Bernal et al.,
2016b; Novello et al., 2021), data which also are used for inter-
hemispheric correlation of climate modes (Deininger et al., 2020).
The high-resolution d18O data are supported by even higher
resolving trace-element data (Mg, Ca, Sr, Ba). Especially the Sr/Ca
ratio correlates highly with d18O (Fig. 10B and C) and is applied as a
proxy that characterizes SAMS intensity and detects the effect of
Holocene climate anomalies on regional hydroclimatic conditions
while closely following summer insolation at 30 �S (Bernal et al.,
2016b). These data document a suppressed SAMS intensity during
the Early Holocene and an increase starting around 7000 cal. BP.
Due to the well-dated and high-resolution record, also centennial
climatic events of the Holocene have been detected: the 8.2 ka
event and the LIA for the time interval 1400e1850 CE (Bernal et al.,
2016b) e both characterized by wetter hydroclimatic conditions. A
wet LIA (1600e1850 CE) with stronger SAMS is also documented by
a compilation of speleothem d13C data from 25 caves in tropical and
subtropical South America (Novello et al., 2021).

In addition to the pronounced signals related to the 8.2 ka event
and to the LIA, another century-long climatic fluctuation is
described for a sediment core from Lagoa Salgada (21 �S and
~1000 kmNE of Lagoa Dourada in Rio de Janeiro State) and linked to
the 4.2 ka event (Soares Cruz et al., 2019). This climatic fluctuation
is considered as a time of exceptional climatic anomalies world-
wide, although its cause is still under discussion (Bradley and
Bakke, 2019; Giesche et al., 2019; Kathayat et al., 2018; Scuderi
et al., 2019). At Lagoa Salgada, a tripartite period of wetter
climate conditions with a short central dry period is documented
by geochemical, sedimentological and pollen investigations for the
period 4200-3800 cal. BP (Soares Cruz et al., 2019). This climatic
fluctuation corresponds to lower Mg/Ca and Sr/Ca ratios of the
speleothem record from Caverna Botuver�a supporting a generally
wetter climate with a short central and dry period (Bernal et al.,
2016b), while the high-resolution marine sediment record from
Cariaco Basin (Venezuela) provides evidence for an overall drier
climate with a short central wet section north of the equator
(Hughen et al., 1996). The dry conditions at Cariaco Basin are
considered to be the result of a southward shift of the ITCZ, which
consequently can be regarded as the reason for wetter conditions in
SE Brazil resulting from an intensification of the SAMS (Hughen
et al., 1996; Soares Cruz et al., 2019).

All this hydroclimatic data agrees with our interpretation of the
high-resolution record from Lagoa Dourada. The speleothem record
underlines the observed environmental changes and provides the
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best possible precipitation signal solidifying the reconstructed
surface processes that lead to the formation of the studied sedi-
ment sequence (Fig. 10D and E). The 8.2 ka event is characterized at
Lagoa Dourada by increased BSi related to a maximum in plank-
tonic diatom development (Fig. 8), a marked decrease in Ti and an
increase in K (Figs. 9 and 10D, E). These two centuries match with
increased precipitation, which corresponds to less soil erosion due
to denser vegetation (decrease in Ti), a higher degree of chemical
weathering with related leaching of K with not yet enough vege-
tation to retain all the released K in organic tissue (increase of K)
and a deeper lake with enough nutrients beneficial for the devel-
opment of planktonic diatoms (Fig. 8). Despite of the diatom
blooms, lacustrine productivity remains at a low level with overall
minerogenic sediments being deposited.

The 4.2 ka event occurs at Lagoa Dourada from 4400 to 3800 cal.
BP and in a tree-rich landscape with denser vegetation (Fig. 10).
Thus, the increase in rainfall does not cause a decrease in soil
erosion like during the 8.2 ka event as vegetation is already pro-
tecting the soils. Consequently, Ti shows no response to this event.
The element K, however, has lower values because denser vegeta-
tion more efficiently inhibits K from being leached (Fig. 10). Less
nutrient transfer from the catchment area to the lake might be one
of the reasons for the contemporaneous drop in sediment organic
matter at Lagoa Dourada (Fig. 8). Another explanation for this to
occur is dilution by minerogenic matter, which is documented by a
coarser mean grainsize (Fig. 8), possibly linked to intensification of
the karst hydrological system during this wet period. Also, diatoms
play no major role anymore. They are subordinated since the end of
the 8.2 ka event, when sediment composition switched from
minerogenic to organogenic, probably due to generally higher
influx of nutrients like N and P during the Middle and Late Holo-
cene. Under such conditions, blue-green algae often outcompete
diatoms, which explains why siliceous algae did not recover to the
high values of the Early Holocene.

The responses of the lacustrine system of Lagoa Dourada to the
climatic deterioration of the LIA is more or less comparable to the
4.2 ka event. However, on the one hand TOC decreases and mean
grainsize increases only slightly, while on the other hand BSi has a
minor maximum (Fig. 8). Tentatively, this is interpreted as resulting
fromwetter conditions compared to the 4.2 ka event with distinctly
denser vegetation, which reduces soil erosion (drop in Ti) and
leaching of nutrients (drop in K) in the catchment area (Fig. 10). In
consequence, this might have caused a less nutrient-rich lake
leading to the observed increase in diatoms.

Comparison with archaeological data: Human population dy-
namics are in the focus of archaeological investigations of South
America. Using radiocarbon dates of archaeological sites from the
entire continent, a spatiotemporal pattern of human population
growth has been reconstructed (Goldberg et al., 2016; Riris and
Arroyo-Kalin, 2019). Aside from cultural and technological de-
velopments, climate change is considered as an additional factor
modifying population dynamics. In this respect, it is interesting to
note that one centre of population growth is the area of the S
Brazilian coast for the time interval 6000-4000 cal. BP (Goldberg
et al., 2016). This period corresponds to the late Middle Holocene
stabilization period of the record from Lagoa Dourada (Fig. 8) with
forests being well established providing stable food resources. In
another study, climate is considered as a driver of cultural change
and depopulation is attested for the Middle Holocene (8200-
4200 cal. BP) with overall dominance of more arid climate condi-
tions in South America (Riris and Arroyo-Kalin, 2019). However,
their regionalization model provides a different picture for what is
called the “Southern Cone”, i.e. the subtropical and temperate
southern part of the continent, with significantly higher population
between 7500 and 4500 cal. BP compared to other regions of South
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America (Riris and Arroyo-Kalin, 2019). Again, this can be related to
the stabilization period of the late Middle Holocene at Lagoa
Dourada. Altogether, climate is not only the driver for biological and
geomorphological systems but also responsible for demographic
change of human populations. To better understand this complex
system Earth, it is pertinent to provide more high-resolution and
well-dated information for environmental reconstruction from
natural archives with a larger regional coverage in South America.

7. Conclusions

Thirty years after first investigations of sediment from Lagoa
Dourada (S Brazil), our re-visit of this site provides a wealth of in-
formation shedding new light on environmental responses trig-
gered by dominating climatic control mechanisms, which are
related to intensity variations of the South American Monsoon
System (SAMS). We recovered two overlapping sediment profiles
with a basal depth of 14.4mcd. Time control is obtained by applying
sophisticated age-depth modelling after combining AMS radio-
carbon dates on terrestrial macrofossils with reservoir-corrected
ages of bulk organic matter. Based on this chronology, XRF core-
scanning data together with geochemical and sedimentological
studies provide high-resolution insights into responses of lacus-
trine and geomorphological systems to climatic variability and
anthropogenic impacts. Altogether, the sediment record of Lagoa
Dourada constitutes a powerful tool for investigating a detailed
regional hydroclimatic history of the Holocene with unequivocal
linkages to other regional and high-resolution studies, namely the
speleothem records from Caverna Botuver�a (Bernal et al., 2016b;
Novello et al., 2021).

Based on statistical analyses of the high-resolution dataset from
Lagoa Dourada, four different sediment sources were characterized
geochemically and relate to lacustrine organic productivity, un-
derground karst runoff, river flooding and cultural soil erosion.
Thus, our comprehensive and well-dated multiproxy dataset pro-
vides a handle on process-related developments in the lake and its
catchment area and allows insights into physical landscape changes
as well as into geomorphological and lacustrine processes e all
reflecting environmental responses to hydroclimatic variability
during the Holocene and to human activities during the last two
centuries. As such, this new record from Lagoa Dourada fills a
knowledge gap with regard to hydroclimatic variability and its
impact on environmental systems for S Brazil and beyond. More-
over, these sediments provide an essential contribution to under-
stand how precipitation changes influenced the resilience of
ecosystems and their responses to global climate change, which is
important background information to better constrain model pro-
jections of future precipitation and their impacts on environmental
change.

Our high-resolution data documents dominating flooding
through Rio Guabiroba with suspension fallout of minerogenic
particles transferred to the lake via fluvial activity during the Early
Holocene. Between 7800 and 6200 cal. BP, a transition to highly
organic lacustrine deposits is observed, when fluvial influences
were replaced by increasingly organic lacustrine deposition. This is
due to decreasing availability of minerogenic particles from hill-
slope denudation and river transport as a result of intensified
pedogenesis under developing forests. Furthermore, this transition
period is characterized by sand horizons, which link to more runoff
through the karst hydrological system e a process less well un-
derstood but also linked to increased precipitation. Once estab-
lished, autochthonous lacustrine processes dominate sediment
formation for the remaining Holocene, except for the topmost
18
centuries. Based on a modified chronology for the last millennium,
European settlers caused severe soil erosion as a result of land-use
change between 1800 and 1950 CE. For the youngest ca. 70 years,
organic deposition reconvenes with evidences of increased eutro-
phication documented by high values for nitrogen and potassium
acting as nutrients for lake biota.

The climatic development from a warm and dry Early Holocene
to a warm and wet Middle and Late Holocene is in response to a
strengthening of the SAMS. In addition to this general trend, the
sediment record from Lagoa Dourada documents the three most
prominent Holocene climatic events: the 8.2 ka event, the 4.2 ka
event and the Little Ice Age. For Lagoa Dourada, these reflect several
century-long increases in rainfall with complex responses of the
environmental system e a result that favorably agrees with the
climatic signal preserved by the speleothem record from Caverna
Botuver�a (Bernal et al., 2016b).

Future tasks to exploit this sediment record even further will
link sedimentological and geochemical results with paleobiological
data (Piraquive Bermúdez, 2020) to improve our understanding of
interactions between regional vegetation and the geomorpholog-
ical system in response to climate change. Remaining is the chal-
lenge of coring a longer sediment record from Lagoa Dourada with
the ultimate goal to penetrate into the Pleistocene and to discover
imprints of environmental changes linked to the Younger Dryas and
the Antarctic Cold Reversal.
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