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Abstract

High-resolution geochemical and sedimentological data were analyzed for a lacustrine sediment
record from Lagoa Dourada (South Brazil). Four distinctly different depositional processes were
determined: (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 development of forests, which together
fostered pedogenesis with the release of dissolved nutrients 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 AD 1800 and 1950. These depositional trends are linked to intensity
variations of the South American Monsoon System (SAMS). Two century-long climatic events
detected by high-resolution XRF scanning data confirm this relationship and probably provide signals
of the 8.2 ka event and the Little Ice Age (LIA). Both events document increased rainfall with complex
2
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responses of the environmental 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.

Introduction

Brazil is the country with the second largest forest cover in the world and thus provides an enormous
potential for decarbonization initiatives through CO; storage in biomass. Moreover, 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 one of the most densely populated regions of South America. Most forests
disappeared, with less than 10 % remaining as fragmented woodlands with consequences for
regional climate, biodiversity and soil erosion (Freitas, 2011).

Past climate change is not directly recorded in environmental archives but has to be inferred from
the result of environmental processes acting under particular climate conditions. Such proxy data are
usually imperfect recorders of a small number of often not well constrained climate and
environmental variables. In this regard, lake sediments are considered one of the most powerful
terrestrial archives of past environmental and hydroclimatic variability. Such paleoenvironmental
information is also an important contribution to the understanding of present ecosystems and their
stability. Through a large number of proxies, lacustrine sediment records have the potential to
characterize the lacustrine system and the catchment area with its natural and anthropogenic
processes closely linked to regional hydroclimatic conditions. Due to the scarce occurrence of natural
lakes in southern and eastern Brazil, a limited number of long-term environmental histories are
obtainable. Palynological investigations are among the most available type of studies for this region.
However, they are often conducted on sediments from small wetlands generally lacking precise and
high-resolution time control.

With this investigation, we provide new sedimentological and geochemical data to study
hydroclimatic variations from a climatically sensitive region in S Brazil. The Atlantic rain forest is a
4000 km long and 100-200 km wide 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 system 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 continents and oceans and responsible for seasonal reversals of low-level
winds, a typical monsoon feature (Zhou and Lau, 1998). In southern winter, the Inter-Tropical
Convergence Zone (ITCZ) remains 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 25-30 °S. At the same time, NE Brazil experiences a dry
season of 6-8 months duration. This constellation changes in the southern summer, when the ITCZ
extends further to the south. Warm and moist tropical air masses from the Amazon Basin cause
rainfall from 15-25 °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 (October-March) and 40 % are considered 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 the Southern Hemispheric Westerlies (SHW) and Atlantic sea
surface temperatures (Baker and Fritz, 2015; Deininger et al., 2019; Utida et al., 2020). As the Atlantic
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rain forest depends on the amount of precipitation, orbitally controlled changes in precipitation are
directly linked to its retractions and expansions but also to changes in vegetation types, i.e. from
grassland to forests and vice versa (Ledru et al., 2009; Novello et al., 2017).

The majority of paleoenvironmental investigations carried out in this SAMS-dominated region are
mainly pollen and charcoal studies of peat bogs and a small number of studies on lake sediments
reconstructing Holocene and Pleistocene vegetation (e.g., Behling, 1995, 2003; Behling and Safford,
2009). So far only three multiproxy studies were carried out that include geochemical,
sedimentological, diatom and/or stable isotope data and provide a more comprehensive 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). Located at the
southern fringe of SAMS influence, Lagoa Dourada is the most interesting. Initial low-resolution
investigations are already available including palynology, total carbon, 6*3C, LOI-550, selected
elements (P, Ca, Mg, K) as well as diatoms. However, the provided chronology is based on only two
bulk radiocarbon dates from the Early Holocene insufficient for a detailed understanding of
paleoenvironmental changes (Lorscheitter and Takeda, 1995; Melo et al., 2003; Moro et al., 2004).

Thirty years after first investigations at Lagoa Dourada, this lake caught our attention, was re-visited
and two overlapping sediment profiles were recovered to (1) obtain a longer record that extends
further back in time; (2) apply high-resolution scanning techniques (X-ray fluorescence, magnetic
susceptibility) to establish a continuous composite profile; (3) use terrestrial macro remains for
radiocarbon dating providing a sophisticated age-depth model; (4) deliver a high-resolution pollen
and charcoal record reliably linking vegetation and forest fires to climatic variations and human
activities; (5) provide a high-resolution geochemical and sedimentological dataset to determine the
responses of involved lacustrine and geomorphological systems to climatic variability and
anthropogenic impacts; and (6) investigate the regional hydroclimatic history. This study particularly
includes a geochemical characterization of three different sediment sources — lacustrine organic
productivity, karstic springs and river floods (Melo et al., 2003; Moro et al., 2004). Except for the
pollen study, which is discussed by Piraquive Bermudez (2020) and will be published elsewhere, this
investigation provides a comprehensive and well-dated multiproxy investigation allowing insights
into geomorphological processes in the catchment area as well as into limnological processes of the
lake, all reflecting hydroclimatic fluctuations in response to SAMS variability during the Holocene.

Study Site

Lagoa Dourada (Portuguese: Golden Lake) is located in Vila Velha State Park near Ponta Grossa
(25°14'25” S, 50°02'59” W, 817 m asl) around 80 km W of Curitiba, the capital of the State of Parand
(South Brazil), and 180 km W of the Atlantic coast. The small lake has a maximum water depth of 5.4
m and is elliptical in shape with a size of ca. 150 m x 200 m (Moro et al., 2004). It was formed in the
Furnas Formation on the Second Parana Plateau (Fig. 1). The Furnas Formation is of Silurian to
Devonian age, part of the Paleozoic Parana Sedimentary Basin, mainly consists of whitish, medium to
coarse-grained quarzitic sandstones (Melo and Giannini, 2007; Pires et al., 2019) and is classified as
guartz-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
silicate 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, speleothem:s,
karren, collapse structures and underground drainage systems including karstic springs (Melo and
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Giannini, 2007). The formation 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 Parana 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 underground
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 Guabiroba.
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
wet seasons with flooding, the water in the outflow channel changes direction and enters the lake.
These floodwater invasions are silting-up Lagoa Dourada from the south, 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 the east (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 Upper Carboniferous Itararé 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
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 (Cfb according
to the Képpen classification) without dry seasons. 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 Fiirstenberger, 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 Campos dominates with
Poaceae (23 %), Cyperaceae (13 %), Asteraceae (10 %) and Baccharis (9 %) (Piraquive Bermudez et
al., 2021).

The modern freshwater of Lagoa Dourada is characterized by alkalinity of 77.5 mg/I|, pH of 7.8, water
temperature of 19.8 °C and 9.2 mg/I dissolved oxygen. All measurements are mean August values
obtained from the epilimnion of 1990-1993 (Moro and Flrstenberger, 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 Flirstenberger, 1998).

Methods

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 Livingstone
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 location south of
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the largest water depth (5.4 m) of Lagoa Dourada (50°2'58.21" W; 25°14'25.55" S). Coring sites were
10-15 m apart 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 Gottingen, where they were split, photographed and described
macroscopically. In addition, 14 smear slides from characteristic intervals were prepared following
Rothwell (1989) for microscopic sediment description (magnification: 100-400 x) at the University of
Bremen. In support of core description, high-resolution color images were available from the line-
scan camera mounted to the ITRAX X-ray fluorescence (XRF) core-scanner (Croudace et al., 2019;
Croudace et al., 2006).

Subsampling for pollen (Piraquive Bermudez, 2020) and in parallel for sedimentology and
geochemistry (this study) was carried out providing a total of 177 samples with a mean spatial
resolution of 8 cm.

Dating

Terrestrial plant macro remains, encountered during subsampling and searched for by sieving
sediment slices, were preferably used for radiocarbon dating wherever possible. However, no
macroscopic plant remains were found below 7,4 mcd, except for a part of a twig at 9,25 mcd.
Twenty-one AMS *C samples were dated at the Poznar Radiocarbon Laboratory in Poland (POZ) and
two additional samples at the **Chrono Centre, Queen’s University Belfast in Northern Ireland (UBA).
Eight dates derive from terrestrial plant macro remains, while the other determinations are based on
bulk organic matter (OM; Tab. 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 (AD 2017) 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 Hemisphere calibration curve SHCal20
(Hogg et al., 2020).

Several publications used for discussion provide only uncalibrated 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).

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 constant
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 variations of coherent (coh) and incoherent
(inc) scattering.

In a next step, reproducibility of XRF elemental data was evaluated 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 between
replicate measurements where high correlations indicate good reproducibility for the respective
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element. This procedure allows excluding elements with low signal-to-noise ratios (Léwemark et al.,
2019), thus reducing the number of elements for statistical evaluation.

Due to changing physical properties along the sediment record, matrix effects related to variations in
water content, OM content 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 multivariate
statistical analyses (e.g., Martin-Puertas et al., 2017). A solution 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:

clrof ly=In (I; / gm;),

where ljj is the intensity (I) of the element i for measurement j and gm; is the geometric mean of all
elements analyzed at measurement j. In addition to elemental clr values, we calculate the log
molybdenum incoherent/coherent scattering ratio (In inc/coh), which is regarded as a proxy for OM
content of lacustrine sediments (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,
0). High amounts of these elements, such as analyzed for OM and/or high-water content, increase
the Compton Effect and thus the value for In inc/coh. Other possible matrix effects are negligible
(Weltje and Tjallingii, 2008; Woodward and Gadd, 2019).

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 5-20 mg were weighted into tin crucibles. During measurements, the elemental
analyzer combusts the crucibles with the sample material at a temperature of 1800 °C. All OM is
oxidized and the resulting gases (CO,, NO,, SO,) are detected by chromatography. As TC includes
organic as well as inorganic carbon, 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 sediments are carbonate-free. To test this hypothesis, 10 samples
with TC values >2 % were treated first with 3 % and then with 20 % HCI 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 silica (BSi) was analyzed for 177 samples following the leaching method of Miiller and
Schneider (1993). We extracted BSi with 1M NaOH at 85 °C. The solution was cycled by a continuous-
flow system into an auto analyzer, where dissolved silicon was detected by spectrophotometry.

Grainsize

Prior to grainsize analysis, OM was removed by H,0, from each of the 177 samples. For dispersion,
20 ml of Calgon [(NaPOs)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 LS200 as
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geometric graphical measures according to Folk and Ward (1957) with the MS Excel-based macro
Gradistat, Version 8.0 (Blott and Pye, 2001).

Multivariate statistics

Principal component analysis (PCA) was applied to the standardized 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 profile 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 standardization
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 (Mclnnes et al., 2017). Due to 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. outlying data. This makes the algorithm robust against noise. HDBSCAN's hierarchical 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 determines what the algorithm defines as “dense”, i.e.
how many data points will be selected as noise. A grid search for optimal parameters
(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 (Mclnnes et al.,
2017).

Individual cluster labels were smoothed to develop the clusterlog. This was carried out by looking at
subsets of 11 consecutive data points (11 x 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 for cluster 3,
which remained unchanged.

Results

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 cm wide based on the mean width of similar technical gaps observed in the upper
10 m.
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Initially, the scans of magnetic susceptibility (x) were intended for core correlation. However, the
variability of x was too low for this purpose (Figs. 3, S2). Moreover, above 9.7 mcd LD17-A and LD17-
B show mean values for x of -4.14 Sl and -3.98 10°® SI, respectively, i.e. in the field of diamagnetism.
Only below 9.7 mcd x has positive mean values of 7.51 10 S| for LD17-A and 15.43 10 S| for LD17-B,
i.e. in the field of paramagnetism (Fig. S2). Thus, the record of Lagoa Dourada carries no
ferromagnetic signal.

A test for total inorganic carbon (TIC) was carried out with ten samples (supplementary data). The
detected values vary around 0 % TIC (mean: 0.4 % TIC) confirming our assumption that the sediment
is free of carbonates like the catchment area.

Based on macroscopic as well as on microscopic sediment characterization and supported by bulk
geochemistry and grainsize, the sediment record of Lagoa Dourada is subdivided into seven
lithological units (lithozones A to G: LZ A-G) with six subzones (Figs. 2, 3). Basal LZ A1 (14.4-12.1 mcd)
is a dark gray mud composed of up to 15 % BSi (opal of small planktonic central and pennate diatoms
as well as of 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: 12.1-12.0 mcd) with almost no organic
components. The following LZ C consists of laminated and diatomaceous dark gray mud (12.0-11.5
mcd) with dominating pennate and very small (planktonic) diatoms. C/N ratios remain low (7-12) and
medium silt dominates the grainsize. Altogether, this evidences the development of a deeper lake
system with peaking BSi (up to 30 %) and increasing TOC values (~5 %). LZ B2 (11.5-10.4 mcd) is a
thick and structureless gray sand layer without organic components interrupted by lacustrine
deposition. With LZ A2 (10.4-10.0 mcd) the dark gray mud of LZ Al returns. However, geochemical
data show a marked decrease in diatoms (BSi <3 %), while TOC increases to 7 % including more
allochthonous organic material as indicated by rising C/N ratios. We interpret this development as a
decrease in water depth with less lacustrine and more catchment derived OM. With the third
intercalation of gray sand (LZ B3: 10.0-9.5 mcd) inorganic conditions recur with BSi and TOC
documenting almost absence of OM.

With the advent of LZ D1 (9.5-8.9 mcd), sediments change markedly (Fig. 3). The bedded brown
organic mud differs distinctly from all lithozones below. A color change to brownish hues indicates an
increased importance of OM (mean TOC ~10 %) including plant macrofossils explaining 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 intercalation of
1.2 m of dark gray sand (LZ E1: 8.9-7.7 mcd) consisting mainly of fine sand without organic
components. Following this sand layer, sediments continue with LZ D2 (7.7-6.7 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: 5.7-5.3
mcd), bedded brown organic mud (LZ D3: 5.3-1.1 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 (1.1-0.4 mcd) minerogenic sediments recur (Fig. 3). This almost to pale brown 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 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: 0.4-0.2 mcd)
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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 %.

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 the 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
correlations reveal a generally good reproducibility of elemental analyses (Tab. S1). Only elements
with a high positive correlation (r > 0.8) for at least one of the two sediment sections scanned are
considered for further discussion. 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 (Tab. S1).

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). We
interpret the first PC with 43.8 % of explained variance as discriminating between organic (positive
direction) and minerogenic sediment composition (negative direction). The second PC with 20.8 % of
explained variance represents mainly the trends in grainsize variability with 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 (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 elements. 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-rich mud)
with Fe and Sr as dominant elements. As Fe is lacking in the Furnas Formation, these sediments
derive from the iron 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 combines with dissolved Fe under anoxic (reducing) conditions typical
for eutrophic lakes. Thus, there is a positive correlation between both elements for organic LZ D (r =
0.49). However, the correlation for minerogenic LZs A and C is negative (r = -0.48). This characteristic
of Fe results in absence of any correlation between Fe and S if the entire record is considered (r = -
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 = 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
be the result of precipitation of calcite from the water column or via carbonaceous shells, which have
been observed sporadically and only during coring. However, evidence for carbonate is lacking — TIC
was not detected and XRD analysis is not promising because of the very low calcite concentrations,
10



416
417
418

419

420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

435
436
437
438
439
440
441

442

443
444
445
446
447
448
449

450
451
452
453
454
455
456
457
458
459
460
461
462

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 = 0.88) with TOC (Fig. S4) and thus
provides a very high-resolution record of OM for the sediment record of Lagoa Dourada.

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 insights.
All sand layers are reflected by distinct lows of the In inc/coh ratio as well as by pronounced peaks of
Si (Fig. 5), both proxies clearly document inorganic quartz deposition. The high-resolution OM proxy
(In'inc/coh) displays a steady increase of organic productivity from the base of LZ Al 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 transition is even more pronounced in the S record, with low values prior to LZ D1
and much higher values after this transition (Fig. 5). Moreover, after this major sedimentological
transition S covaries with Fe, which is explained by diagenetic formation of pyrite (FeS), a mineral
that is formed under anoxic conditions and was determined by microscopic smear slide investigation.
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 this 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 record is related to LZ F: the reddish-
brown clay-rich mud. During this lithozone, organic parameters In 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. In 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 entire

LZ D.

Grainsize statistics and sediment dynamics

Grainsize analysis documents two distinctly different populations (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 medium to coarse
silt fractions and in the fine sand fraction (LZs Al and F). Only LZ D3 displays a trimodal grainsize
distribution with a broad maximum in the fine silt fraction and two narrow maxima in 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 deposition 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 catchment area, which is drained via Rio Guabiroba
and enters the lake during flooding events where it settles out of suspension. As this suspension
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 and more 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 interpreted as the result of increased soil erosion in the catchment area. This
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assumes that clay was produced by chemical weathering and pedogenesis of shales from the Ponta
Grossa Formation.

Grainsize distributions provide insights into depositional processes at Lagoa Dourada. The two
different sand horizons (LZs B and E) can only be differentiated by their color (Fig. 2), but have
comparable unimodal grainsize distributions (Fig. S5) and an almost identical chemical composition
(Figs. 4, 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 Formation, we consider these sands as
event deposits related to 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.

Age-depth model

All radiocarbon dates from terrestrial macrofossils are in stratigraphic order and their age-depth
relationship is almost linear (Tab. 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, respectively (Tab. 1). The resulting average of 5150 years was 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 between 10,000 and 10,700 cal. BP for the basal
sample (Fig. 7). The two aforementioned clusters of five bulk dates deviating from the general trend
were not considered by the age model. It is noticeable that four out of five bulk dates deviating from
the linear trend are 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 (Tab. 1), which confirms that
the reservoir effect applied (5150 years) is applicable also for the older part of the record with a
much lower OM content.

Interpretation

Processes of sediment formation at Lagoa Dourada are differentiated into three modes according to
their elemental composition (Figs. 3, 5) and supported by cluster analysis (Fig. 4). The three involved
depositional processes relate to (1) fluvial activities of Rio Guabiroba, (2) discharge through the karst
hydrological system and (3) autochthonous lacustrine productivity. The contribution of all three
processes varies 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, 4). As coarse-grained deposits they differ from the fine-grained silts related to seasonal
flooding of the river. Therefore, they are regarded as short events and thus as stratigraphically
insignificant. Therefore, these 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 against time (Figs. 8, 9). Based on these considerations, five different
periods have been distinguished for this subtropical lake characterizing its Holocene environmental
history.
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(1) Early Holocene (10,400-7800 cal. BP) — dominance of fluvial sedimentation: This period is
composed of LZs Al 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 a source of
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 remains at such a low
level throughout this period, diatom productivity (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 the relatively high amounts of K
and Si together with other micronutrients essential for diatom growths introduced through fluvial
discharge, while N remains rather low (Fig. 8) leaving non-siliceous algae at low numbers. In general,
the lacustrine system of the Early Holocene is characterized by an increasing nutrient level, while the
source of OM is dominantly lacustrine (C/N ratio: 10-15).

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, 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-cut
connecting the river with the 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 the vegetation. Moreover, the type of rainfall increases the susceptibility to erosional
processes: episodic precipitation 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
deposition during the subsequent early Middle Holocene transitional period could be explained by
forest expansion as the consequence of higher rainfall reducing soil erosional processes. Another
possible explanation could be that levees have been created in the course of several millennia with
flooding protecting the flood plain more efficiently 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
weathering with related leaching of K and a deeper lake with more nutrients beneficial for planktonic
diatom development (Fig. 9). This wet period may represent the 8.2 ka event, which is characterized
—according to model simulations — by more rainfall in South Brazil as a result of North Atlantic
cooling and monsoon enhancement across Brazil (Morrill et al., 2013).

(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.
This process parallels an increase in mean grainsize from 20 pm (middle silt) to 70 um (fine sand) and
is completed by 7000 cal. BP. Since then and until the end of the early Middle Holocene at 6200 cal.
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BP, C/N and grainsize remain at their high levels. 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 — 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, elements of
the minerogenic sediment component relating to the river catchment area as source (K, Ti) loose
importance towards the end of this transition 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. Simultaneously, increasing influence of organic
lacustrine productivity and/or runoff from the immediate catchment area of Lagoa Dourada with
influx of allochthonous OM such as leaves and twigs responded in 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 less likely.
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 activating increased incision
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.

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). Moreover, the decrease in diatom abundance suggests other algae, such
as blue-green algae (cyanobacteria), as being responsible for a fueled lacustrine productivity leading
to anoxia in the lake with the formation of pyrite; and (3) an increased density of vegetation, which
explains the higher contribution of allochthonous and lignin-rich OM responsible for increasing C/N
ratios. The underlying change from a drier to a wetter landscape with adapting vegetation might be
considered 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 horizons, which make up almost 87 % of the thickness of all sand layers
confirming still unstable environmental conditions in the catchment area.

(3) Late Middle Holocene (6200-3800 cal. BP) — stabilization of lacustrine deposition: During the late
Middle Holocene (LZ D2) the ecosystem stabilized 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. The only other parameter marking this change is grainsize,
which coarsens towards a mean of >100 um. Thus, the drop in TOC likely is a result of dilution by
additional quartz grains. However, the C/N ratio is decreasing, which excludes intensified surface
runoff and suggests a very stable catchment system with increased influx of sand via karstic springs.
This is supported by continuing high levels of the element 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, prior to the onset of the Late Holocene at 4600 cal. BP, 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 at the termination of this period (3800 cal. BP).
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(4) Late Holocene (3800-600/150! cal. BP) — mature lacustrine deposition: Until 600/150? cal. BP the
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 documenting the presence of anoxia at the lake bottom.
Grainsize diminishes from a mean of 50 to 30 um as well as siliciclastic elements (K, Ti) decrease,
documenting that minerogenic components are at their minimum. Altogether, the lake develops
towards more eutrophic conditions with two TOC maxima at 1750 and 1000 cal. BP.

The final ca. 400 years of this period are characterized by distinctly dropping values for Ti and K.
Decreasing values can be explained by denser vegetation inhibiting soil erosion, which would argue
for higher precipitation as the responsible factor, i.e. a strengthening of the SAMS, comparable to the
observation made for the 8.2 ka event. Due to more humid conditions with distinctly reduced export
of the erosion-related elements Ti and K (lowest value of the entire record for Ti), these four
centuries (550%-150? cal. BP or AD 1400-1800) are suggested as corresponding with the LIA.

(5) Human impact (600/150! cal. BP — present day) — returning dominance of fluvial sedimentation
during the last centuries: A drastic sedimentological change occurs 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, as Fe and K are no constituents of
sandstones from the Furnas Formation. Similarly, fine silt observed as the mean grainsize (6 um) with
highest contributions of clay (up to 33 %) is neither a component of the Furnas sandstone.

If this sediment is the result of re-activated flooding of the river (cluster 3) then the question arises,
which processes caused these deposits and shape them so markedly different from Early Holocene
suspension load (cluster 2). The most convincing explanation includes human activity related to land-
use change. During wetter environmental conditions since the Middle Holocene, the vegetation
became denser. Moreover, chemical weathering and pedogenesis altered the soils causing
enrichment in Fe, depletion in K and formation of the clay mineral kaolinite. These soils were
stabilized by the vegetation until European farmers claimed the land. While the vegetation protects
soils from erosion even under high rainfall conditions, land clearance, often with the help of fire,
immediately triggered erosional processes (cf., Zolitschka, 1998). As the soil-protecting canopy and
the stabilizing root system are removed, less water is stored in vegetation and in soil OM increasing
surface runoff and causing soil erosion. Relocated downslope, the river picks up the eroded material
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 age-depth model suggesting

600 cal. BP for the onset of human activities, i.e. AD 1350. This date opposes historical data of first
European settlements in South Brazil documented for around AD 1750 (Freitas, 2011) with still
marginal influences on the landscape. Only decades later, land-use change accelerated between AD
1800 and 1850 (Freitas, 2011). Altogether, this challenges the age-depth model for the last
millennium with only one radiocarbon date at 850 cal. BP (Tab. 1, Fig. 7). We, therefore, suggest to

! See later discussion for explaining the younger date.
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add the historical date of AD 1800 +50 for the onset of agricultural activities in the hydrological
catchment (Fig. S6).

A different explanation of clastic LZ F is possible if the age-depth model is assumed to be correct (Fig.
7). For the time from 600-200 cal. BP (AD 1350-1750) natural climatic variability, such as the Little Ice
Age (LIA), might be considered as a reason. Only few paleorecords provide evidences of the LIA for
South Brazil. However, this is most likely a matter of temporal resolution being less adequate for
detecting this climatic fluctuation (cf., Bernal et al., 2016). However, assuming the LIA as the reason
for LZ F, causative processes would not be supported by the sediment record of Lagoa Dourada. The
impact of the LIA on climatic conditions that can be expected for S Brazil is increased precipitation
(Bernal et al., 2016; Novello et al., 2021) leading to denser vegetation with less soil erosion. This is a
process actually described for the centuries immediately prior to LZ F. Thus, we refuse the option of
considering the LIA as responsible for an increase in minerogenic deposition during LZ F and find
further support for a modification of the chronology (Fig. S6).

This interpretation in combination with the modified age-depth model is also supported by the
topmost lithozone (LZ G), which is characterized by a return to highly organic deposits (Fig. 8) around
AD 1950 (Fig. S6). This corresponds with the establishment of the Vila Velha State Park in AD 1953. In
combination with reforestation with pine and eucalypt during the following decade, soil erosion was
immediately reduced. A return to highly organic sediments comparable to those prior to AD 800 was
the result, except for two elements: N (Fig. 3) and K (Fig. 5, 9). Both elements increase considerably
towards the top of the record, a process explained by the extensive use of fertilizers in the
catchment area since the 1950ies.

Discussion

Chronological considerations: Evidences in support of the Early Holocene start of our chronology
exist from various sources. Although uncalibrated radiocarbon ages date the base for LD17-91 to
11,170 BP (Melo et al., 2003; Moro et al., 2004) and for LD17-17 to 13,850 BP, these Late Pleistocene
ages are influenced by reservoir effects and are not providing a Lateglacial age for the basal
sediments from Lagoa Dourada. This is confirmed by pollen and speleothem data. Palynological
investigations at Serra dos Orgaos (22.5 °S) describe a warm and wet Younger Dryas (YD) chronozone
(Behling and Safford, 2010). Similar climatic conditions are reconstructed with pollen from Serra do
Tabuleiro at 28 °S (Behling and Oliveira, 2017). Additionally, the reconstruction of precipitation using
stable isotopes of a speleothem from Botuvera Cave at 27 °S (Cruz et al., 2005) also characterizes the
YD as wet comparable to the Late Holocene. There is no evidence for such a wet period with forest
expansion at the base of our record (Piraquive Bermudez, 2020). Thus, we have further evidence that
the obtained Lateglacial ages are artefacts and the record from Lagoa Dourada starts during the Early
Holocene.

At the upper end of the stratigraphy, pollen-based evidence of deforestation exists from tropical
Lago do Pires (18 °S) dated to 140 BP (Behling, 1995), which corresponds to AD 1840 after
calibration. At Cambara do Sul (29 °S) human activities started after AD 1780, first with cattle
breeding followed by logging. Since AD 1820, settlements were established with accompanying
agriculture (Behling et al., 2004). Also at Serra da Bocaina (23 °S) permanent European communities
were established after AD 1750 (Portes et al., 2018). Furthermore, historic evidence for the
introduction of neophytes (eucalypt and pine trees) to South Brazil dates back to AD 1904, when
timber barons established first tests with these fast-growing 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 AD 1964 (Government of
the State of Parana). Thus, we are confident that LZ G covers only the last ~70 years. The reason for
this discrepancy of historical data with the radiocarbon-based age-depth model is the lack of **C ages
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for the last millennium, where distinct changes in sedimentation rate additionally modify the record
(Fig. S6).

Comparison with previously published data from Lagoa Dourada: Sediments from Lagoa Dourada
(LD91) have been cored for the first time 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 of the data are available with only low
spatial resolution (1 or 2 analyses/m); and (3) the chronology is based on two radiocarbon dates
providing ages of 11,170 +110 BP and 8720 +150 BP from 11,9 m and 10.6 m, 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 analyses,
which document the presence of quartz, kaolinite, illite, pyrite and gypsum. The latter is an artefact
and produced after core splitting when pyrite (FeS) oxidized and recrystallized as gypsum (CaSQys). As
total carbon percentages of the 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 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
support 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 diatoms.
Moreover, Moro et al. (2004) confirm the largest concentration of K for a depth of 20 cm, which is
related to NPK fertilizers applied in the catchment area.

Comparison with pollen data from S and SE Brazil: Most paleoenvironmental data from S and SE
Brazil is from palynological investigations. Here we compare our investigation with pollen records
spanning a latitudinal range from 18 to 28 °S.

The pollen record from Serra do Tabuleiro (28 °S) provides a 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 11,400-7700 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 Lagoa Dourada environmental conditions, 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 trees that 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). This process not only caused intense colluvial deposition but
also the formation of the highest fluvial terraces in the drainage systems of South Brazilian rivers
dated to 11,400-9500 cal. BP (Suguio et al., 1989).

After a warm and dry onset of the Holocene, precipitation started to increase, causing a change from
Campos 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 South 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 but may also be related to a time-
transgressive spatial evolution of climatic conditions. Higher rainfall with the expansion of forest is
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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 chemical weathering and pedogenesis with leaching of nutrients as documented by an
increased lacustrine productivity at Lago Aleixo (Enters et al., 2010). This also transformed lacustrine
sedimentological 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 AD 1520-1780 at Cambara do Sul (Behling et al., 2004) and since AD 1390 at Lagoa Nova (Behling,
2003). For Lagoa Dourada only a weak signal with less siliciclastic matter (K and Ti in Fig. 9) is
detected and possibly related to a LIA age of AD 1350-1800 according to the modified chronology
(Fig. S6).

In a next step, human activities changed the ecosystems. Since the late 18" century, European
settlers started to use the area for farming (Behling and Oliveira, 2017; Portes et al., 2018).
Agricultural activities 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 regional speleothem data: Speleothems currently provide the best dated and most
significant 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, speleothems from Caverna
Botuvera (27 °S) provide high-resolution stable isotope data with a precise U/Th-based chronology
dating back to 116 ka (Cruz et al., 2005). The obtained oxygen isotope record (Fig. 10a) varies with
the source of precipitation and thus is interpreted as a proxy for atmospheric circulation and
convective intensity, both closely related to the SAMS controlling hydroclimatic conditions. Summer
convection over the Amazon Basin and associated monsoonal precipitation in South 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., 2005). These conditions are nicely summarized by
Wang et al. (2007): “Low (high) Bouverd speleothem 60 indicates intensified (weakened) SASM
activity, more (less) Amazon moisture contribution and higher (lower) rainfall in South Brazil.” Thus,
the isotopic record from Caverna Botuvera is linked to variability in precipitation caused by
insolation-controlled fluctuations of the SAMS and provides one of the most robust climate
reconstructions for South America. While the early studies of Caverna Botuvera focus on orbital to
millennial timescales (Cruz et al., 2005; Wang et al., 2007), follow-up investigations obtained a much
higher temporal resolution for the Holocene detecting decadal to centennial climatic variability
(Bernal et al., 2016; Novello et al., 2021), data which also were used for inter-hemispheric correlation
of climate modes (Deininger et al., 2020). The high-resolution 60 data are supported by even
higher resolving trace-element data (Mg, Ca, Sr, Ba). Especially the Sr/Ca ratio correlates highly with
880 (Fig. 10b, 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., 2016). 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 AD 1400-1850 (Bernal et al., 2016) — both characterized by a
wetter hydroclimate. A wet LIA (AD 1600-1850) with stronger SAMS is also documented by a
compilation of speleothem &'3C data from 25 caves in tropical and subtropical South America
(Novello et al., 2021). All speleothem data about the regional hydroclimate are in line with our
interpretation of the high-resolution record from Lagoa Dourada, underline the environmental
changes observed and provide the best possible precipitation signal, which solidifies the
reconstructed surface processes that lead to the formation of the studied sediment sequence.
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The 8.2 ka event is characterized here by increased BSi related to a maximum in planktonic diatom
development (Fig. 8), a marked decrease in Ti and an increase in K (Fig. 9). These two centuries
match with the increased precipitation, which corresponds to less soil erosion due to denser
vegetation (Ti), a higher degree of chemical weathering with related leaching of K and a deeper lake
with more nutrients beneficial for the development of planktonic diatoms (Fig. 8).

Conclusions

Thirty years after first investigations of sediment from Lagoa Dourada (South Brazil), our re-visit of
the site provides a wealth of information shedding new light on environmental responses triggered
by dominating climatic control mechanisms related to the intensity variations of the South American
Monsoon System (SAMS). We recovered two overlapping sediment profiles that extend the previous
record (Melo et al., 2003; Moro et al., 2004) more than 2 m into the past. Time control is obtained by
applying sophisticated age-depth modelling after combining AMS radiocarbon dates on terrestrial
macrofossils with reservoir-corrected ages of bulk OM. Based on this chronology, XRF core-scanning
data together with geochemical and sedimentological studies provide high-resolution insights into
responses of lacustrine and geomorphological systems to climatic variability and anthropogenic
impacts. Altogether, this allows investigating a detailed regional hydroclimatic history and provides
unequivocal linkages to other regional and high-resolution studies, namely the speleothem records
from Caverna Botuvera (Bernal et al., 2016; 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,
underground karst runoff, river flooding and cultural soil erosion. Thus, our comprehensive and well-
dated multiproxy dataset provides 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 — all reflecting environmental responses to hydroclimatic variability during
the Holocene and to human activities during the last few 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 South Brazil and beyond. Moreover, these sediments provide an essential
contribution to understand how precipitation changes influenced the resilience of ecosystems and
their responses to global climate change, which is important background information to better
constrain model projections 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 deposition. This is due to decreasing
availability of minerogenic particles from hillslope 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 — a process less
well understood but also linked to increased precipitation. Once established, autochthonous
lacustrine processes dominate sediment formation for the remaining Holocene, except for the
topmost centuries. Based on a modified age-depth model for the last millennium, between AD 1800
and 1950 European settlers caused severe soil erosion as a result of land-use change. For the
topmost and youngest seven decades, organic deposition reconvenes with evidences of increased
eutrophication 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 strengthening of the SAMS. In addition to this general trend, the sediment
record from Lagoa Dourada most likely documents imprints of the two most prominent Holocene
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climatic events: the 8.2 ka event and the Little Ice Age. For Lagoa Dourada, both reflect a several
century-long increase in rainfall with complex responses of the environmental system. This result
favorably agrees with the climatic signal preserved by the speleothem record from Caverna Botuvera
(Bernal et al., 2016).

Future tasks to exploit this sediment record even further should (1) improve the chronology of the
last millennium with radiometric dating (**C, #*°Pb), (2) link sedimentological and geochemical results
with paleobiological data such as pollen (Piraquive Bermudez, 2020) and diatoms (Moro et al., 2004)
to improve our understanding of interactions between regional vegetation and the geomorphological
system in response to climate change and (3) extend investigations to stable isotopes of OM to
better characterize and understand the Middle Holocene transition from C4 to C3 plants. Another
and completely different challenge would be related to coring longer sediment records from Lagoa
Dourada with the ultimate goal to penetrate the Pleistocene and to discover imprints of
environmental changes linked to the Younger Dryas and the Antarctic Cold Reversal.

Data Availability

The multiproxy dataset of the lacustrine sediment record from Lagoa Dourada is accessible via the
PANGAEA data archiving and publication system at
https://doi.pangaea.de/10.1594/PANGAEA.xxxxxx. [The correct link will be provided during
revisions.]

Supplemental Material

Supplementary figures and tables to this article are available online.
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Fig. 1: Location of Lagoa Dourada in Parana (South Brazil) with a geological map of the Vilha Velha
State Park based on information from “Plano de Manejo Vegetacao Parque Estadual Vila Velha”
(Goberno do Estado de Parana, 2004) and an aerial photography of the lake with Rio Guabiroba from
Google Earth.
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Dourada. A) Oxygen isotope record from Botuvera speleothem BTV2 focusing on the last 14 ka (Cruz, 2005;
Cruz et al., 2005). Climatic conditions are labelled and color-coded (YD: Younger Dryas) and derived from
Novello et al. (2017). Note: the time scale is in U/Th years! B) Oxygen isotope record and C) Sr/Ca ratio from
Botuvera speleothem BTV21 for the Holocene (Bernal et al., 2016a; Bernal et al., 2016b) with hydroclimatic
interpretation (arrows). Additionally, clr-transformed elemental data of Ti (D) and K (E) are shown from the

30 (%0 VPDB)

Sr/Ca (mmol/mol)

ks

Age (U/Th years)

14000 12000 10000 8000 8000 4000 2000
; ! . . . !

65 1

85 1

50 +

a5 1

a1

35 1

YD (warm and wet)

Antarctic
Cold
Reversal
(cold and dry)

8.2

Middle and Late Holocene
(warm and wet)

Early
Holocene
(warm and dry)

Caverna Botuvera

Lagoa Dourada

LIA |

10000 9000 8000

e F—————— - = 1

Age (cal. BP)

7000 6000 5000 000 3000 2000 1000

3"%0 (%. VPDB)

K-clr, Ti-clr

sediment record of Lagoa Dourada. The two most prominent Holocene climatic events are marked with 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 — for explanation: see the text. All

data from Caverna Botuverd were accessed online via the NOAA Paleoclimatology Program on February 18,

2021.
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1192
1193

1194

1195

Tab. 1: Radiocarbon ages with sample depths, sample characteristics as well as reservoir correction.

Ages used for calculation of the reservoir effect are excluded from age-depth modelling (shaded in

dark gray) as well as outliers mainly located in sand horizons (shaded in light gray).

Sample

D
(LD-)

AU WN

8

Lab. No.

POZ-119117
POZ-111295
UBA-29240
POZ-121537
POZ-119118
POZ-107807

POZ-119119

POZ-122527
POZ-119121
POZ-116232
POZ-122528
POZ-119122
POZ-111296
UBA-29241

POZ-107808
POZ-119188
POZ-107809
POZ-116234
POZ-111297
POZ-107810
POZ-107815

POZ: Poznan Radiocarbon Laboratory, Poland

Sampled
Core

LD-B2
LD-B3
LD-B5
LD-B6
LD-B7
LD-B8

LD-B8

LD-B8
LD-B9
LD-B9
LD-B9
LD-B10
LD-B10
LD-B10Liv
LD-B10Liv
LD-A11
LD-B11
LD-B12
LD-B12
LD-B 13
LD-B 14

Section Composit Radiocarbon

Depth
(cm)

89.5-90.5
29-30
6.8-6.9
41-42
56.2-56.6
39.1-39.2

54.1-54.5

102-103
10-11
43-44
79-80
41-42
64-65

9.3-9.8
82-83
29-30
96-97
42-43
90-91
76-77
97-98

Depth
(mcd)

1,726
2,048
3,873
5,177
6,332
7,161

7,311

7,79
7,938
8,268
8,628
8,912
9,142
9,252
9,979
10,03

11,255
11,85
12,33

13,2

14,326

Age
(8P)

990
1470
2330
3205
4300
4355

4635

8530

7930

8330

10590
11630
11380
6235

12020
11620
14540
14660
12930
13750
13850

35

Type of
Sample

Macro-fossil
Macro-fossil
Macro-fossil
Macro-fossil
Macro-fossil
Macro-fossil

Macro-fossil

Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Macro-fossil
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk

UBA: **Chrono Centre at Queen’s University Belfast, Northern Ireland

Reservoir
Correction Comments
(yrs)

outlier; from sand horizon

outlier; from sand horizon

outlier; from sand horizon
from sand horizon

5145 age used to test reservoir correction with LD-16

outlier; from sand horizon
outlier
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Fig. S1: Ca counts obtained by XRF core scanning vs. field depths for sediment cores LD17-A (blue)

and LD17-B (red) as well as for the merged composite record, now on a composite depth scale and
displayed in centimeter composite depth (cmcd).

Composite depth (cmcd)
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Fig. S2: Magnetic susceptibility versus field depths for sediment cores LD17-A (blue) and LD17-B (red)
as well as for the merged composite record displayed on a composite depth scale in meter composite
depth (mcd). Correlation of LD17-A and LD17-B is not based on the magnetic susceptibility data

shown but on Ca data (cf., Fig. S1).
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Fig. S3: Scree plot of the explained variance ratio for all principal components (PCs) based on

normalized (clr-transformed) and standardized elemental intensities obtained by XRF core scanning

(cf., Fig. 4).
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Fig. S4: Organic matter for the sediment record from Lagoa Dourada. A) High resolution (2 mm)
record of the In inc/coh ratio; B) Same ratio with resolution reduced to 8 cm; C) Low resolution
(8 cm) total organic carbon (TOC) record. Correlation between B and C: r = 0.88.
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Fig. S5: Grainsize frequency histograms of mean distributions for selected lithozones.

41



1223

1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234

1235

1236

Composite Sediment Depth (mcd)

1400 1200 1000 800 600 400 200 0

Age (cal. BP)

Fig. S6: Modified chronology for the last 1500 years. On display are the “rbacon” age-depth model
(black line), the two uppermost radiocarbon ages (red squares) with a linear sedimentation rate
based on these two dates only (red dashed line) and an age for the onset of deforestation (AD 1800
150 years: blue square) with a linear sedimentation rate (blue dashed line) calculated for this
historical date and the sediment surface of the year of coring, i.e. AD 2017 (blue asterisk). Values
provided in mm/yr are respective linear sedimentation rates. Additionally, two data points are shown
(cyan): (1) AD 1953 at 0.4 mcd, the year of establishing the Vila Velha State Park as indicated by
returning organic sediments (onset of LZ G) coinciding with the calculated linear sedimentation rate;
(2) The change in elemental data at 1.6 mcd interpreted as the onset of the LIA (see text for
explanation) and its timing of AD 1300 (650 cal. BP) as based on linearly extrapolating the
radiocarbon-based sedimentation rates.
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Tab. S1: Correlation coefficients for 20 elements as well as incoherent (inc) and coherent (coh)
radiation analyzed with the XRF core scanner for sediment cores LD-B6 (organic) and LD-B12
(minerogenic). Both cores were 97 cm in length, scanned every 2 mm and consist of 486 individual
data points. Each core scanning was repeated five times. Only elements with a high positive
correlation of r > 0.8 for at least one of the two core sections (shaded in gray) were selected for
further statistical treatment.

LD-B6

Element Al Si P S cl K Ca Ti \ Cr Mn “Fe Ni Cu Zn Br Rb Sr zr Pb Inc  Coh
Mean counts for each element 35 149 17 135 7 217 1115 1248 24 74 28 9075 167 174 145 41 133 160 1044 43 51666 8473
Correlation coefficient 0,052/ 0956 0,037 0994 0,037 0941 1,000 0,997 0,183 0,360 0,350 0999 0273 039 0860 0158 0523 05190981 0,127 0,995 0,902
Pvalue 0,288<0,00001 0,6028 0 0,428 <0,00001 0 0 0,00003 <0,00001 <0,00001 0 <0,00001 <0,00001 <0,00001 0,00036 <0,00001 <0,00001 0 0,00311 0 0
LD-B12

Element Al Si P S cl K Ca Ti \ Cr Mn “Fe Ni Cu Zn Br Rb Sr Zr Pb Inc  Coh
Mean counts for each element 54 532 24 29 13 675 295 2043 25 53 34 21607 148 152 204 23 377 430 1687 102 39096 7919
Correlation coefficient 0,094 0,978 -0,003 0,137 0,036 0,983 0,966 0,993 0,140 0,297 0,715 0,999 0,344 0,476 0,641 0,329 0,853 0,922 0,992 0,505 0,991 0,734
P value 0,0321 0 0,4103 0,0019 0,2135 0 <0,00001 0 0,00098 <0,00001 <0,00001 0 <0,00001 <0,00001 <0,00001 <0,00001 <0,00001 <0,00001 0 <0,00001 0 <0,00001
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