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ARTICLE INFO ABSTRACT

Handling Editor: P Rioual The Holocene climate history of Southern Africa remains inconclusive despite the increasing number of proxy
records from the region. This might be related to the diversity of proxy records, how the proxies are interpreted,
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novel and conventional proxies, including isotopic (§'3C), elemental (CS-XRF), mineral (pXRD), molecular (FTIR-
ATR and pyrolysis-GC-MS), grain size (Malvern 3000) and GSSC phytolith composition. The chronology was
constructed through AMS radiocarbon dating (n = 7). The early Holocene (10,380-7000 cal yr BP) was char-
acterized by an initial wet phase, followed by relative dryness, at least seasonally, evidenced by slow accumu-
lation rates, low organic content and dominance of terrestrial vegetation in the organic matter matrix. From
7000 cal yr BP, decreasing temperatures, as evidenced in regional climate reconstructions, were associated at
Marias Geluk with higher biogenic silica and organic matter content and an increase of moisture-adapted grasses,
indicating increasingly mesic conditions. This trend was amplified after 6000 cal yr BP, co-occurring with a
southward displacement of the ITCZ. Complex proxy dynamics were observed between 4300 and 2180 cal yr BP,
with bulk organic proxies indicating a drier environment (lower carbon content, slow accumulation rates,
enriched 5'°C values) but the phytolith record pointing towards relatively mesic conditions. The period was also
associated with increased fire frequency, that also reached the local wetland. We suggest that the period was
associated with seasonally mesic conditions together with increased fire incidence, which affected some of the
organic proxies. Increased fire activity was also recorded in the region, while the hydroclimatic indications
differed. The last 2000 years, during which human activity is known to have increased in the region, was
characterized by lower fire incidence and variable, but relatively moist, conditions. The hydroclimatic inferences
for the last 2000 years are in line with previous studies from the region, but additional studies are needed to
decipher if the decline in fire incidence was associated to climate forcings, human activities, or a combination of
both. The multiproxy approach applied here - in particular the inclusion of FTIR-ATR and pyrolysis GC-MS -
revealed a complex interplay between vegetation dynamics, hydrology and paleofire variability. This study
confirms that relatively small Holocene temperature variations (compared to northern higher latitudes) were
associated with major hydrological variability at Marais Geluk, and reinforces concerns from earlier studies that
the hydroclimate of the region is vulnerable to climate change. The result s also show that the southward
displacement of the ITCZ, and associated tropical air masses, likely had significant effects on regional hydrology
and fire incidence.
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J.K. Sjostrom et al.
1. Introduction

To date, southern Africa has experienced 1.04-1.44 °C warming
since pre-industrial times (Trisos et al., 2022). The projected climate
change in southern Africa, in a 1.5-2°C warming scenario, include
increased frequency of heatwaves, decreasing mean annual rainfall and
increasing evaporation leading to more intense drought conditions.
Heavy rainfall events are projected to decrease in the western parts,
while an increase is projected for the eastern parts (Trisos et al., 2022).
However, some of these predictions are uncertain, and additional
observational as well as paleo-climate data are needed to further un-
derstand the mechanisms governing hydroclimatic changes in the region
(Trisos et al., 2022). Paleoclimatic studies, utilizing natural archives
such as lakes or peat, can be used to infer hydroclimatic changes during
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past climatic variability, and aid in improving prediction capabilities.

Wetlands are relatively rare in South Africa, but somewhat more
prevalent in the wetter, eastern parts of the summer rainfall region
(Mucina and Rutherford, 2006). The existence of wetlands in
sub-tropical settings is related to local positive water-balances. In
eastern South Africa, wetlands typically occur in close proximity to
rivers and streams that become impeded by bedrock, faulting, swelling
soils or sedimentation, allowing peat accumulation. These streams and
rivers may be either perennial, seasonal or ephemeral (Tooth and
McCarthy, 2007). Moreover, southern African wetlands are character-
ized by seasonal desiccation and recurrent fires, leading to overall low
organic matter (OM) accumulation (Tooth and McCarthy, 2007).

A chronostratigraphic review, compiling paleoclimatic inferences from
several wetland studies in south-eastern Africa (Norstrom et al., 2021),
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Fig. 1. Location map. a) Location of large-scale atmospheric systems affecting the region (ITCZ, major high and low air pressure systems) during summer pre-
cipitation (Nov—-Mar), including major sources of moisture. Mean monthly precipitation indicated in blue shades. Major ocean currents are also indicated. The red box
indicates the zoomed in area of panel c), while the red filled box marks the location of Marais Geluk wetland. b) Location of major atmospheric systems during winter
(Apr-Oct) and monthly mean precipitation (blue shades). Moisture source shifted from north-east to south-west compared to summer. c) Vegetation zones and
location of Marais Geluk (this study) and Braamhoek (previous studies), adapted from SANBI 2018 Vegetation map of South Africa, Lesotho and Swaziland. d)
Satellite image of the study area, coring location and nearby streams. Adapted from Google Earth (2023).
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found that several studies reported mesic conditions during the early Ho-
locene (ca. 10.5-8 ka cal yr BP), but relatively dry conditions for the same
period have also been inferred. For example, the Makapansgat stalagmite
record (Holmgren et al., 2003) Wondercrater spring mound (Scott et al.,
2003) and Verloren Valei wetland sequence (Breman et al. (2019) all report
relatively dry conditions during the period. For the mid Holocene (ca. 8-4
ka cal yr BP), Breman et al. (2019) inferred mostly moist conditions,
whereas Holmgren et al. (2003), Norstrom et al. (2009, 2014), Finné et al.
(2010) inferred relative dryness. For the last 2000 years, greater hydro-
climatic variability has been observed, with mostly mesic conditions
(Norstrom et al., 2009, 2014; Finné et al., 2010; Sjostrom et al., 2017;
Breman et al., 2019; Combrink et al., 2022), while paleostudies from the
Mfabeni wetland, in coastal south-eastern South Africa, reported relatively
dry conditions (e.g. Finch and Hill, 2008; Miller et al., 2019; Fietz et al.,
2023). This may be related to how the proxies are interpreted, that some
proxies respond to more than one forcing, differences in sampling resolu-
tion, location of study site, and/or local factors affecting the individual
study site. Here, we aim to bridge some of these knowledge gaps by ana-
lysing a 175-cm peat sequence for multiple proxies: near continuous
CS-XRF (core scanner X-ray fluorescence), molecular FTIR-ATR (Fourier
transform infra-red - attenuated total reflectance), pyrolysis-GC-MS
(pyrolysis—-gas-chromatography-mass spectrometry), carbon isotope
analysis 630 together with total organic carbon (TOC) and nitrogen (TN)
analyses. These results are anchored by grain size, XRD (X-ray diffraction)
mineral and grass silica short cell (GSSC) phytolith analyses. Our study site,
Marais Geluk wetland, is located ca. 18 km west of Braamhoek (Fig. 1), a
previously well-studied site (Finné et al., 2010; Norstrom et al., 2009,
2014). The Braamhoek proxy-record covers the last 16,000 cal yr BP, but
with relatively low resolution during mid- and late-Holocene. Our record
from Marais Geluk encompasses this period with higher resolution and
may therefore provide data and improved understanding of a time period
for which divergent trends have been recorded in previous paleo-studies
(Norstrom et al., 2021, and references therein).

The vegetation in the study area consists of a mix of C3 (mainly trees
and shrubs) and Cy4 (grasses) plants (Vogel et al., 1978), which means
that 8'3C values are a suitable tool to track shifts been C3 and Cy4 vege-
tation through time (Norstrom et al., 2009). However, when analyzing
bulk samples for 513¢ (613Cbu1k) values interpreting discrete values may
not be straightforward as the results can have strong local influences,
particularly during periods of high productivity. Coupling 8'3Cpp with
additional analyses, like grass silica short cell (GSSC) phytolith analysis,
can aid in untangling the local wetland signal from changes in the sur-
rounding grassland. Fires can also affect the vegetation distribution, for
example by suppressing some species (e.g. trees) and promoting others
(grasses, bushes) (Cordova et al., 2019; Finch et al., 2022; Norstrom
et al., 2009). In addition, studies have shown that organic proxies (e.g.
C, 613C, and other biomarkers) may be affected by fires (Krull et al.,
2003; Sarangi et al., 2022; Turney et al., 2006). Here, we will explore
whether FTIR, in combination with pyrolysis GC-MS, can be used to
detect charcoal content, and in extent paleofire dynamics, in bulk
wetland samples.

The loss on ignition (LOI), TOC and TN content provide information
on total OM content, while C/N ratios may indicate the sources of the
OM (e.g. aquatic or terrestrial) (Meyers, 1994; Meyers and Ishiwatar,
1993). CS-XRF allows non-destructive, near-continuous resolution of
elemental downcore variability, enabling event markers to be detected
at the millimeter-scale that might have been missed by coarser
sub-sampling, and have become an increasingly common analytical
approach for lacustrine and marine sediments (Croudace et al., 2019;
Lowemark et al., 2019; Bertrand et al. submitted). CS-XRF analysis can
be used to reconstruct past environmental changes such as paleofloods,
productivity, variations of aeolian input and movement of the Inter-
tropical Convergence Zone (ITCZ) (Brown et al., 2007; Kylander et al.,
2011; Moreno et al., 2007, 2008; Yancheva et al., 2007). To date, peat
cores have been less frequently analyzed, because the analysis requires
flat surfaces and dense material (Bertrand et al. submitted), a
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pre-requisite that peat cores, especially from northern latitudes, do not
always fulfill. Peat sequences from southern Africa are typically more
decomposed, and thus more similar in terms of density and smoothness
to a lacustrine sediment. To our knowledge, only a few peat sequences
from southern Africa have been analyzed by CS-XRF (Humphries et al.,
2020; Humphries, 2021; Kylander et al., 2021), and even fewer have
combined it with FTIR-ATR analysis (Kylander et al., 2021). FTIR-ATR is
a fast, non-destructive, analytical approach that records information on
the vibration of molecular bonds (organic and inorganic) in the analyzed
material. Information obtained via FTIR-ATR can be used to reconstruct
past variations in decomposition, mineral composition and carbon
compounds in peat bulk samples (Artz et al., 2006; Biester et al., 2014;
Hodgkins et al., 2018; Kylander et al., 2021; Martinez Cortizas et al.,
2021a, 2021b). Previous studies have shown that charcoal can be
detected by FTIR-ATR (e.g. Guo and Bustin, 1998; Gosling et al., 2019).
Here, we will evaluate whether FTIR-ATR analysis can detect charcoal in
bulk wetland samples, and verify the results from FTIR-ATR by a sec-
ondary, independent analysis: pyrolysis-GC-MS. The high-resolution
CS-XRF data (n = 431) will be combined with FTIR-ATR (n = 83),
pyrolysis-GC-MS (n = 77), grain size (n = 19) and XRD mineral (n = 11)
measurements to aid and anchor the interpretations.

The results will be explored with principal component analysis
(PCA), which aims to reduce the number of dimensions of the multi-
variate datasets, thereby explaining as much of the variance as possible
within few components (Davis, 2002). This may allow variables dis-
playing similar behavior through a sequence, and thus may be
controlled by the same process, to be identified.

The aims of this study are to: a) compare the responses of the
different proxies analyzed and explore similarities and differences; b)
reconstruct paleo hydroclimatic and vegetational changes throughout
the studied period; and c) put the results into a regional paleoclimatic
context.

1.1. Study area

The studied wetland (28°17'53"S, 29°25'10.9'E, 1700 m.a.s.l.) is
located in the vicinity of Marais Geluk farm, north-eastern Free State,
South Africa. The study area is located 4 km north-west of the Dra-
kensberg escarpment (Fig. 1a and b). The altitudinal difference (~500
m) of the escarpment governs the separation of the high grassland bi-
omes to the north-west, and the lowland grass and savannah biomes to
the south-east (Fig. 1c). The wetland is located in an area where two
streams converge (Fig. 1, d). The stream drains to the Wilge River 3 km
north of the study area. The area surrounding the wetland is currently
grazed by cattle, with the coring location protected by a fence to prevent
cattle from entering the wettest parts. The contemporary wetland
vegetation is dominated by sedges, whereas grasses dominate the sur-
rounding hills. The study area belongs to the Sandy Grassland biome
(Fig. 1, c), where a majority of grasses (75-95%.) use a C4 photosyn-
thetic pathway to fix CO2 and 5-25% use a C3 photosynthetic pathway
(Mucina and Rutherford, 2006; South African National Biodiversity
Institute, 2018; Vogel et al., 1978). Shrubs, trees and bushes use a C3
photosynthetic pathway (Vogel et al., 1978). The bedrock of the area is
dominated by sandstones of the Karoo supergroup and the Beaufort
series that formed around 260 Ma ago, co-occurring with local in-
trusions of mudstones and shales (Holmes and Barker, 2006).

The climate of South Africa is governed by several large-scale pro-
cesses such as the seasonal movement of the ITCZ, the circumpolar
vortex over Antarctica and temperature contrasts between the warm
Indian Ocean and the cooler Atlantic Ocean (Scott and Lee-Thorp, 2004)
(Fig. 1). During austral summers, the summer rainfall region is domi-
nated by warm and moist easterly air masses, associated with a south-
ward shift of the ITCZ on the eastern side of the continent (Fig. 1, a).
During austral winters, dry, high pressure conditions develop in the
summer rainfall region, while cool and moist air masses, associated with
expansion of the Antarctic circumpolar vortex, dominate in the
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south-western Cape, causing dominantly winter rainfall (Fig. 1, b) (Scott
and Lee-Thorp, 2004). The Marais Geluk wetland is located in the
summer rainfall region, receiving ca. 1400 mm of rain annually, of
which around 80% falls between October and March. Temperatures
range from an average daily maximum of 27 °C (January) to —2 °C (June
and July). Daily mean maximum temperature during the growing season
(October—March) is 25 °C, while the mean minimum is 11 °C (South
African Weather Bureau).

2. Methods
2.1. Fieldwork, subsampling and LOI analysis

In December 2011, four sediment cores were retrieved using a
Russian corer equipped with a 50 x 5 cm chamber to a total depth of
175 cm. The cores were wrapped in plastic immediately after retrieval
and put in half-cut PVC tubes. The cores were stored cold (4 °C) upon
arrival at Stockholm University. The cores were sub-sampled at 1-cm
resolution, and every other sample was freeze dried and milled to a
fine powder in preparation for additional analyses (see below). LOI
analysis followed Dean (1974), and included initial drying at 105 °C,
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weighing, and combustion at 550°C for 5 h, and weighing of the ash
residue. LOI was calculated by subtracting the sample weight before and
after combustion, and calculating the percentage weight lost.

2.2. AMS radiocarbon dating and chronology

Due to the absence of visible plant macro fossils throughout the
sequence, bulk samples were used for radiocarbon dating (n = 7). The
bulk samples were dissolved in distilled water and transferred to a petri
dish, where root remains were removed using a pair of tweezers under a
magnification lens, following Norstrom et al. (2014). Prior to analysis,
the samples were soaked in 1% HCI to remove carbonates. The soluble
part of the residue was precipitated by addition of 1% NaOH, and the
precipitate used for AMS radiocarbon dating. Radiocarbon dating was
performed at the Angstrom Laboratory, Uppsala, Sweden. Calibration
and age-depth modelling (Fig. 2) were conducted using Bacon (Blaauw
and Christen, 2011), version 2.5, including the SHCal20 (Hogg et al.,
2020) 14¢ calibration curve. One sample, which contained modern
carbon (pMC) was calibrated using the CALIBomb software (Reimer and
Reimer, 2022: calib.org/calibomb)
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Fig. 2. Age-depth model for Marais Geluk sequence (25-175 cm). Calibrated probability distributions (Hogg et al., 2020) of the six '“C dates are shown in blue. The
weighted mean is represented by the red dotted line, and the grey shading indicates the 95% confidence range. The three top boxes show information about the
model, from the left: quality of the iteration; predicted (grey shape) versus actual mean (green line), and values used in the a priori information used in the Bayesian
approach (Blaauw and Christen, 2011). The blue line depicts the accumulation rate (mm yr'') throughout the sequence, followed by a general lithology description.
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2.3. §'3C, TOC and TN analysis

Prior to analysis, samples were homogenized, freeze dried, weighed
into silver capsules and treated with HCI to remove potential carbonates,
meaning that the measurements were conducted on decarbonated
samples. The TOC, TN and 5'3C analysis was conducted on a Flash-EA
1112 Elemental Analyzer (ThermoFisher Scientific) coupled to an
isotope ratio mass spectrometer (IRMS, Delta V, ThermoFisher Scienti-
fic) at the Geological Institute, ETH Zurich. TOC and TN contents are
reported in percent (%) of dry weight. For TOC, TN and §'3C, calibration
was done using precisely weighed amounts of atropin (8'3C = —21.4%)
and peptone (8'3C = —15.6%o) standards. The reproducibility of the §'3C
measurements was better than 0.2%o.

2.4. CS-XRF and statistical processing

Prior to sub-sampling, the cores were scanned at the Department of
Geological Sciences, Stockholm University, using an ITRAX XRF Core
Scanner from Cox Analytical Systems. Analyses were made using a Mo
tube set at 30 kV and 50 mA with a step size of 3 mm and a dwell time of
20s. Based on analytical performance (counting statistics above back-
ground), the following elements were selected for further processing and
interpretation: Si, K, Ca, Ti, Mn, Fe, Ga, Rb, Sr, Y. In order to avoid
matrix effects, a known pitfall where OM or water content dilute the
signal, the data was normalized using a centered log-ratio (clr) trans-
formation (Weltje et al., 2015). Outliers and zero values were removed
prior to normalisation. Statistical associations were then assessed
through PCA using the JMP 17 software, applying varimax rotation.

2.5. FTIR-ATR analysis and statistical processing

Eighty-six samples from the Marais Geluk sequence were analyzed
for spectroscopic properties. Measurements were done on finely milled
bulk samples by FTIR-ATR, in the mid-infrared range (4000-400 cm 1),
using a Cary-630 Agilent Technology spectrometer. The number of scans
per sample was set to 200, recorded at 4 cm ™! resolution, with back-
ground measurements conducted before each measurement. Spectral
processing (i.e., standardization, average and standard deviation
spectra, as well as second derivative spectra) was done with the
{andurinha} R package (Alvarez Fernandez and Martinez Cortizas,
2020).

PCA was applied to the IR data on whole spectra using a transposed
data matrix (i.e., samples in columns and wave numbers in rows). The
PCA was performed with varimax rotation and in correlation mode. In
multiphase samples, like bulk peat or lake sediments, many compounds
(organic and inorganic) may overlap and thus be difficult to identify. As
shown in previous studies, this may be overcome by decomposing the
spectrum of each sample into several scores’ spectra (Martinez Cortizas
et al., 2021a, 2021b). In this way, peaks belonging to a particular
compound will end up in their own component, which can be compared
to reference spectra. The scores’ spectra enable the main con-
stituents/compounds present in the sample to be identified by inter-
preting their characteristic absorbances and comparing with spectra of
reference materials (e.g., organic compounds and minerals). The square
of the loading (i.e., partial communality) of a component in each sample
accounts for the proportion of the spectral variance of the corresponding
constituent/compound in the sample. The records of partial commu-
nalities reflect the changes in the relative abundance of the con-
stituents/compounds along the sequence (depth or time variations)
(Kylander et al., 2023; Martinez Cortizas et al., 2021b).

2.6. Pyrolysis GC-MS and statistical processing
Before the analyses, the samples were subjected to mild (single 2%

HF) acid pretreatment to eliminate reactive minerals that may interfere
with pyrolytic breakdown pathways of the OM (Kaal et al., 2019),
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modified after (Zegouagh et al., 2004). Nine of the 86 samples did not
produce high-quality pyrograms due to insufficient sample amounts
after HF treatment. Pyrolysis-GC-MS was performed with a Pyroprobe
5000 (CDS Analytical) coupled to a 5977 GC-MSD device from Agilent
Technologies. Samples were embedded in glass wool-containing fire--
polished quartz tubes. The samples were pyrolyzed at 650 °C (set-point
temperature) for 10 s (heating rate 10°C ms ). Compounds were
identified using available literature and previous analyses under the
same conditions. Relative proportions of the compounds were calculated
as the percentage of the total quantified peak area (TQPA), using the
main ion fragments (m/z) of each product. In this paper we only consider
organic compounds that may originate from pyrogenic OM such as
benzene, benzonitrile and polycyclic aromatic hydrocarbons (PAHs)
(Kaal et al., 2009), as indicators of fires in and around the Marais Geluk
catchment.

As for the other datasets, pyrolysis data was summarized by PCA. In
this case, the PCA was done on the direct matrix (pyrolysis products in
columns and samples in rows), in correlation mode applying varimax
rotation. Data was log-transformed before analysis.

2.7. Laser diffraction grain size analysis

Grain size analysis of the minerogenic particles in sediments and
organic accumulations (e.g. peat) can yield a wealth of information on
the depositional environment, transport processes and distances (e.g.
Tsoar and Pye, 1987; Vandenberghe, 2013; Boggs, 2014). Grain size
measurements were conducted through laser diffraction in a Malvern
Mastersizer 3000 that was equipped with either a Hydro LV (600 mL
volume) or a Hydro MV (120 mL volume), depending on sample size.
The analysis was conducted at the Department of Geological Sciences,
Stockholm University. The instrument employs a He-Ne red laser (A =
632.8 nm) as well as a blue light LED (A = 470 nm) with a 300 mm lens.
Fresh material was collected at 19 depths throughout the sequence, from
which the lithic fraction was isolated to minimize organic particle im-
pacts on grain size parameters (e.g. Gray et al., 2010). This was done
through soaking the samples in 17% H203 overnight and subsequently
heating them over a 100 °C water bath until no visible organic particles
remained. The samples were then diluted with deionized water and
centrifuged for 10 min at 4000 rpm, after which the supernatant was
removed. This process was repeated three times (following Sjostrom
et al., 2019). To facilitate particle disaggregation, sodium hexameta-
phosphate at a concentration 0.6% was added to the dispersion unit and
the solution left for 3 min, followed by 60 s ultrasound treatment. The
grain size distribution was measured for 60 s (30 s red light and 30 s blue
light), with 5 repetitions, capturing grain sizes in 100 size classes from
0.01 pm (clay) to 3500 pm (coarse sand). Grain size classes are here
described according to (Friedman and Sanders, 1978), and presented in
three main size classes (clay: 0-2 pm; silt: 2-63 pm; and sand: 63-2000
pm).

2.8. pXRD mineral analysis

Powdered X-ray diffraction (pXRD) analysis reveal the mineral
composition of the crystalline phases of sediments (Moore and Reynolds,
1997; Moreno et al., 2007; Sjostrom et al., 2019). The pXRD analysis was
conducted on HCl washed (10%) and milled ash residues, following
(Sjostrom et al., 2019). The analyses were conducted at the Swedish
Museum of Natural History, Stockholm, using a PANalytical X-ray
diffraction system (X’Pert® Powder) equipped with a multi detector. The
samples were analyzed from 5° to 70° 26, with CuKa radiation (A =
1.5406 A) at 45 kV and 40 mA, passing through a curved graphite
monochromator, fixed divergence and receiving slits (1°), step size
0.017° and a count time of 38 s. Processing of the diffractograms, such as
determination of background, smoothing, peak localization and mineral
identification was done in HighScore 4.6, a PANalytical software (Degen
et al., 2014) with integrated mineral reference patterns from the ICSD
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Table 1
Phytolith morpho-type and grass family assignment. The classification follows Twiss et al., (1969) and Twiss (1992), with adaptions based on references mentioned
below.
GSSC Abbreviations and morphological description Taxonomic Reference
morphotypes group
Bilobate BIL-1: elongated castula longer than width of lobes. Rounded, Panicoideae, (Barboni and Bremond, 2009; Cordova, 2013, 2023; Finné et al.,
concave or plateaued lobes Aristidoideae 2010)
BIL-2: castula shorter than width of lobes. Rounded, concave, or
truncated lobes
BIL-3: typical Panicoid bilobate
BIL-4: elongated Panicoid bilobate
Bilobate BIL-5: trapezoidal, wide lobes Danthonioideae, (Cordova, 2023; Finné et al., 2010; Fredlund and Tieszen, 1994)
Pooideae
Crenate CRE-1: keeled Pooideae, (Cordova, 2023; Novello et al., 2018)
CRE-2: elongate morphology, crenate OPS Danthonioideae
Cross CRO-1: four lobes Panicoideae (Barboni and Bremond, 2009; Cordova, 2023; Rossouw, 2009)
CRO-2: three lobes
CRO-3: rounded
Polylobate POL-1: three defined lobes along castula Panicoideae
Rondel RON-1: conical Pooideae, (Cordova, 2013, 2023; Neumann et al., 2019; Rossouw, 2009;
RON-2: oblong Danthonioideae, Sjostrom et al., 2019)
RON-3: round-base Ehrhartoideae,
RON-4: reniform Arundinoideae
RON-5: rectangular
RON-6: circular
Saddle SAD-1: symmetrical Chloridoideae, (Barboni and Bremond, 2009; Breman, 2010; Cordova, 2023; Finné
SAD-2: concave Aristidoideae et al., 2010; Rossouw, 2009)
SAD-3: rounded
Trapezoid TRZ-1: elongated trapeziform Pooideae (Finné et al., 2010; Rossouw, 2009)
TRZ-2: polygonal
Non-Poaceae Papillae and cone Cyperaceae (Alexandre et al., 1997; Finné et al., 2010)

Non-diagnostic SPH-PSI: spheroid psilate
NON-2: polygonal

NON-3: trigonal pyramid psilate

(Lisztes-Szabd et al., 2014; Novello et al., 2012, 2018)

database (2012). Brindley and Brown (1984) and Moore and Reynolds
(1997) were also used to guide mineral identification.

2.9. GSSC phytolith analysis

Since GSSC phytolith analysis is more laborious compared to isotope
analysis, we took the approach of analyzing selected samples (n = 14)
throughout the sequence and using the phytolith results as an aid when
interpreting the 5'3C results. Sample preparation for phytolith analysis
followed the standard laboratory method of Battarbee (1986) for the
recovery of siliceous microfossils, which will recover both phytoliths
and diatoms. Circa 1g of sample was retrieved from the fresh sediment,
soaked with 17% H30s, left at room temperature overnight, and there-
after heated to reaction temperature (80°C) in a water bath and left to
react for at least 2 h. Clay particles were removed by repeatedly
decanting at 2-h intervals. To disaggregate any adhered clay particles,
diluted NH3 was also added during the decanting process. Finally,
samples were mounted onto microscope slides using Naphrax resin
(Finné et al., 2010).

Phytoliths were identified under a light microscope at 1000x
magnification (Finné et al., 2010). Total diatom occurrence was also
noted, without any attempt to identify species or genera. A minimum of
250 GSSCs were counted per sample to ensure a representative GSSC
phytolith assemblage (Twiss, 1992). Naming of the phytolith
morpho-types followed the ICPN-2.0 nomenclature (Neumann et al.,
2019). A number of diagnostic GSSC groups for the Panicoideae (mostly
C4), Pooideae (C3), Ehrartoideae (C3), Danthoniodeae (C3) and Chlor-
idoideae (C4) subfamilies were identified using the standard GSSC
classification scheme of Twiss et al. (1969), with adaptations of this
scheme to a South African palaeoecological context, as outlined in
Table 1. Based on this classification scheme, phytolith GSSC
morpho-types were assigned to different grass families - C3 or C4 grasses
- or to the indeterminate category.

To depict relative changes two phytolith ratios were explored. The
two ratios are based on the original Ic-index (Twiss et al., 1969) and

Iph-index ((Alexandre et al., 1997; Diester-Haas et al., 1973), respec-
tively, adapted to a South African context following Cordova (2023).
The first index, which depicts relative changes between C3 and C4
grasses is calculated by dividing the sum of GSSC morphotypes related to
C3 sub-families (Pooideae, Danthoniodeae, Ehrhartoideae) against the
total sum of diagnostic GSSC phytoliths:

Pooid. + Danth. + Ehrhar.

. 1
Pooid. 4+ Danth. + Ehrhar. + Panicoi. 4+ Chlori. M

C3/C4=

The second ratio, the Panicoideae index (Cordova, 2023), depicts
relative moisture changes, particularly summer precipitation, by
comparing moisture adapted Cs-Panicoideae against all C4 grass
morpho-types (Cs-Chloridoideae and Cs-Panicoideae), calculated as
follows:

Panicoi..

Panicoideae index =——————— 2
ancodeae Maex = oy oridoi. + Panicoi. @

3. Results
3.1. Radiocarbon ages, age-depth modelling and lithology

The lowermost sample provided a calibrated age of 10,380 cal yr BP
(weighted mean, rounded to nearest decade) (Fig. 2). The results show
that all dates are in chronological order (Table 2), and that the accu-
mulation rates were significantly lower in the early part of the record
(175-102 cm, average: 0.09 mm yr‘l) compared to the uppermost part
(>102 cm, average: 0.7 mm yr’l). Modern carbon (pMC) was present in
the uppermost dated sample (25-cm depth), indicating that it originates
from a post-bomb age (Reimer et al., 2004). Post-bomb calibration
(CALIBomb software) showed that this sample had an age of either 1957
CE or 2009-2013 CE (Table 2). This post-bomb date, at 25-cm depth,
indicates the uppermost part of the sequence is disturbed, potentially
from grazing animals, and the focus will therefore be on results below
25 cm. All results presented below are presented in relation to calibrated
years before present (cal yr BP).
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Table 2
Depth, sample-id, radiocarbon and calibrated ages.

Depth (cm)  Lab-id 14Cyr 16 Calibrated Age Range, BP or CE. 26
25 Ua- 105.4+0.3pMC 1957 CE, (2009-2013 CE)
73695
50 Ua- 335 + 28 448-299
73696
75 Ua- 1646 + 29 1562-1412
73697
100 Ua- 2298 + 29 2342-2144
73698
125 Ua- 4599 + 31 5440-5050
73699
150 Ua- 7155 + 34 8015-7860
73700
175 Ua- 9284 + 40 10560-10260
73701

The lowermost 25 cm of the sequence (10,380-7900 cal yr BP),
consisted of a minerogenic clayey silt, followed by a darker peaty silty
unit between 150 and 132 cm (7900-5900 cal yr BP). From 132 to 25 cm
(5900-0 cal yr BP) a dark silty, peaty unit occurred (Fig. 2). Information
on the main color variability through the sequence can be found in the
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Supplementary data.

3.2. LOI, TOC, TN, and §'°C

The results show that the loss following ignition at 550°C ranged
from 7 to 37% through the sequence (average: 21.5 + 17%, n = 73, all
standard deviations are here given as 20, Fig. 3). Between 10,380 and
7640 cal yr BP, lower values (<10%, n = 14) occur (Fig. 3), followed by
a gradual increase towards 5270 cal yr BP (n = 11). Higher values (27 +
3.8%, n = 48) are thereafter recorded until 180 cal yr BP. Peaks are
noted at 3700, 3070, 2080, 1900-1400, 900 and 580 cal yr BP. Between
410 and 180 cal yr BP oscillations between higher and lower values are
observed.

The TOC and TN content (TOC average: 10 + 10%; TN average: 0.5
+ 0.5%, n = 73) generally follow the same pattern as the LOI, with
overall low, but gradually increasing, values in the oldest part of the
sequence (TOC average: 2.6 = 0.9%; TN average: 0.13 + 0.01%, n =
14). This increase accelerates between 7530 and 5380 cal yr BP (Fig. 3).
From 5000 cal yr BP, high, but variable, values occur (TOC average: 13
+ 6%; TN average: 0.7 & 0.2%, n = 46), followed by decreasing content.
The C/N (molar) ratio varies between 16 and 32 (average: 24 + 9, n =
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Fig. 3. LOI, TOC, TN, C/N ratio and 513Cbu1k plotted against time.
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73) through the sequence. Decreasing values are noted early in the
sequence (10,260-9810 cal yr BP, n = 3), with average values of 19 +
3.8, n = 6) sustained until 9140 cal yr BP, when values increase again.
Between 8680 and 4450 cal yr BP values stay elevated (n = 19), fol-
lowed by a steep decrease. Lower, but stable, values are noted thereafter
until 2280 cal yr BP, followed by generally declining values towards the
present. C/N ratios below 20 are again observed from 400 cal yr BP
towards the present. The 5'3C values range from —23 to —18%o (average:
—21 + 2.9%o, n = 73) with overall less variability between 10,150 and
5120 cal yr BP (min: —21%o, max: —20%o), compared to after 5100 cal yr
BP. Between 4310 and 2180 cal yr BP, enriched (18.7 £ 1.0%o, n = 9)
values were observed. Thereafter, a rapid, but stepwise decrease occurs.
The lowest values throughout the record are observed between 1810 and
1240 cal yr BP (—23 + 0.5%0, n = 8), followed by a stepwise increase
towards the present.

3.3. CS-XRF results and statistical associations

Relative concentrations of elements Si, K, Ti, Rb, Mn, Sr, Ca, Y, Ga
and Fe (clr-transformed) are here used to infer downcore variations
between 25 and 174 cm. The variability of individual elemental profiles
is depicted in Fig. 4.

Principal component analysis showed that three components capture
84% of the variability (Table 3). The first component (XRFCpl)
accounted for 44% of the variance, with elements Si, K, Rb and Ti
strongly (>0.7) associated, while Y and Ga were strongly negatively
(<-0.7) associated. A negative association to XRFCp1 is also observed for
Ca (—0.67). XRFCp2 (21% of the variance) showed a very strong positive
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Table 3

Statistical association of elemental downcore, variation. Strongly associated
variables (+>0.7, bold), moderately associated variables (40.3-0.69, normal),
and weak association (—0.3 - 0.3, grey).

Variables XRFCpl XRFCp2 XRFCp3
Var % 0.44 0.21 0.19
Cum. var. % 0.44 0.64 0.84
Si 0.79 —0.48 —0.04
K 0.78 —-0.57 0.02
Rb 0.78 -0.12 0.30
Ti 0.77 —0.54 -0.22
Mn —0.06 0.98 —0.06
Sr -0.10 -0.36 0.79
Ca —0.67 —-0.02 0.61

Y —0.79 -0.19 0.24
Ga —0.90 —-0.01 —-0.05
Fe -0.19 —-0.30 —0.86

association (>0.98) of Mn and a moderate negative association of Si, K,
Ti and Sr. XRFCp3 (19% of the total variance), has a strong association
with Sr (positive) and Fe (negative), and a moderate association with Ca.
By plotting downcore variability of the component scores, temporal
variability can be assessed (Fig. 5). In the lowermost, and oldest, part of
the sequence (10,300-9160 cal yr BP) scores on XRFCpl displayed
variable, but generally increasing values. Sustained elevated values
thereafter occurred until 6560 cal yr BP. Between 6540 and 6060 cal yr
BP, the values were generally lower, followed by less variability and
mostly positive scores until 3930 cal yr BP. After 3570 cal yr BP, towards
the present, mostly negative scores were observed, with positive (>0.1)
values noted at: 3530, 3420, 3000, 2810-2310, 2060, 1980, 1130-1055,
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Fig. 4. Results of CS-XRF analysis (clr transformed data) and major statistical associations.
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Fig. 5. Weight of the rotated components (1-3) over time. Average indicated
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910, 850-700, 260-225 and 180-0 cal yr BP.

Component 2 (XRFCp2) displays negative scores between 10,300
and 7550 cal yr BP. This interval is followed by a few, short duration,
episodes of positive values (7490; 7,00; 7330 and 7260 cal yr BP).
Negative values are observed again between 7230 and 6940 cal yr BP,
followed by positives scores until 6470 cal yr BP. Between 6440 and
6120 cal yr BP oscillations between negative and positive values
occurred, followed by a longer period of mostly positive scores between
6100 and 1700 cal yr BP, with drops observed at 4400 and 3310 cal yr
BP. Lower values were observed again between 1679 and 330 cal yr BP,
followed by oscillating values towards the present.

Component 3 (XRFCp3) shows negative scores from 10,300 until
9660 cal yr BP, followed by mostly positive values until 6220 cal yr BP.
Thereafter the values stay around zero until 4500 cal yr BP. Lower
values occur between 4460 and 4210 cal yr BP, followed by three pe-
riods of positive scores (4180-3930; 3850 and 3560-3380 cal yr BP).
Between 3270 and 1030 cal yr BP, positive scores are observed, followed
by negative values towards the present.

3.4. FTIR-ATR

The spectra of the samples, the standard deviation spectrum and the
average second derivative spectrum are depicted in Fig. 6. The largest
absorbances were found in the 1200-900 cm™! and the 500-400 cm™*
regions, with moderate absorbances between 900 and 600 cm™!. Low
but detectable absorbances were also found in the 3700-2800 cm ™! and
in the 1800-1300 cm ™! regions (Fig. 6, upper panel).

The second derivative (Fig. 6, bottom panel) identified absorbances
that correspond to two main inorganic constituents: silicic clays (3698,
3653, 3623, 1001, 937, 909, 865, 632 and 606 cmfl), and quartz (1165,
1141, 1109, 1083, 1060, 1031, 798, 777, 693, 527, and 464 cm™ 1)
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(Miiller et al., 2014; Tinti et al., 2015). Other silicates, as albite (1096,
1031, 980, 882, 751, 693, 649, 587, 527, 464, and 421 cm™!), and mica
(1165,1141,1109, 1083, 1031, 980, 751, 649, 606, 587, 527, 464, 449,
and 421 cm™Y), as well as biogenic silica (1236, 1096, 1031, 1060, 962,
937, and 751 cm ™), may also be present but they are difficult to assess
as most of their main absorbances overlap or coincide with those of
quartz and clays. The second derivative spectra (Fig. 6, bottom panel)
also enabled organic compounds to be identified as vibrations from
aliphatic functionalities (2920 and 2850 cm’l). The second derivative is
not efficient in identifying the location of broad peaks and thus the
1800-1200 region is almost flat in this spectrum. But the absorbance
spectra (Fig. 6, upper panel) show small variations in the 1700-1600
cm ™! region, that can correspond to carboxylic, aromatic and nitro-
genated compounds, and in the 1500-1300 cm™! region, usually
assigned to aromatic and aliphatic OM.

The standard deviation spectrum (Fig. 6, mid panel) shows that the
largest variability (i.e., largest differences between samples) occurs in
the 1100-900 cm ! region (mainly silicates’ absorbances) and at ~527
cm~ !, which also corresponds to silicates (silicate clays and albite).
Moderate variability is shown in peaks characteristic of clays (3700-
3600 cm ™! region), quartz (the 798 and 777 cm ! doublet), and in the
1300-1200 cm ™ region (which may correspond to biogenic silica); and
lower variability in absorbances related to organic compounds (2920,
2850, 1700-1300 cm ™).

As indicated in the methods sections, to help with the identification
of sample constituents we performed a PCA on the transposed IR matrix.
We forced the PCA to extract ten components to ensure that at least 99%
of the total IR spectral variance of each sample was accounted for the
extracted components. Based on the consistency of the depth records of
the partial communalities, which are an indication of the relative vari-
ation of the sample constituents, we selected five components (IRCp1 to
IRCp4, and IRCp9) for further description and discussion. The scores
spectra and the records of partial communalities are found in Figs. 7 and
8.

The spectrum of IRCp1 scores (Fig. 7) is dominated by absorbances of
silicate clays and other silicate primary minerals (Miiller et al., 2014).
Absorbances at 3698, 3651, 3621, 1023, 936, 909, 684, and 522 cm ™!
can be associated to clays (i.e., kaolinite), while absorbances at 993,
978, 876, and 742 may correspond to both albite and mica. The record of
IRCp1 loadings (Fig. 8) shows the largest values (0.81-0.83; partial
communalities of 63-69% of the MIR spectral variance (MIRsv) in
samples older than 8910 cal yr BP, indicating a predominance of clay
particles in the sediments. Values decrease slightly by 8680 cal yr BP and
remain with relatively low variability (53-62% MIRsv) until ca. 5820
cal yr BP when values decrease again (to 50% MIRsv) until ca. 4550 cal
yr BP. From this date until ca. 1930 cal yr BP values remain almost
constant (50-52% MIR spectral signal). Clay contribution to the IR
signal decreases between ca. 1870 and ca. 1250 cal yr BP, to reach a
local minimum (42% MIRsv) by ca. 1500 cal yr BP. Values thereafter
return to those of the previous phase.

The spectrum of IRCp2 scores (Fig. 7) shows the characteristic fea-
tures of biogenic silica (bSi; Gendron-Badou et al., 2003; Swann and
Patwardhan, 2011; Meyer-Jacob et al., 2014), with absorbances be-
tween 1000 and 1200 cm™~?, peaking around 1100 cm ™, and at 800 and
470 cm™L. Low but detectable absorbances of OM compounds are also
observed at 2917 and 2850 cm ™! typical of aliphatic moieties, and at
1600-1650 cm ™! due to vibrations characteristic of nitrogenated (i.e.,
proteins) and aromatic compounds. Partial communalities vary between
a minimum of 30% and a maximum of 75% of the MIRsv, showing the
same periods but opposite distribution to the clay (Fig. 8). Thus, clay and
bSi are the main components of the sediment sequence detected by IR,
accounting for >99% of the MIRsv.

IRCp3 score’s spectrum corresponds to that of quartz, with typical
absorbances at 1665, 1139, 1087, 1059, 798, 777, 693, and 451 cm ™
(Fig. 7). Partial communalities are very low (<0.1%) and homogeneous
for samples older than ca. 9150 cal yr BP (Fig. 8). The largest values (i.e.,
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Fig. 6. Absorbance spectra, standard deviation spectrum and average second derivative spectrum of the Marais Geluk sequence samples. Note that the second
derivative spectrum has been reversed to match with peaks in the absorbance spectra.

quartz contribution to MIRsv, >0.3%) are reached between ca. 8910 and
ca. 6450 cal yr BP. Overall low values occur between ca. 6230 and ca.
4305 cal yr BP, with two local minima at ca. 5800 and ca. 4830 cal yr BP,
followed by slightly higher values until ca. 2110 cal yr BP. Values
decrease and remain low until 1150 cal yr BP, with a minimum between
ca. 1680 and 1500 cal yr BP, resuming after ca. 1330 cal yr BP to values
similar of the previous phase.

Absorbances of organic compounds dominate the IRCp4 record of
scores: 2919 and 2850 cm™! (aliphatic moieties), 1586 em™! (nitro-
genated compounds), 1465 and 1264 cm ! (lignin), 1031 cem~! (car-
bohydrates) (Fig. 7). The spectrum also contains absorbances
corresponding to clay minerals (3698, 3651, 3621, 911, 693, 531 and
457 cm’l). The record of partial communalities (Fig. 8) shows moderate
values until ca. 8910 cal yr BP, followed by a decreasing trend and low
variation until ca. 6900 cal yr BP. Values increase and remain high until
ca. 1240 cal yr BP, showing three maxima by ca. 6030, 4550 and 1620
cal yr BP. After that, a stepwise decrease occurs.

The record of IRCp9 scores is complex but shows IR features similar
to those of charcoal, with large relative signals of carboxylated and ar-
omatic compounds (1500-1600 em™ 1) and aliphatic compounds (2800-
2950 cm_l) (Constantine et al., 2021; De la Rosa et al., 2019) (Fig. 7).
Absorbances that can be associated to inorganic clays and quartz are also
observed. These inorganic materials are known to be included in char-
coal pores (Kaal et al., 2008). The chronology of partial communalities
shows overall low values, with a slight increase around 5820 cal yr BP
and the largest values observed between ca. 4070-2200 cal yr BP
(Fig. 8).

10

Some of the selected IR components show significant correlations to
the proxies for OM content (C, N and C/N), isotopic (8" 3Cpux) and
elemental composition (CS-XRF) (Table 4). A full table, with Pearson
correlation coefficients for all individual CS-XRF elements, can be found
in the Supplementary information (S.Table 1). IRCpl (negative) and
IRCp2 (positive) strongly correlate with TOC and TN content (Table 6);
they also show low to moderate correlation to 513Chuik (positive and
negative, respectively), while IRCp9 correlates (positive) with C/N and
613Cbulk. IRCp1 is also positively correlated to XRFCp1 and negatively to
XRFCp2. As expected, IRCp2 shows the opposite correlation pattern.
IRCp4 (fresh OM) is negatively correlated to XRFCP1, while IRCp9
shows moderate correlation to C/N, XRFCp2 and XRFCp3.

3.5. Pyrolysis GC-MS

Pyrolysis analyses identified eight organic compounds that can be
related to pyrogenic OM. These were one monocyclic aromatic (ben-
zene), one nitrogenated compound (benzonitrile), and six polyaromatic
hydrocarbons (PAHs: biphenyl, naphthalene, 1-methylnaphthalene, 2-
methylnapthalene, Cp-alkylnaphthalene, and fluorene). The PCA
extracted three components explaining 43% (PyCp1), 38% (PyCp2), and
12% (PyCp3) respectively of the total variance. PyCp3 only showed a
high loading for benzene (Table 5), and because benzene has a weak
proxy value for pyrogenic matter when present in uncharred organic
matrix, PyCp3 is not further considered here. PyCpl showed large
loadings (0.84-0.92, Table 5) for benzonitrile, biphenyl, naphthalene,
and fluorene; while PyCp2 showed large loadings (0.89-0.92, Table 5)
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Fig. 7. Spectra of scores of the principal components extracted on the whole MIR transposed spectra (i.e., samples in columns and wavenumbers in rows).

for 1-methylnaphthalene, 2-methylnaphthalene and Cj-alkylnaph-
thalene). The compounds related to PyCp1l probably represent the most
reliable signal of pyrogenic OM, as these unsubstituted PAHs are pref-
erentially formed upon pyrolysis of strongly charred material, whereas
the alkyl-substituted PAHs are associated with weakly charred material
and even uncharred biomass constituents like resins and other volatiles
(e.g. Kaal et al., 2009).

The chronology of the scores of both components (Fig. 9) shows quite
similar variations, except for the period between ca. 5820 and 2180 cal
yr BP. The overall trend is a decrease in scores from the base of the
sequence to the surface, interrupted by two brief phases of increase
centered around 1400 and 260 cal yr BP, respectively. Between 5820
and 2180 cal yr BP the pyrogenic OM proxies decoupled, with those
associated to PyCpl displaying a large increase while those associated to
PyCp2 are relatively depleted. This corroborates the argument that Py
Cpl1 reflects pyrogenic OM whereas PyCp2 is likely associated with a
non-pyrogenic source of OM.

3.6. Laser diffraction grain size analysis

The results of the grain size analysis showed that the majority of
samples are dominated by silt sized particles (60-80%), polymodal
frequency distribution and poor sorting (Table 6). Clay sized particles
vary from 27 to 12% throughout the sequence, with the lowermost
sample (9770 cal yr BP) containing the highest clay size concentration
(27%) and finest mode (0.8 pm). This sample is also the most unsorted,
and the only sample containing very coarse sand (0.1%). Between 9500
and 3490 cal yr BP (n = 8) the mode gradually decreases as a response to
a gradual decrease of sand content (Table 6). Following the decrease, the
mode and sand content increases again, with peaks at 1880 cal yr BP
(mode: 32 pm). From 1370 cal yr BP towards the present, fine silt
dominates (mode: 8-9), with one exception noted around 250 cal yr BP
where sand content is elevated (11%, mode: 30 pm). The grain size is
skewed towards finer particles throughout the sequence (>1, Blott and
Pye, 2001) (Table 6).
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3.7. pXRD

The pXRD analysis showed that the mineral phases occurring
throughout the sequence are quartz, alkali-feldspar, albite, clay,
magnetite and anatase (S. Fig. 3). The relative distribution is dominated

Table 4

Pearson correlation coefficients for the correlation, between the extracted IR
proxies for organic matter content and composition (TOC, TN, C/N, 613Cbu1k),
and proxies for inorganic matter (CS-XRF components).

Variables IRCpl IRCp2 IRCp3 IRCp4 IRCp9
TOC —0.91 0.89 —-0.25 0.17 0.03
TN —0.93 0.92 -0.16 0.08 -0.13
C/N 0.14 —0.14 0.09 0.18 0.47
5'3Chuk 0.58 —0.54 0.28 —0.12 0.02
XRFCpl 0.55 -0.53 0.23 —0.61 —0.03
XRFCp2 -0.50 0.53 0.20 0.45 0.49
XRFCp3 0.03 —-0.03 0.02 0.08 0.47

g. 8. Records of loadings of the six principal components selected from the PCA on the MIR data.

by quartz and clay minerals. The clay mineral phase occurs as two broad
peaks, one between 12 and 10 A and another around 4.50 A. These peaks
represent either a smectite and/or kaolinite clay mineral. Both smectite
and kaolinite display peaks in these regions after heat treatment (as

Table 5
Loadings of the principal components extracted by the PCA on the pyrolysis
compounds related to pyrogenic organic matter.

Variables PyCpl PyCp2 PyCp3
benzene 0.49 0.35 0.80
benzonitrile 0.84 0.33 0.19
biphenyl 0.92 0.16 0.26
naphthalene 0.86 0.32 0.32
1-methylnaphthalene 0.33 0.89 0.21
2-methylnaphthalene 0.31 0.93 0.11
C2-alkylnaphthalene 0.19 0.92 0.22
fluorene 0.85 0.43 0.15
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Table 6
Summary results of the laser grain size analysis. The grain size sorting was calculated using the Gradistat software (ver 9.1, geometric method of moments).
Age (cal. yr BP) Depth (cm) Dx10 (pm) Dx50 (pm) Dx90 (pm) Clay% Silt% Sand% Mode (pm) Sorting Skewness
<2 pm 2-63 pm 63-2k pm
120 32 1 9 60 20 72 9 8 4.1 5.45
250 40 1 10 70 20 69 11 30 4.4 3.24
380 48 1 9 50 18 76 6 9 4.4 2.77
670 56 1 9 50 18 75 6 9 3.8 6.07
970 64 1 9 53 19 74 7 9 3.9 5.61
1370 72 1 9 56 18 74 8 9 3.9 4.71
1650 80 2 16 73 13 75 12 27 3.9 2.81
1900 88 1.5 16 99 16 67 18 32 4.6 2.24
2220 98 1 13 82 18 69 13 25 4.5 3.64
2613 103 1 12 75 18 71 11 19 4.4 4.22
3490 111 1.5 9 79 18 70 12 5 4.5 3.56
3950 115 1 9 51 20 74 6 8 3.9 3.65
4980 123 1 12 64 17 74 9 24 4.1 3.43
5490 127 2 16 141 13 66 21 19 4.9 2.81
6330 135 2 12 58 12 80 8 21 3.5 3.15
7200 143 1.5 12 73 17 71 11 27 4.3 3.57
8460 155 1.5 15 85 15 71 15 36 4.3 2.54
9500 163 1 18 89 18 66 16 46 4.9 2.22
9770 167 0.8 8 80 27 60 12 0.7 5.7 6.36
4. Discussion
3
2 4.1. Wetland development
1] jk 4 . .
\ 00’“ “X!«; Here, the general properties of the Marais Geluk sequence are
0 i explored. To facilitate the discussion and multi-proxy interpretation, the
19 WP sequence is divided into two units: Unit I and Unit II, each with two
2 5‘ subunits (a and b, see Fig. 10). The local wetland development is
inferred from organic content (LOL, TOC), together with the vegetation
-3 proxies (613Cbu1k, GSSC phytoliths and C/N) and sedimentology (lithol-
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 N 13 . . .
CalyrBP ogy, grain size). The & Cpyx is used to infer changes in the local wetland

Fig. 9. Chronology of the PyCpl (black) and PyCp2 (grey) scores of the py-
rolysis compounds related to pyrogenic organic matter.

applied here, LOI, 550 °C) (Brindley and Brown, 1984). In addition, a
broad amorphous reflection is noted between 20 and 30° 26, likely
representing biogenic (amorphous) silica (Fisma and Van Der Gaast,
1971). The pXRD mineral results are generally in line with the findings
from FTIR-ATR results (chapter 3.4).

3.8. GSSC phytolith analysis

Here, the result of the two phytolith indices, namely the C3/C4 and
Panicoideae indices, are presented, while the full GSSC phytolith data-
set is found in the supplementary material (S. Fig. 2). Overall, the
phytolith assemblage is dominated by morpho-types related to Cs
grasses. This likely reflects that locally, near the wetland borders, C3
grasses may occur in greater occurrence compared to the surrounding
grassland. This pattern was also observed at the nearby Braamhoek
wetland (Finné et al., 2010; Norstrom et al., 2014). Between 10,260 and
8090 the C3/C4 index decreases, followed by elevated values until 2400
cal yr BP, after which the index decreases again towards the present.
Between 10,300 and 5920 cal yr BP the Panicoideae Index stays around
50%, except for a decline in value at 8090 cal yr BP (38%, increase in
C4-Chloridoideae). After 8090 cal yr BP, the Panicoideae Index generally
increases reaching maximum values at 3050 cal yr BP (79%). In the
following samples, somewhat higher Panicoideae values are observed,
varying between 52 and 76%. Diatoms were only observed in four
samples: 4700 (n = 8), 2400 (n = 2), 1650 (n=10); 840 (n = 9) and 250
cal yr BP (n = 277).
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vegetation, while the GSSC phytolith data enables the vegetation
composition of the surrounding grassland to be assessed.

The oldest part of the analyzed sequence (Unit I, 10,380-6000 cal yr
BP, Fig. 10), is characterized by sedimentation of minerogenic particles,
low OM content and low accumulation rates. Between 10,380 and 8500
cal yr BP, the 5'3Cpyix value indicate mixed C3 and Cy4 vegetation existed
in the local wetland (Fig. 10), with no occurrence of diatoms observed
(Chapter 3.8). The C/N values show that the source of the OM was
mainly terrestrial during the studied period, but lower values (<20)
occurred between 9800 and 9140 cal yr BP, indicating that algae might
have contributed to the matrix (Meyers, 1994) and that relatively mesic
conditions prevailed initially (Unit Ia). The grain size distribution from
the early part of this period was poorly sorted and dominated by fine
particles, co-occurring with coarse sand. This is indicative of erosive
conditions and enhanced fluvial activity (Table 4). Coarse silt dominated
towards the end of the period. Around 8090 cal yr BP the C3/C4 index
recorded the highest abundance of C4 grasses, attributed to an increase
of drought adapted C4-Chloridoieae, indicating relatively dry conditions
(Fig. 10). The 513Cbulk values are in line with these results, showing an
increasing trend ca. 8000 cal yr BP, followed by a decline. The slow
accumulation rates together with the low organic content suggest that
prior to 7000 cal yr BP, the hydroclimatic conditions were relatively dry,
at least seasonally, followed by erosion and deposition of relatively
coarse material during the summer rainfall season.

From around 7000 cal yr BP, a general trend of increasing OM
content (LOL, TOC, Fig. 10), together with an increase of the Panicoideae
index and more depleted 5'3Cpu values, are recorded. This suggests
that moisture content was high enough to support organic accumulation
due to increasing rainfall, and that C3 (e.g. trees and shrub) vegetation
likely contributed to the bulk organic matrix. The C/N values were
generally elevated (>20), indicating that terrestrial input dominated the
OM matrix. The grain size mode stayed around 20 pm, but increasing
sand content was recorded around 5490 cal yr BP (Table 6), indicative of
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Fig. 10. Summary figure for Marais Geluk depicting proxy trends for source and organic matter content (%LOI, C/N, d'3C), grass composition (C3/C4 ratio and
Panicoideae-index; note reversed axis for the Ic-index), lithogenic variability (XRFCp1) and grain size mode (pm). Two profiles were selected from the FTIR-ATR
analysis, IRCpl depicting variability of clay and bSi content. IRCp9 represents charcoal content, verified by PyCpl, increases (right) indicating increased fire
incidence. Climate comparison with main chronostratigraphic units from Norstrom et al. (2021) and Holocene temperature trends (relative to the pre-industrial
period) from the 12K database (v.0.54.0), a multi-method composite for the 0-30°S region, based on terrestrial proxies (Kaufman and et al., 2020).

an episodic increase in fluvial activity.

Early in Unit Ila, from ca. 6000 cal yr BP, OM accumulation accel-
erated, indicative of increasing accumulation and/or preservation of
OM, while the Panicoideae index continued to increase until 3050 cal BP
(Fig. 10). Between 4310 and 2180 cal yr BP, OM content is variable, but
relatively high (>24% LOI, Fig. 10). The 613Cbulk values are also
elevated, indicative of a dominance of C4 litter in the OM matrix
(—19%o0). However, the phytolith data did not show any major shift
between C3 and C4 grasses. This may indicate that 613Cbulk values during
this period represented a non-grass vegetation, but a '*C-enriched
vegetation source, such as C4 sedges (Finné et al., 2010; Norstrom et al.,
2009; Stock et al., 2004) and/or aquatic OM (Smith and Walker, 1980).

During the last 2000 years (Unit IIb), relatively high OM content,
accumulation rates and low 613Cbulk values were recorded. The phytolith
indices showed that the occurrence of drought-adapted C4 grasses was
limited, indicating that relatively mesic conditions prevailed. Within
this general trend, four periods of elevated organic content occurred
centered around 1800, 800, 630 and 170 cal yr BP. The earlier of these
periods (2050 and 1410 cal BP) was associated with the deposition of
coarser particles (~30 pm), depleted 613Cbu1k and predominantly Cy-
Panicoideae. In contrast to previous periods, where higher OM content
co-occurred with finer particles being deposited, the grain size data
show that the sand content increased to around 18% (Table 6), indi-
cating enhanced fluvial activity. Thereafter, the OM content and the
Panicoideae index decreases until ca. 1000 cal yr BP, indicating drier
conditions. Fine silt particles were deposited during this period. From
1000 to 190 cal yr BP increasing C4 content is noted, both in the local
wetland (elevated §'3Chyx values) and surrounding grassland
(decreasing C3/C4 index, Fig. 10), while fine silt dominated the grain
size distribution, except at 310 cal yr BP, when sand sized particles were
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deposited again, indicative of a brief period of enhanced fluvial activity.

4.2. Geochemical characterization — interpretation of the PCA

Three components captured 84% of the variance of the selected el-
ements (Si, K, Ti, Rb, Mn, Sr, Ca, Y, Ga and Fe) (Table 2). Lithogenic
elements were associated with the first component (XRFCp1: Si, K, Ti,
Rb), indicating that XRFCp1 represents detrital minerogenic variability.
The pXRD results show that the minerals occurring throughout the
sequence were quartz (SiOj), K-feldspar (KAlSi3Og) and plagioclase
(NaAlSi3Og), together with minor occurrences of magnetite (FexO4y and
anatase (TiO3), supporting that the main variance of XRFCpl1 is likely
related to detrital mineral phases. Silica can also be associated to
biogenic microfossils (diatoms, phytoliths), but the main association of
Si to XRFCp1 suggests that most of the variance is related to changes in
mineral matter content. Downcore variation of XRFCp1 (Fig. 5) shows
that minerogenic sedimentation dominates in the oldest part of the
sequence until 6530 cal yr BP, in line with the %LOI and TOC results.
Furthermore, during the first 1000 years, the XRFCpl increase was
stepwise, which was not reflected in the other OM proxies. The grain size
analysis from the oldest part of the sequence showed that finer grain
sizes were deposited around 9770 cal yr BP compared to later periods,
indicating that stepwise increase of XRFCp1l might reflect coarser par-
ticles being deposited. This is followed by a period of gradual increase in
OM (Fig. 10: LOI, TOC) and decreasing mineral matter content.
Increased lithogenic input is recorded between 6900 and 6600 cal yr BP,
followed by generally lower values. Between 6000 and 3570 cal yr BP,
overall lower XRFCpl scores are observed, with oscillations around the
average. After 3570 cal yr BP, mostly negative values are observed, with
increases observed around 2810-2390, 910 and 850-700 cal yr BP.
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When comparing periods of positive values to the grain size analysis
data, we find that increased XRFCp1 values mostly correspond to coarser
particles being deposited, as well as lower OM content (Fig. 10), sug-
gesting that increased minerogenic input was associated to seasonally
drier, more exposed soils and erosive conditions. An exception is noted
between 2100 and 1500 cal yr BP, where high organic content (%LOI
>25%) is associated with the deposition of coarser particles, as dis-
cussed further below (chapter 4.3). Most proxies indicate that the period
following 2000 cal yr BP was variable but mostly mesic (higher OM
content, increasing Panicoideae index, decreasing C/N).

The second component (XRFCp2) represents the main variance of Mn
(strong positive association) together with a moderate contribution of
the lithogenic elements (negative association). In wetland sequences,
Mn can be hosted in primary minerals, oxides, colloids or bound to OM.
The negative scores in the lowermost part of the sequence (<130 cm)
together with the negative association of lithogenic elements to XRFCp2
suggest that Mn was here mainly associated with OM.

The third component (XRFCp3) includes a strong negative associa-
tion with Fe and positive association with Ca and Sr. These elements are
typically hosted in phases that are not stable in peat, such as iron oxides
or carbonates (Malmer, 1988) or diffusion from underlying sediments
(Steinmann and Shotyk, 1997), and thus likely depict an authigenic
process and will not be used to interpret hydroclimatic variability.

4.3. FTIR and pyrolysis-GC-MS results related to the conventional proxies

The FTIR-ATR results support the inferences from the other inorganic
and organic proxies (Fig. 3, Table 4), while also providing additional
information on mineral, bSi and charcoal content (Fig. 10). The bSi
content (IRCp2) to a large extent co-varied with the OM proxies (LOI,
TOC, TN; Table 6), while the phytolith analysis showed that a majority
of biogenic silica was related to plant remains (phytoliths) rather than
diatoms. Component IRCp9 resembled the spectra for pyrogenic OM
(charcoal), and independent analysis by pyrolysis-GC-MS confirmed that
pyrogenic compounds (benzonitrile, naphthalene, biphenyl and fluo-
rene) increased from 5820, peaked between 3800 and 1990, and co-
occurred with elevated scores of IRCp9 (Fig. 10). These results show
that FTIR-ATR analysis, with the aid of multivariate statistical analysis,
can detect charcoal and, in turn, paleofire activity, in bulk wetland
samples. During this period, increased charcoal content co-occurred
with lowered TOC and TN content, while 613Cbu1k values were
elevated (~19%o, Fig. 10). A study by Sarangi et al. (2022) showed that
fires may affect bulk organic proxies (TOC, 5'3Cpux and other biomarker
values), indicating that some of the observed co-occurrence at Marias
Geluk between these variables may be related to fire-induced modifi-
cation of the OM. The presence of pyrogenic OM, lowered TOC and
accumulation rates during the period suggest that fires also reached the
local wetland. However, the direction and magnitude of the increased
5'3Cpuix values (ca. +2%o) observed during the period indicates that a
shift to a 13C-enriched vegetation source also occurred, to for example C4
sedges (Stock et al., 2004), C4 grasses or aquatic OM (i.e., submerged
aquatic plants using a HCOs-based photosynthetic pathway) (Smith and
Walker, 1980). To fully untangle the vegetation source, additional an-
alyses are likely required, but the complex proxy responses during the
period nevertheless show that increased fire activity may have profound
effects, both on landscape vegetation composition (e.g. Cordova et al.,
2019; Finch et al., 2022; Norstrom et al., 2014) and local wetland
vegetation, paleoproxies and accumulation rates (this study).

4.4. Hydroclimate, vegetation and fire dynamics at Marais Geluk
compared to regional paleo studies and paleoclimate

4.4.1. Early Holocene (ca. 10,000-8000 cal yr BP)

Terrestrial composite temperature reconstructions for 0-30°S show
that, compared to pre-industrial conditions, the early Holocene was
characterized by elevated temperatures that started to decline after
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7000 cal yr BP (Kaufman and et al., 2020, Fig. 10). This is in line with the
regional temperature reconstructions of Holmgren et al. (2003) and
(Chevalier et al., 2021). Insolation changes for the region generally
showed an opposite pattern (Kaufman and Broadman, 2023). Marine
proxies, and more coastal sites (e.g Mfabeni peatland), depict a some-
what different temperature development, with a gradual increase in
early Holocene until around 6000-5000 cal yr BP, after which temper-
aturea decreased (Chevalier and Chase, 2015; Fietz et al., 2023). Pre-
vious hydroclimatic reconstruction studies show that the early Holocene
(ca. 11.5-8.5 ka cal BP) was characterized by relatively wet conditions
in eastern South Africa (Combrink et al., 2022; Finné et al., 2010;
Fitchett et al., 2016; Norstrom et al., 2014, 2021). A major wet phase
was recorded at Ntsikeni wetland, KwaZulu-Natal (Combrink et al.
(2022) around 10,000 cal yr BP, contemporary with sediment initiation
at Marais Geluk.

In the initial parts of the Marais Geluk sequence, C/N values are low
and fine grain sizes dominate, possibly indicating algal input to the
organic matrix and presence of standing water. Also in the nearby
Braamhoek wetland, relatively mesic conditions were inferred during
this period (Finné et al., 2010; Norstrom et al., 2009, 2014), suggesting
that increased wetness occurred at regional scale. After 9000 cal yr BP,
C/N values increase again, indicating a shift towards increased terres-
trial OM input, coarser particles were deposited and organic matter
content was low, suggesting that relatively dry conditions prevailed, at
least seasonally. The presence of relatively coarse particles (including
coarse sand) indicates that either the dry conditions led to more exposed
soils in the surrounding landscape, and thus more easily mobilized soil
particles available for transport during the rainfall period. When turning
to the organic proxies, the 5'3Cpuix and phytolith results suggest that a
mixture of C3 and C4 vegetation existed both locally in the wetland and
in the surrounding landscape, with a trend to drier summer conditions
(decrease of C4-Panicoideae) towards the mid-Holocene, indicating that
the period was mostly dry.

4.4.2. Mid-to late Holocene (ca. 8000-2000 cal yr BP)

In the early mid-Holocene, during the climate optimum, elevated
temperatures are reported in south-eastern Africa, peaking at different
times depending on sites: around 8000 cal yr BP in Verloren vlei,
Mpumalanga (Breman et al., 2019); between 7500 and 5500 cal yr BP in
Ntsikeni wetland, KwaZulu-Natal (Combrink et al., 2022); and around
5000 cal yr BP at coastal peatland Mfabeni (Fietz et al., 2023). The
composite climate reconstruction (Kaufman et al., 2020, Fig. 10) shows
that temperatures were variable but generally high during the early
mid-Holocene (8500-6000 cal yr BP), followed by a general decline
towards 4000 cal yr BP. Paleo studies from the region report variable
hydroclimatic conditions during this period, but several records initially
report warm and wet conditions in the mid-Holocene (Norstrom et al.,
2021, and references therein). At Marais Geluk, the phytolith indices
suggest the driest conditions occurred around 8100 cal yr BP, followed
by a trend towards increasingly mesic conditions and sedimentation of
fine particles. Decreasing temperatures at Marais Geluk seem to have
been paralleled by increasing bSi and OM content, indicating that
increasingly mesic conditions prevailed in the local wetland.

From ca. 6000 cal yr BP, the ITCZ and associated monsoon systems
were displaced south, which had large regional effects on precipitation
patterns and caused the establishment of large desert areas in the
Northern Hemisphere (e.g. Sahara, Gobi and Chichuan deserts)
(Schneider et al., 2014; Wanner et al., 2008, 2011). Around 5500 cal yr
BP, by the end of the African humid period, rapid climatic shifts have
been recorded in several studies in south eastern Africa (Norstrom et al.,
2021, Fig. 10). At Marais Geluk, no abrupt changes are noted, as most
proxies (LOI, TOC, Panicoideae-index) rather depict a gradual trend
towards increasingly mesic conditions (increasing OM and bSi content).
Charcoal content started to increase from 5820 cal yr BP, indicating that
increasingly mesic conditions co-occurred with higher fire incidence,
possibly associated with increasing summer rainfall and influence of
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tropical airmasses when the ITCZ moved southward. Around 5490 cal yr
BP a peak in sand content was recorded (Table 6), indicating an episodic
increase in fluvial activity. At Braamhoek wetland, proxy indicators
suggest generally dry conditions between 6000 and 2000 cal yr BP, but
the resolution of the sequence is low throughout this interval, limiting
the possibilities to infer changes in hydroclimate (Finné et al., 2010;
Norstrom et al., 2009, 2014).

A period of divergent proxy indications was observed between 4310
and 1990 cal yr BP. The C/N ratio decreased, pointing to a potential shift
in the source of the OM. The 613Cbulk increased (—19%o), which could
indicate a shift to C4 litter in the OM matrix, while the grass phytolith
data from this period showed no major changes in the distribution be-
tween C3 and C4 grasses (Fig. 10). Within the C4 grasses, a shift towards
dominance by the mesic adapted C4-panicoideae is observed, however
(Panicoideae index, Fig. 10). The OM content was relatively high (% LOI
>24%), but TOC was somewhat suppressed compared to both the pre-
vious and following periods. The period was also associated with
increasing charcoal content (Fig. 10), indicating increased fire activity.
Similar trends in organic proxies and charcoal content were also
recorded at Braamhoek wetland around this time (Norstrom et al.,
2009), indicating that increased fire incidence was a regional phenom-
enon. The increase of the Panicoideae index, together with the relatively
high organic content despite OM losses from local fires, indicate that
relatively moist conditions prevailed, at least seasonally (Fig. 10). An
alternative explanation is that the increased fire activity caused
increased dust entrainment and deposition (Yu and Ginoux, 2022), so
that the phytolith record during this period corresponded with a
different transport process, and source area, compared to previous pe-
riods. However, deciphering shifts in the main transport process (e.g.
from fluvial to aeolian), requires further study. Deposition of finer
minerogenic particles was observed early in this phase compared to
later. Overall, complex proxy responses seem to have occurred during
this period that was characterized by overall cooler temperatures
(Kaufman et al.,, 2020), relatively mesic conditions (increase in
C4-Panicoideae, relatively high OM content) and increased fire activity,
as shown by elevated charcoal content (this study). An increase in fire
incidence may explain some of the divergent proxy indications and the
low sample resolution of the period, as seen both at Marais Geluk and
Braamhoek wetlands (chapter 4.3, Sarangi et al., 2022).

4.4.3. The last 2000 years

During the last 2000 years, temperatures were variable, but mainly
below the Holocene average (Kaufman et al., 2020, Fig. 10). A large
number of paleo-climate reconstructions suggests greater climate vari-
ability in south-east Africa during the last 2000 years. The increased
variability may be related to the higher resolution of records for the
period, allowing short duration events to also be captured, and/or to
increasing human activities affecting some of the proxies. At Marais
Geluk, increased resolution (i.e., increasing accumulation rates) and
variance between proxies are also recorded. Overall, elevated organic
content, decreasing C/N values, deposition of fine silt particles,
increasing C4 vegetation and low charcoal content were observed at
Marais Geluk during the last 2000 years, a trend that was reinforced
after 900 cal yr BP (Fig. 10). Both the 8'3Cpy and phytolith results
depict increasing C4 input to the organic matrix, and within the grass
taxa this change was attributed to mesic adapted C4-Panicoideae, sup-
porting the notion that relatively mesic conditions prevailed. Within this
general trend, four periods of increased organic content occurred,
centered around 1800, 800, 630 and 170 cal yr BP. The first period
(1900-1400 cal yr BP) was associated with deposition of coarser parti-
cles, the presence of diatoms, increasing bSi content, depleted 513 Chuix
values and dominance by C4-Panicoideae, indicating that mostly wet
conditions prevailed. Low C/N values were observed from ca. 750 cal yr
BP towards the present, indicating higher algal input to the organic
matrix and increasingly wet conditions. The lower charcoal content
observed during the period may be related to changes in biomass
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variability, lightning frequency or seasonality, climatic variability
and/or human activities. Recent studies have shown that human activ-
ities may have affected fire regimes during the last 2000 years (Finch
et al., 2022), by shifting of the fire seasonality to promote decreased fire
intensity (pre-colonial) and overall fire suppression (colonial). Further
studies are needed to untangle whether the decreased fire activity dur-
ing the last 2000 years may be attributed to human activities, vegetation
shifts or climatic variability for example by including micro-charcoal
and pollen analyses, as well as additional *C dates to improve the
chronological control of the record.

5. Conclusions

Multiproxy analysis was applied to a 175-cm wetland sequence from
eastern Free State, South Africa. High resolution geochemical analysis
was coupled with molecular, biogenic, grain size and mineral analyses.
The inclusion of FTIR-ATR, pyrolysis-GC-MS and multivariate statistical
analysis yielded greater insights into both the organic and inorganic
properties of the sequence, and also enabled periods of increased char-
coal content to be detected, interpreted as indicative of increased fire
incidence. The chronological framework for these results was estab-
lished through radiocarbon dating of bulk samples (n = 7). The Marais
Geluk wetland sequence covers the last 10,380 years, and the earliest
period, until ca. 7000 cal yr BP, was characterized by low organic
content, slow accumulation rates and sedimentation of poorly sorted
minerogenic particles. Elevated temperatures have been reconstructed
for this period (12K database, Kaufman et al., 2020), which generally
was associated with relatively dry conditions at Marais Geluk. From
around 6000 cal yr BP temperatures decreased (Kaufman et al., 2020)
and the ITCZ was displaced southward (Wanner et al., 2008), which at
Marais Geluk was coupled to increased bSi and OM content while
moisture adapted C4-Paniocoideae expanded in the surrounding grass-
land, indicating a trend towards overall wetter conditions. Fire inci-
dence likely started to increase from around 5800 cal yr BP, peaking
between 4300 and 2180 cal yr BP. The increased fire activity, which also
reached the local wetland, may explain both the low resolution of re-
cords from the region around this period, as well as the divergent trends
observed in some proxies (e.g. 3'3Cpuk and GSSC phytolith results). The
last 2000 years were mostly mesic with low fire incidence. Despite
relatively limited temperature variations in sub-tropical areas during the
Holocene (compared to northern higher latitudes), relatively large ef-
fects were observed at Marais Geluk throughout the Holocene, with
relatively dry conditions, at least seasonally, observed during the early
to mid Holocene, corroborating the conclusions from previous studies,
as well as the IPCC report (Trisos et al., 2022), that current and future
climate changes might have a profound impact on regional hydrology.
The multiproxy approach applied here showed that complex proxy re-
sponses were recorded during periods of increased fire incidence, in
particular for organic proxies, which might explain some of the observed
divergent proxy responses noted during the late Holocene in eastern
South Africa.
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