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a b s t r a c t

The Late Quaternary climate history of South Africa and, in particular, potential changes in atmospheric
circulation have been subject to considerable debate. To some extent, this is due to a scarcity of natural
archives, and on the other hand the available indirect hydrological proxies are not suited to dis-
tinguishing between precipitation originating from temperate Westerlies and tropical Easterlies. This
study presents a paleoenvironmental record from Vankervelsvlei, a wetland located on the southern
Cape coast in the year-round rainfall zone of South Africa. A 15 m long sediment record was retrieved
from this site and analysed using a multi-proxy approach. This includes, for the first time in this region,
analysis of both compound-specific d2H and d18O from leaf wax-derived n-alkanes and hemicellulose-
derived sugars, respectively, to investigate hydrological changes during the Late Quaternary. Our data
suggest the driest conditions of the past ~250 ka likely occurred from MIS 6 to MIS 5e, which still caused
sediment deposition at Vankervelsvlei, and MIS 2, during which time there was an absence of sedi-
mentation. Moist conditions occurred fromMIS 5e to 5a and during parts of MIS 3, while drier conditions
prevailed between MIS 5a and early MIS 3 and at the transition from MIS 3 to MIS 2. Besides changes in
the amount and proportional contribution of precipitation contributions from Westerlies during glacial
and Easterlies during interglacial periods, relative sea-level change affected the continentality of Van-
kervelsvlei, with a distinct impact on the sites hydrological balance. High-resolution analyses of the
Middle- and Late-Holocene parts of the record show moist conditions and increased Easterly/locally-
derived summer precipitation contributions from 7230 þ160/�210 to 4890 þ280/�180 cal BP and after
2840 þ350/�330 cal BP. Dry conditions, accompanied by the reduction of Easterly/locally-derived summer
rainfall and increased seasonality occurred from 4890 þ280/�180 to 2840 þ350/�330 cal BP. Our findings
highlight that source and seasonality of precipitation play a major role in the hydrological balance of the
southern Cape coastal region. By comparing the Vankervelsvlei record to other regional studies, we infer
a coherent trend in the overall moisture evolution along South Africa's southern Cape coast during the
Late Quaternary.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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reconstructions, because of its location between the temperate and
the tropical atmospheric circulation systems, i.e. the temperate
Westerlies and the monsoon-driven Easterlies (Chase and
Meadows, 2007; Cockcroft et al., 1987; Haberzettl et al., 2014; van
Zinderen Bakker, 1976). However, there is a general paucity of
Late Quaternary terrestrial paleoenvironmental records, largely due
to South Africa's essentially erosive Cenozoic landscape history,
which has limited the potential for the accumulation of terrestrial
sedimentary deposits (Haberzettl et al., 2014; Quick et al., 2015; van
Zinderen Bakker, 1976; Wündsch et al., 2018). Despite this scarcity
of terrestrial archives in South Africa, several proxy and model-
based paleoenvironmental studies have been carried out during
the past decades. Most of those studies use rather discontinuous
sediment records, leading to a contrasting interpretations of South
Africa's hydrological evolution during the Late Quaternary; in-
terpretations further complicated by the use of various indirect
paleohydrological proxies (e.g. Chase and Meadows, 2007; Chase
and Quick, 2018; Cockcroft et al., 1987; Reinwarth et al., 2013;
Singarayer and Burrough, 2015; Wündsch et al., 2016; Zhao et al.,
2016).

To provide clearer insights into paleohydrological change, it has
been proposed that compound-specific stable isotope analyses of
leaf wax-derived long-chain n-alkanes (>C25) are a proxy with
great potential to complement established methodological ap-
proaches in sediment archives (e.g. Hahn et al., 2017; Hahn et al.,
2021; Miller et al., 2020; Strobel et al., 2021; Strobel et al., 2019).
Long-chain n-alkanes are produced as leaf waxes in higher terres-
trial plants and remain well preserved in soils and sediments over
millennia due to their low water solubility and high resistance
against degradation (Eglinton and Eglinton, 2008; Sachse et al.,
2012; Sessions, 2016). They serve as valuable biomarkers because
their hydrogen isotope composition (d2Hn-alkane) is driven by the
isotopic composition of precipitation (d2Hp) (Herrmann et al., 2017;
Strobel et al., 2020; Struck et al., 2020). However, various frac-
tionation processes occur from themoisture source to its fixation in
the leaf waxes, which may bias the precipitation isotope signal and
complicate interpretations, with evapotranspirative enrichment
being a prominent factor (Sachse et al., 2012; Sessions, 2016; Zech
et al., 2015). In the mid-latitudes, the d2Hn-alkane signal is mainly
controlled by the isotopic signal of the moisture source (Sch€afer
et al., 2018; Strobel et al., 2020; Wirth and Sessions, 2016). How-
ever, in existing studies using d2Hn-alkane in a single water-isotope-
approach for paleohydrological reconstruction it is challenging to
disentangle precipitation source and amount, and especially the
influence of evapotranspirative enrichment (e.g. Hahn et al., 2017;
Miller et al., 2020; Strobel et al., 2019). Similarly, single isotope
studies using stable oxygen isotopes (d18O) from speleothems in
this region, have also found it challenging to disentangle the effects
of temperature and precipitation source (Bar-Matthews et al., 2010;
Braun et al., 2019, 2020; Talma and Vogel, 1992). d18Ocellulose (Heyng
et al., 2014; Shi et al., 2019a, 2019b; Sternberg and DeNiro, 1983;
Wissel et al., 2008) and d18O of hemicellulose-derived sugar bio-
markers (d18Osugar) (Struck et al., 2020; Tuthorn et al., 2014; Zech
and Glaser, 2009; Zech et al., 2012, 2014) may also be used for
paleoclimatic and -hydrological research. Similar to leaf waxes,
hemicellulose-derived sugars record the isotopic composition of
precipitation (d18Op) and are also modulated by evaporative
enrichment, further highlighting the challenges of single-water
isotope studies.

For organic-rich sediments there is potential to disentangle
some of these effects by measuring more than one water isotope
from the same sample. It has been suggested that by coupling d2Hn-

alkane and d18Osugar analyses, it is possible to disentangle changes in
d2Hp and d18Op and changes in evapotranspirative leaf and lake
water enrichment. For instance, Voelker et al. (2014) used d2H and
2

d18O of tree-ring cellulose to reconstruct relative air humidity.
Another approach to reconstruct air humidity by coupling d2Hn-

alkane and d18Osugar results (‘paleohygrometer’). This has been vali-
dated in climate chamber experiments (Hepp et al., 2021) as well as
for topsoils in Europe (Hepp et al., 2020), South America (Tuthorn
et al., 2015), Ethiopia (Lemma et al., 2021) and South Africa
(Strobel et al., 2020). Both approaches have already been applied
successfully for paleoclimate reconstructions, for example in
loessepaleosol sequences (Hepp et al., 2017; Zech et al., 2013), on
subfossil wood (Voelker et al., 2015) and in lacustrine sediments
(Hepp et al., 2015, 2019).

Given the demonstrated complexities of reconstructing paleo-
climate and -hydrology on the southern Cape coast, the potential
advantages of this coupled isotope approach are readily apparent.
Here we applied this coupled approach to a sediment record from
Vankervelsvlei, a fen located at South Africa's southern Cape coast
spanning large parts of the Late Quaternary (Irving, 1998; Irving
and Meadows, 1997; Quick et al., 2016). In contrast to other near
coastal wetlands in the Wilderness region, Vankervelsvlei has not
been influenced by sea water intrusions in the past. Our study aims
to support, refine and expand the previously published study by
Strobel et al. (2019), who investigated parts of the composite record
presented here, at a higher temporal-resolution, with new proxies
and with an updated and extended chronology. Using this com-
bined multi-isotope approach, incorporating both water isotopes,
i.e. compound-specific d2Hn-alkane and d18Osugar, as well as
compound-specific d13Cn-alkane, together with established assem-
blages of inorganic and organic elemental proxies, this paper aims
to:

i) infer past variations in precipitation source and moisture
availability at Vankervelsvlei, and to consider the potential
regional paleoclimatic scenarios that may have driven such
variability and

ii) provide a high-resolution terrestrial record for the Middle- and
Late-Holocene to disentangle changes in local precipitation
source, moisture availability and relative humidity by coupling
of d2Hn-alkane and d18Osugar.
2. Site description

Vankervelsvlei is situated at 152 m above present sea level
(a.s.l.), about 5 km inland from the Indian Ocean coast on South
Africa's southern Cape (Fig. 1). Vankervelsvlei is an irregular shaped
depression enclosed by cemented coastal dunes, which are
approximately 250 to 205 ka old (Bateman et al., 2011; Illenberger,
1996), that separate Vankervelsvlei from the present coast (Fig. 1D).
TheseMiddle to Late Pleistocene dune systems and landwards even
older coversand deposits are unconformably underlain by Quartz-
ites of the Table Mountain Group (Cape Supergroup) and Palaeozoic
(Ordovician-Silurian) Peninsula Formation sandstones (Carr et al.,
2010; Johnson et al., 2006). Shallow and nutrient-poor generally
acidic and leached soils predominate the region (e.g., Alisols and
Luvisols) (Geldenhuys, 1988; Irving and Meadows, 1997). The po-
tential natural vegetation consists of variations of Fynbos and
Afromontane forest (Mucina and Rutherford, 2006). Today, the
steep slopes of the catchment are used as a commercial pine (Pinus)
plantation and the vegetation growing on the fen predominantly
consists of Cyperaceae with some ferns (Pteridophytes) andmosses
(Bryophytes) (Quick et al., 2016). The fen itself has an area of
0.34 km2 and the catchment comprises an area of 4.1 km2 (Fig. 1D).
The morphology of the catchment ranges from 330 to 152 m a.s.l.
(Database: SRTM 1 arc-second (NASA, 2013)) with no permanent
surface inflow and no surface outlet (Fig. 1D).



Fig. 1. A) Simplified map of Africa. The red box is magnified in B). B) Location of Vankervelsvlei (red dot, labelled VVV) and the three major rainfall zones of South Africa, i.e. winter-
rainfall zone (WRZ), year-round rainfall zone (YRZ) and summer rainfall zone (SRZ) after Chase and Meadows (2007) derived from Worldclim 2 dataset (Fick and Hijmans, 2017).
Additionally, the circumpolar Westerlies, the tropical Easterlies, the Agulhas Current (AC), the Benguela Current (BC) and the Aridity Index (brown to green colour, Trabucco and
Zomer, 2019) are depicted. The grey area shows the part of the shelf that was exposed during the sea level low stand of �123 m (British Oceanographic data centre, 2014;
Waelbroeck et al., 2002). The yellow dots show the location of the Cape Basin Record (CBR; Peeters et al., 2004). C) Vankervelsvlei and selected studies mentioned in the text (yellow
dots: Vo€elvlei (VOV, Strobel et al., 2020) Pinnacle Point (PP, Bar-Matthews et al., 2010; Braun et al., 2019), Herolds Bay Cave (HBC, Braun et al., 2020), Eilandvlei (EV, Quick et al., 2018;
Wündsch et al., 2018), Nelson Bay Cave (NBC, Cohen and Tyson, 1995), Baviaanskloof (BK, Chase et al., 2020), Efflux Cave (EC, Braun et al.,2020), Cango Cave (CC, Talma and Vogel, 1992),
Seweweekspoort (SWP, Chase et al., 2017)). D) Topographic map (ESRI Inc., 2020) including catchment and rim of Vankervelsvlei as well as the coring position. E) Climate diagram
illustrating the seasonal variability of precipitation and temperature (1981e2020; Station: George Airport (DWD Climate Data Center, 2020)) as well as the variability of d2Hp and
d18Op (Bowen, 2020; Bowen and Revenaugh, 2003) at Vankervelsvlei. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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The past and present climate of southern Africa is driven by
variable interactions of oceanic (the Benguela current on the west
coast and the Agulhas current along the east and south coasts) and
atmospheric circulation systems (Tyson and Preston-Whyte, 2000)
(Fig. 1 B). Today, three major rainfall seasonality zones occur in
South Africa. In the eastern and central parts of the country, the
majority of the rainfall is associated with tropical moisture-bearing
atmospheric circulation systems (Easterlies) during the austral
summer (summer rainfall zone, SRZ). A narrow belt along the west
coast is dominated by precipitation supplied by temperate West-
erlies during the austral winter (winter rainfall zone, WRZ) (Fig. 1
B). The year-round rainfall zone (YRZ) represents the intermedi-
ate area between the SRZ and WRZ and receives rainfall from both
systems throughout the year (Fig. 1 B) (Engelbrecht et al., 2015;
Scott and Lee-Thorp, 2004), which includes the relatively humid
southern Cape coast where Vankervelsvlei is located.

Besides the Atlantic and Indian Ocean as major sources of pre-
cipitation (Westerlies (austral winter) and Easterlies (austral sum-
mer)), on the southern Cape coast, ridging anticyclones produce
onshore flow that leads to orographic rainfall from local sources
that can occur year-round (Engelbrecht and Landman, 2016;
3

Weldon and Reason, 2014). Analysis of recent precipitation data
from George Airport, located ca. 50 km west of Vankervelsvlei
(Fig. 1C), reveals a mean annual precipitation of 690 mm∙a�1 for
the coastal areas of the YRZ, but highly variable precipitation during
recent years, without significant seasonality (ranging from 375 to
1220 mm∙a�1; 1981e2020) (DWD Climate Data Center, 2020)
(Fig. 1C, E).

Although the annual precipitation distribution is quite uniform,
d2Hp and d18Op are highly variable throughout the year (Braun et al.,
2017; Harris et al., 2010). The modelled isotopic composition of
precipitation (d2Hp, d18Op) is 2H- and 18O-depleted during winter
(�26 to�33‰ and�5.5 to�6.5‰ for d2Hp and d18Op, respectively),
and 2H- and 18O-enriched during summer periods (�4 to þ6‰
and�2.0 to�0.8 for d2Hp and d18Op, respectively) (Table 1) (Bowen,
2020; Bowen et al., 2005), which is in good agreement with
recently observed data (Braun et al., 2017; Harris et al., 2010).
Precipitation of local origin is isotopically 2H- and 18O-enriched
(Braun et al., 2017). Temperatures are generally uniform with an
annual mean of 16.5 �C (1989e2020) (DWD Climate Data Center,
2020). South-westerly winds predominate in the region and
mountain wind conditions, especially in the winter months, can
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periodically result in anomalously high temperatures in the area
(Quick et al., 2016).

3. Material and methods

3.1. Composite sediment record compilation

For this study, three parallel piston cores (UWITEC, Mondsee,
Austria) (VVV16-1, 0.8e13.0 m depth including core loss between 2
and 3.9 m depth; VVV16-2, 9.8e13.8 m depth, VVV16-6; 4e15.0 m
depth; inner diameter 90 mm) were retrieved from Vankervelsvlei
(34.013 �S; 22.904 �E) (Fig. 1 C). The topmost sediments were
recovered using a self-made push core device (VVV16-4; 0e0.8 m
depth; inner diameter 90 mm). Together these four drives equated
to a composite sediment core depth of 15 mwith a gap from 3.9 to
2 m composite depth due to core loss.

3.2. Chronology

3.2.1. Radiocarbon dating
14C ages were determined on seven organic plant-macro parti-

cles and nine bulk TOC samples at the Poznan Radiocarbon Labo-
ratory, Poland. Besides three ages at the top of the sequence, which
were recently published by du Plessis et al. (2021), 14C ages of
organic macro particles and bulk TOC were published by Strobel
et al. (2019) (see Supplementary Information; Table S1).

3.2.2. Optically stimulated luminescence dating (OSL)
Nine samples were obtained for OSL dating. Short sections of the

core tubes (~20 cm) were opened under subdued red light at the
University of Leicester and from these ~5 cm subsamples were
obtained. The chronology is largely based on the analysis of coarse
grained quartz, except for the lowermost two samples where the K-
feldspar fraction was used for age determination (see Supplemen-
tary Information for more details on the OSL dating methods).

3.2.3. Age-depth modelling
For age-depth modelling in the lower part of the record

(15.0e11.18 m composite depth) only the obtained OSL ages were
used. For the upper part of the sediment sequence, 14C ages on
organic plant-macro particles and bulk organic matter published by
Strobel et al. (2019) and du Plessis et al. (2021) were recalibrated
with the SHCal20 calibration curve (Hogg et al., 2020). All calibra-
tions were done with the online version of the Calib 8.2 software
(Stuiver et al., 2020). The final age-depth profile relation was
modelled with the R software package Bacon 2.4.3 (Blaauw and
Christen, 2011), using the same calibration data set. In the
following, ages are reported as median ages including the upper
and lower limit of the 95% confidence interval.

3.3. Physical properties and elemental analyses

Sample aliquots were freeze-dried (�50 �C, <72 h), and
aluminium (Al) and iron (Fe) contents were measured with an ICP-
OES 725-ES (VARIAN, California, USA) at Friedrich Schiller Univer-
sity Jena. 0.2 g of the samples were processed using a microwave-
Table 1
Modelled hydrogen and oxygen isotopic composition of the contemporary precipitation
Bowen et al., 2005).

Jan Feb Mar Apr May

d2Hp [‰ vs. V-SMOW] 6 4 3 �12 �21
d18Op [‰ vs. V-SMOW] �0.8 �0.8 �1.6 �3.7 �4.8

4

assisted modified aqua regia digestion of 2 ml HCl (32%) and 4 ml
HNO3 (65%). Error estimates are based on triple measurements of
five individual samples (relative errors: Al <5.6%; Fe: <5.1%).
Samples of the reference material LGC6 187 (river sediment) were
measured as well to calculate the relative analytical error which
was <0.79% and <0.49% for Al and Fe, respectively.

X-ray fluorescence (XRF) data were obtained using an ITRAX
XRF-core scanner (Croudace et al., 2006) at GEOPOLAR (University
of Bremen). Scanning was done with a Mo-tube with a step size of
1 cm and a count time of 30 s per step; tube settings were kept
constant for all cores using a voltage of 30 kV and a current of
30 mA. Element intensities were given as counts (cts), which were
subsequently normalised by the total number of counts to mini-
mize a bias resulting from matrix changes and tube aging.
3.4. Leaf wax analyses

Total lipids of the sediment samples (0.3e38.3 g) were extracted
with 40 ml dichloromethane (DCM) and methanol (MeOH) (9/1, v/
v) using an ultrasonic bath over three 15 min cycles at Friedrich
Schiller University Jena. The total lipid extract was separated by
solid phase extraction using aminopropyl silica gel (Supelco,
45 mm) as stationary phase. The n-alkanes were eluted with 4 ml
hexane and further purified over coupled silvernitrate (AgNO3�;
Supelco, 60e200 mesh) - zeolite (Geokleen) pipette columns. The
n-alkanes trapped in the zeolite were subsequently dissolved in
hydrofluoric acid and recovered by liquid-liquid extraction using n-
hexane. An Agilent 7890 gas chromatograph equipped with an
Agilent HP5MS column (30 m, 320 mm, 0.25 mm film thickness) and
a flame ionization detector (GC-FID) was used for identification and
quantification of the n-alkanes, relative to external n-alkane stan-
dards (n-alkane mix n-C21 - n-C40, Supelco).

Compound-specific stable hydrogen isotope analyses of the C29
and C31 n-alkanes were carried out on an IsoPrime vision IRMS,
coupled to an Agilent 7890A GC via a GC5 pyrolysis or combustion
interface operating in pyrolysis modus with a MaxChrome and
silver wool packed reactor at 1050 �C. Samples were injected
splitless with a splitesplitless injector. The GC was equipped with a
30m fused silica column (HP5-MS, 0.32mm, 0.25 mm). Each sample
was analysed in triplicate, except 13 samples in the lower part of
the sequence due to insufficient compound abundance. d2Hn-alkane
was measured against calibrated H2 reference gas and all values are
reported in per mille against VSMOW. The precision was checked
by co-analysing a standard alkanemixture (n-C27, n-C29, n-C33) with
known isotope composition (Arndt Schimmelmann, University of
Indiana), injected in duplicate every nine runs. All measurements
were corrected for drift and amount dependency, relative to the
standard values in each sequence. Triplicates for the C29 and C31
alkanes in the upper part and lower part of the sequence had a
standard deviation of <3.7‰ and <8.0‰, respectively, except for
two samples in the upper part (VVV16_618 and VVV16_648 with
11‰ and 16‰, respectively). The analytical error for the standards
was <1.5 and < 3.2‰ for the upper and lower part of the sequence
(n ¼ 44 and 40). The H3

þ factor was checked every two days and
stayed stable at 3.9 ± 0.1 during measurements. An amount
weighted mean of the d2H signals from the C29 and C31 n-alkanes
at Vankervelsvlei (Lat: 34.013� S; Lon: 22.904� E; Elevation: 152 m) (Bowen, 2020;

Jun Jul Aug Sep Oct Nov Dec

�26 �29 �33 �23 �16 �12 �4
�5.5 �5.7 �6.5 �4.9 �3.9 �3.3 �2.0



Fig. 2. Coupled d2Hn-alkaneed
18Osugar approach (paleohygrometer) displayed as d2Hed18O

diagram showing the d2H of n-alkanes (weighted mean of C29 and C31) and d18O of sugar
(xylose) biomarkers, the reconstructed leaf and plant-source water, the global meteoric
water line (GMWL, black line), and the local meteoric water line (LWML) from Mossel Bay
(blue dashed line; Braun et al., 2017). The black double arrows indicates natural processes
of evapotranspirative enrichment of leaf water along local evaporation lines (LEL; red line)
and biosynthetic fractionation during biomarker synthesis, respectively. Grey dashed lines
indicate the deuterium-excess, which can be used as proxy for relative humidity (red
double arrow). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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was calculated and is referred to as d2Hn-alkane in the following.
Compound-specific stable carbon isotope analyses of C29 and C31

n-alkanes were carried out on an IsoPrime vision IRMS, coupled to
an Agilent 7890A GC via a GC5 pyrolysis or combustion interface
operating in combustion modus with a CuO packed reactor at
850 �C. Samples were injected splitless with a splitesplitless
injector. The GC was equipped with 30 m fused silica column
(HP5-MS, 0.32 mm, 0.25 mm). d13C values were calibrated against
CO2 reference gas of known isotopic composition and all carbon
isotope values are given in per mille against VPDB. Triplicate in-
jections were conducted for each sample and measurement accu-
racy was controlled in the same way as for the d2H analyses.
Triplicates for the C29 and C31 alkanes had a standard deviation of
<0.3‰, the analytical error for the standards was <0.2‰ (n ¼ 38).
An amount weighted mean of the d13C signals from the C29 and C31
n-alkanes was calculated and is referred to as d13Cn-alkane in the
following.

3.5. Sugar biomarker analyses

Hemicellulose-derived sugars were hydrolytically extracted
from 28 dried samples (0.1e1.9 g, depending on TOC content) at the
Institute of Agricultural and Nutritional Sciences, Soil Biogeo-
chemistry, Martin Luther University Halle-Wittenberg. Samples
were extracted with 10 ml of 4 M trifluoroacetic acid at 105 �C for
4 h, as described in Amelung et al. (1996). Thereafter, samples were
vacuum-filtered over glass fibre filters and the extracted sugars
were cleaned according to Zech and Glaser (2009) using XAD-7 and
Dowex 50WX8 columns to remove humic-like substances and
cations. The purified sugar samples were rotary evaporated and
derivatised with methylboronic acid (4 mg in 400 ml pyridine) at
60 �C for 1 h. 5a-Androstane and 3-O-Methyl-Glucose were used as
internal standards.

The compound-specific oxygen isotope measurements were
performed on a Trace GC 2000 coupled to a Delta V Advantage IRMS
using an 18O-pyrolysis reactor (GC IsoLink) and a ConFlo IV interface
(all devices from Thermo Fisher Scientific, Bremen, Germany).
Samples were injected in splitless mode and measured in tripli-
cates. For measurement precision, standard blocks of derivatised
sugars (arabinose, fucose, xylose) at various concentrations and
known d18O values weremeasured. Arabinose and Fucose were less
abundant compared to Xylose and therefore not considered for
compound-specific oxygen isotope analyses. All measurements
were corrected for drift and amount dependency, as well as for
hydrolytically introduced oxygen atoms which form carbonyl
groups within the sugar molecules (Zech and Glaser, 2009). The
standard deviation of the sugar sample triplicate measurements for
the upper and lower part of the sequence were <2.0‰ and <3.1‰,
respectively. Standard duplicate measurements had a standard
deviation of <2.6‰ (n ¼ 11). The oxygen isotopic composition is
given in the delta notation (d18O) in per mille versus VSMOW.

3.6. Coupling compound-specific leaf wax d2H and sugar d18O

The coupled d2Hn-alkaneed
18Osugar approach (paleohygrometer)

was previously described in detail by e.g. Hepp et al. (2015), Hepp
et al. (2017), Hepp et al. (2019), Hepp et al. (2020), Hepp et al.
(2021), Lemma et al. (2021) and Tuthorn et al. (2015). The funda-
mental assumption of the approach is that the isotopic composition
of leaf water can be reconstructed by applying biosynthetic frac-
tionation factors (εbio) on the measured d2Hn-alkane and d18Osugar
values. For d2Hn-alkane a constant εbio value of about�160‰ (Liu and
Liu, 2019; Sachse et al., 2012; Sessions et al., 1999) is applied; for
d18Osugar the εbio value is assumed to be þ27‰ (Cernusak et al.,
2003; Gessler et al., 2009; Hepp et al., 2021; Schmidt et al., 2001;
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Sternberg et al., 1986; Yakir and DeNiro, 1990). This can be illus-
trated in a d2Hed18O diagram where the distance of the recon-
structed leaf water to the global meteoric water line (GMWL) is
defined as deuterium-excess (Dansgaard, 1964) (Fig. 2). We
acknowledge that changes in the vegetation composition poten-
tially lead to variations in εbio for both d2Hn-alkane (up to ~40e50‰)
and d18Osugar (up to ~5e8‰) (Gamarra et al., 2016; Lehmann et al.,
2017; Sternberg, 1989), but previous studies highlight that the
coupled d2Hn-alkaneed18Osugar approach enables a more robust
reconstruction of the isotopic composition of the plants-source
water and relative humidity (e.g., Hepp et al., 2020; Hepp et al.,
2021) in comparison to single water isotope approaches.

The concept is furthermore based on the fact that the isotopic
composition of precipitation plots typically close to the GMWL
(d2Hp ¼ 8∙18Opþ10; Dansgaard, 1964). However, on the central
southern Cape coast of South Africa, a local meteoric water line
(LMWL) slightly deviating from the GMWL was described by Braun
et al. (2017) (d2H ¼ 7.70∙d18Oþ12.10). This LMWL was used for our
calculations. We calculated equilibrium fractionation factors ac-
cording to Horita and Wesolowski (1994) based on modern MAT,
i.e. 16.4 �C (DWD Climate Data Center, 2020), resulting in 82.1‰ for
2H and 10.0‰ for 18O. The kinetic fractionation factor for 2H and 18O
is set to 25.1‰ and 28.5‰, respectively (Merlivat, 1978). This yields
a specific slope for a local evaporation line (LEL) of 2.78. The
intercept of the LEL and the LMWL is the isotopic composition of
reconstructed plant-source water (d2H and d18O) (Fig. 2). The dif-
ference between deuterium-excess of the reconstructed leaf water
and reconstructed plant-source water is then used to estimate the
relative humidity (RH) for each sample (Fig. 2).
4. Results

4.1. Lithology and chronology

The composite sediment record from Vankervelsvlei, consists of
five lithological units derived from distinct changes in sediment
colour and physical properties (Fig. 3). Unit A from 15.0 to 13.0 m
composite depth consists nearly exclusively of sand (89e90%) and
has a low organic matter content (TOC: 0.05e3.3%) (Supplementary
Information; Figs. S2 and S3). We observed that humic-rich water



Fig. 3. Left: Lithology of the VVV16 composite record from Vankervelsvlei. Right: Age-depth models of the sediment record from Vankervelsvlei. Lithological units are shown on the
right. Calibrated radiocarbon ages are displayed as probability density functions of the 2s distributions. OSL ages are shown as boxes including 1s error bars. Calibration and age-
depth modelling was carried out using the R software package Bacon 2.4.3 (Blaauw and Christen, 2011). Please note that 14C and OSL ages excluded from age-depth modelling are
marked by a red circle with a red cross (see section 5.1 for more details). For comparison and confirmation of our age-depth model two OSL ages from sediment core VVV10.1 (Quick
et al., 2016) including age (1s horizontal error bars) and depth uncertainty (vertical error bars) are also depicted, but were not used for age-depth modelling. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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penetrated into the core section from 14.8 to 14.0 m composite
depth between coring drives and those sediments were therefore
excluded for biogeochemical analyses. However, the bottom of Unit
A (15.0e14.8 m composite depth) was considered to be suitable for
OSL dating. The remaining parts of Unit A, i.e. 15.0 to 14.8 m com-
posite depth and 14.0 to 13.0 m composite depth, have a yellowish
colour and two brownish layers within a sandy matrix at 14.0 and
13.3 m composite depths are notable (Fig. 3). Unit B from 13.0 to
11.18 m composite depth has a dark brown, dark grey and/or
blackish colour and consists of very fine material (clay: 7e21%, silt:
61e90%) and has a higher organic matter content than Unit A
(1.3e7.1%). A ~1 cm thick black layer marks the transition from Unit
B to C at 11.18 m composite depth. This has been found in all
sediment cores hitherto recovered from Vankervelsvlei, including
earlier studies (e.g. Quick et al., 2016), and allows parallelisation of
the sediment cores. Unit C and the transition to Unit D contains
gravel-sized yellowish and reddish aggregates in a fine matrix. The
transition zone to Unit D itself (10.32e9.68 m composite depth) is
composed of dark brown, almost completely degraded, organic-
rich material with some yellowish aggregates. Unit C and the
transition to Unit D likely consist of reworked (soil) material
(Strobel et al., 2019) and thus were both excluded from paleo-
environmental reconstruction. Unit D from 9.68 to 0.8 m composite
depth consists of dark brown, reddish to black peat material (TOC:
6

48e54%). In the lower parts of Unit D, several reddish organic
macro remains are present. Sediments are missing between 3.9 and
2.0 m depth, due to core loss during recovery. Sediments from Unit
E from 0.8 to 0 m composite depth consist of well-preserved
organic material (TOC: 45e46%) including roots and macro re-
mains and are of yellowish to reddish colour (Fig. 3).

The chronology of the lower part of the sediment sequence
(Units A and B; 15.0 to 11.18 m composite depth) shows strati-
graphically consistent OSL ages and provides a basal age of 256 ± 19
ka (Fig. 3). Between Unit B and C (i.e. at 11.18 m composite depth), a
sedimentary hiatus was inferred by Strobel et al. (2019), which is
confirmed in this study (see section 5.1 for discussion). In the upper
part of the sediment sequence, the 1s uncertainties of an OSL age at
the bottom of Unit D (i.e. 8.0 ± 0.5 ka in 10.15 to 9.95 m composite
depth), which is not included in age-depth-modelling, overlaps
with the 14C-based chronology in this part of the sediment
sequence (Fig. 3). 14C ages of bulk TOC and organic macro particles
in Units D and E are stratigraphically consistent and indicate higher
sedimentation rates compared to the Units below (Fig. 3).

4.2. Element and isotope analyses as well as paleohygrometer
approach

To provide the highest possible resolution, we extended the
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previously published data by Strobel et al. (2019), i.e. elemental (Al,
Fe) contents, d2Hn-alkane, and d13Cn-alkane (n ¼ 23) by new obtained
data from this study (n ¼ 128). Elemental contents of Al and Fe
show low to intermediate values in Unit A (1520 ± 85 to
13,110 ± 740 ppm and 1040 ± 190 to 4150 ± 770 ppm, respectively),
highest values in Unit B (27,500 ± 1400 to 76,800 ± 3800 ppm and
7300 ± 1400 to 16,400 ± 3000 ppm, respectively) and lowest values
in Unit E (371 ± 21 to 2720 ± 150 ppm and 168 ± 31 to
2250 ± 420 ppm, respectively) (Fig. 4). Normalised XRF-scanning Fe
counts follow the pattern of Al and Fe contents (Fig. 4). Strobel et al.
(2019) ascribed Al variations to dust input coupled to varying wind
at Vankervelsvlei based on the assumption that a fluvial transport
of sediments to the coring position at the centre of the peatland is
very unlikely as vegetation growing on the peatland acts like a filter
for aquatic particle transport. Hence we use XRF-scanning Fe as
high-resolution parameter whereas Al-counts are too low for
interpretation.

d13Cn-alkane values have a wide range from �32.0 ± 0.1
to �28.0 ± 0.2‰ in Units A and B (Fig. 4). In Units D and E d13Cn-
alkane values are generally more negative than in Units A and B
(�33.0 ± 0.1 to�30.2 ± 0.1‰). d13Cn-alkane values mainly reflect past
changes in the vegetation composition (C3, C4, CAM) (e.g.
Diefendorf and Freimuth, 2017) and/or variations in C3 plants water
use efficiency (WUE) (Farquhar et al., 1989; Hou et al., 2007).

In Units A and B, d2Hn-alkane values vary from �167.3 ± 3.8
to �139.9 ± 1.8‰. Marked shifts are present in Unit D and E
(�190.5 ± 0.7 to �149.7 ± 0.6‰), which on average are associated
with more negative d2Hn-alkane values than Units A and B. d18Osugar
values are more positive in Unit B (37.6 ± 0.6 to 47.1 ± 1.1‰)
compared to Units D and E (25.3 ± 2.0 to 47.1 ± 1.2‰; Fig. 4). The
results of the coupled d2Hn-alkane-d18Osugar-approach
Fig. 4. a) Al and b) Fe contents, c) normalised Fe, d) d13Cn-alkane, e) d2Hn-alkane and f) d18Osugar a
relative humidity derived from the coupled isotope approach from the VVV16 sediment sequ
derived from the uncertainty propagation law. Lithological units are depicted at the right.
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(paleohygrometer) provide d-excess values from �143.4 ± 8.4
to�82.3 ± 4.0‰ in Unit B, and�88.6 ± 2.3 to�1.1 ± 0.6‰ in Units D
and E (Fig. 6). Reconstructed plant-source water ranges from �89.3
to �29.4‰ for d2H and from �13.2 to �5.4‰ for d18O in Unit B, and
from �76.8 to 5.0‰ and from �11.5 to �0.9 in Unit D and E,
respectively. Reconstructed RH is lower in Unit B (17.8e50.1%) than
in Units D and E (46.8e93%) (Fig. 4). Elemental contents (Al and Fe)
and d2Hn-alkane show significant correlations (r ¼ 0.82 to 0.83;
a ¼ 0.05, Fig. S4) and Fe also significantly correlates with recon-
structed plant-source water (r ¼ 0.53; a ¼ 0.05, Figs. 4 and S4).

Based on modern isotopic variability in rainfall, we anticipate
that changes in reconstructed plant-source water (d18O and d2H)
reflect changes in the isotopic composition of precipitation related
to changes in the precipitation source, i.e. i) Westerlies (Atlantic
Ocean), ii) Easterlies (Indian Ocean) and iii) local sources (Strobel
et al., 2020). Reconstructed RH reflects growing season air RH
(Hepp et al., 2021; Strobel et al., 2020). This leads to the assumption
that RH is higher during phases of generally (year-round) and/or
seasonally moist conditions, whereas during periods of low RH
conditions were either generally drier and/or precipitation sea-
sonality was increased, i.e. the reduction of either summer or
winter precipitation. Similar to d2Hn-alkane, d18Osugar records the
isotopic composition of precipitation but is more prominently
modulated by evapotranspirative enrichment (Strobel et al., 2020;
Struck et al., 2020) and thus is a sensitive proxy for changes in the
precipitation-evaporation balance at Vankervelsvlei.
s well as g) the isotopic composition of the reconstructed source water, h) d-excess and
ence. Error bars and the grey shaded area in g) and h) indicate expanded uncertainties
Note Log10 scale for a), b) and c).
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5. Discussion

5.1. Chronostratigraphy

The basal age of 256 ± 19 ka of the sediment sequence from
Vankervelsvlei is in the range of the dunes underlying and sur-
rounding Vankervelsvlei, i.e. 205 to 250 ka BP (Bateman et al., 2011)
(Table S4) and indicates that the depression hosting Vankervelsvlei
today was probably formed contemporaneously, implying that we
have now recovered the entire sedimentary sequence at this site.
However, due to the infiltration of humic-rich water into the core
section from 14.8 to 14.0m composite depth between coring drives,
those sediments had to be excluded from paleoenvironmental
reconstruction. Bulk TOC 14C ages published in a previous investi-
gation from Vankervelsvlei (Strobel et al., 2019) showed a distinct
offset to the revised OSL-based age-depth model presented here
(Fig. 3). As these 14C ages of bulk TOC are close to the dating limit of
14C only minor amounts of young carbon likely bias these dating
results (e.g., Briant and Bateman, 2009). At Vankervelsvlei, we
hypothesise that percolating waters containing leached organic
carbon may account for the too young bulk 14C ages. Additionally,
two brownish layers at 14.0 and 13.3 m composite depth are likely a
result of this percolating water (Fig. 3). Mandiola et al. (2021)
analysed the age of water at several depths within the Vanker-
velsvlei deposits, revealing modern 14C ages for water in deeper
layers (~6.3 m below surface). Although dissolved organic matter
was not analysed in that study, the presence of percolating water
supports our aforementioned hypothesis of contamination of the
bulk radiocarbon ages. 14C ages in the Vankervelsvlei study by
Quick et al. (2016) were not in stratigraphic order and were
distinctly offset from OSL ages, further supporting our hypothesis.
Vertical (re-)deposition of carbon in sediments leading to biased
14C ages was also recently observed by e.g. Briant et al. (2018),
Colarossi et al. (2020) and Palstra et al. (2021), but the new strati-
graphically consistent OSL data presented here now provide robust
age information for this part of the record.

In the upper part of Unit B, the chronology implies a sedimen-
tary hiatus at 11.18 m sediment depth. The hiatus was previously
ascribed to desiccation from 28,050 þ510/-600 to 8,360 þ730/-810 cal
BP (Strobel et al., 2019). Considering modelling and dating un-
certainties within the framework of the new OSL-based chronol-
ogy, we can confirm this sedimentary hiatus during MIS 2 and the
transition to MIS 1 (20.3 þ5.2/-14 ka to 7230 þ160/-210 cal BP). This is
consistent with reconstructions of relatively dry conditions iden-
tified in regional archives (see section 5.2.1 for detailed discussion).
After the deposition of reworked soil material in Unit C and the
transition to Unit D (likely in MIS 2 and/or the Early-Holocene),
continuous sedimentation began in the Middle-Holocene, i.e.
7230 þ160/-210 cal BP, lasting until present day (Fig. 3).

Several sediment cores have been recovered from different lo-
cations at Vankervelsvlei during the past decades (Irving and
Meadows, 1997; Quick et al., 2016). However, the comparisons of
those cores to the new composite record presented here is con-
strained by missing sections (especially in the youngest part),
lithological inconsistencies and occasionally poor chronological
control of the previous studies. Nevertheless, the sediment cores
investigated by Quick et al. (2016) can roughly be parallelised to the
lower part of our composite record (Units A and B). The strati-
graphic location of an OSL age 117 ± 6 ka in core VVV10.1 (Quick
et al., 2016) lies between our ages of 163 ± 11 and 110 ± 8.1 ka,
further supporting our chronology (Fig. 3). Another OSL age of
67.2 ± 3.7 ka from core VVV10.1 (Quick et al., 2016) is also strati-
graphically consistent with our record, being located between the
two new OSL ages of 90 ± 6 ka and 43 ± 3 ka (Fig. 3). Unfortunately,
it is not possible to better match records, inhibiting a precise
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inclusion of all VVV10.1 ages from Quick et al. (2016).

5.2. Paleoenvironmental- and climate evolution

5.2.1. Late Quaternary
The sediments lying between the two lowermost OSL-ages, i.e.

256 þ19/�19 and 110 þ8/�8 ka (late MIS 8 to early MIS 7 and MIS 5e),
consist almost exclusively of sand, limiting paleoenvironmental
inferences for this period. However, high sand contents likely
indicate significant geomorphic activity at Vankervelsvlei area and
within the surrounding area. This is consistent with studies of the
history of dune formation within the Wilderness Embayment, and
with two periods of barrier dune construction during MIS 6 and 5e,
i.e. from 159 to 143 ka and from 130 to 120 ka, respectively
(Bateman et al., 2011). Quick et al. (2016) reported that no pollen
was preserved in these sandy sediments dating 140 to 115 ka at
Vankervelsvlei, which is consistent with our record.

From 171 þ16/�13 to 136 þ16/�16 ka, d13Cn-alkane values imply a
contribution from vegetation using CAM and/or C4 photosynthesis,
and/or decreased moisture availability (water use efficiency; WUE)
at Vankervelsvlei (Fig. 5). Typically, d13Cn-alkane values from �25
to �35‰ refer to C3 plants while C4 plants range from �15
to �20‰ and CAM plants show intermediate values (Boom et al.,
2014; Carr et al., 2022; Diefendorf and Freimuth, 2017; Huang
et al., 2006). Changes in the atmospheric CO2 concentration may
also impact d13Cn-alkane values over an order of 1e2‰ on glacial-
interglacial timescales (Breecker, 2017; Hare et al., 2018; Schubert
and Jahren, 2012; Voelker et al., 2016). n-Alkane concentrations
in this unit were too low for d2Hn-alkane measurements to be used as
an indicator of precipitation source. Similarly, elemental Fe is too
low for interpretation and cannot be used for this period.

From 136 þ16/�16 to 112 þ12/�11 ka more positive d13Cn-alkane
values, in comparison to the previous period, imply drier conditions
and the presence of more plants using CAM and/or C4 photosyn-
thetic modes. Although only a few samples that yielded sufficient
n-alkanes for d2Hn-alkane measurements, the d2Hn-alkane values
indicate a high contribution of Westerly-derived winter precipita-
tion at this time. From 112 þ12/�11 to 103 þ7/�7 ka (MIS 5e, 5d), from
88 þ8/�8 to 82 þ10/�12 ka (MIS 5c, 5b) and from 42 þ2/�2 to 39 þ4/�5
ka (MIS 3) the d13Cn-alkane values clearly indicate a dominant
contribution of plants using C3 photosynthesis. These periods are
accompanied by more positive d2Hn-alkane values, indicting high
contributions of both winter (Westerly-derived) and summer
(Easterly-/locally-derived) precipitation and a likely year-round
rainfall regime. In contrast, plants using CAM and/or C4 photo-
synthetic mode are present at Vankervelsvlei from 82 þ10/�12 to 42
þ2/�2 ka (MIS 5a to early MIS 3), from 39 þ4/�5 to 20 þ5/�12 ka
(transition from MIS 3 to MIS 2) (Fig. 5). Contemporaneously, more
negative d2Hn-alkane values indicate an increased Westerly-derived
winter precipitation contribution. Unfortunately, the full suite of
proxy data is not available between 103 þ7/�7 and 88 þ8/�8 ka due to
a lack of samples.

Plant-source water (d2H and d18O) and RH values show minor
variations fromMIS 5d to MIS 2, with a prominent shift frommoist
to very dry conditions at the transition fromMIS 3 to MIS 2 (Fig. 5).
Although the temporal resolution of these proxies is limited, this
study demonstrates the applicability of the coupled d2Hn-alka-

need18Osugar approach (paleohygrometer) in sediments of Late
Quaternary age. We acknowledge that the uncertainties of the
proxies derived from the coupled d2Hn-alkaneed18Osugar approach
should be focused in future studies. High-resolution elemental Fe
data cannot be interpreted prior to MIS 5c, but indicate maxima in
minerogenic inputs at the transitions from MIS 5b to 5a, MIS 4 to
MIS 3 and MIS 3 to MIS 2, suggesting an increased importance of
wind during these periods at Vankervelsvlei (Fig. 5). While



Fig. 5. Late Quaternary inorganic and organic down-core geochemistry of the VVV16 sediment record as indicators a) for wind (Fe), b) relative humidity (RH; moisture), c), e)
precipitation source (W ¼ Westerlies, E ¼ Easterlies and/or local sources), d) evapotranspiration and g) vegetation composition and/or C3 plants water use efficiency. For
comparative purposes f) percentages of succulent/drought resistant (SDR) pollen from Vankervelsvlei are shown (Quick et al., 2016). Note that these pollen results are from an
earlier study on VVV and are plotted on their original independent age scale. Additionally, (supra-)regional paleoenvironmental records are plotted: h) d13C from Pinnacle point
(grey line original data; coloured line running mean of eleven data points) (Bar-Matthews et al., 2010) and i) Global mean sea level (Waelbroeck et al., 2002). Marine Isotope Stages
(MIS (Lisiecki and Raymo, 2005)) are shown on the right. See Fig. 1 for location of the studies. Note axis break at 100 ka.
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minerogenic input is low during phases of dominant Westerly-
derived winter precipitation, it increases during periods in which
we observe precipitation contributions from both Westerly- and
Easterly/locally-derived precipitation. This indicates a potential
relationship between wind-driven minerogenic and Easterly/
locally-derived precipitation (Fig. 5).

Trends in d13Cn-alkane from this study correspond well with
changes in the occurrence of Succulent/Drought Resistant (SDR)
pollen (Fig. 5g) from sediment core VVV10.1 (Quick et al., 2016). The
SDR pollen sum is dominated by Euphorbia and was previously
interpreted to indicate local drought at Vankervelsvlei (Quick et al.,
2016). Distinctly more negative d13Cn-alkane values and low SDR
pollen imply greater moisture availability and limited rainfall sea-
sonality from 88 þ8/�8 to 82 þ10/�12 ka (MIS 5c, 5b) (year-round-
rainfall regime). Accordingly, more positive d13Cn-alkane values and a
higher SDR pollen sum imply drier conditions and increased rainfall
seasonality from 82 þ10/�12 to 42 þ2/�2 ka (MIS 5a to MIS 3). From
42 þ2/�2 to 37 þ5/�5 ka (MIS 3), more negative d13Cn-alkane values
and lower SDR pollen indicate a return to moist and less seasonal
conditions. This is followed by a trends towards more positive
d13Cn-alkane values and higher SDR pollen percentages, indicating
drier conditions from 37 þ5/�5 to 20 þ5/�12 ka (transition fromMIS 3
to MIS 2) (Fig. 5).

Several speleothem records have been presented for the
southern Cape YRZ during the past decades. However, data gaps
limit comparability with our record for MIS 6 to MIS 5d. Notwith-
standing more positive d13C values at Pinnacle Point suggest dry
conditions during early MIS 6 followed by even more positive d13C
values, indicating even drier conditions in MIS 5e at the site
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(Staircase Cave; ~80 km SW of Vankervelsvlei; Braun et al., 2019),
which is in good agreement with our data. An additional record
from Pinnacle Point (PP29; Braun et al., 2020) implies moist con-
ditions from MIS 5d to MIS 5b due to negative d13C values. Most
records show initial and/or continuing speleothem growth after
~90 ka and provide climate information in high temporal resolu-
tion, e.g. at Herolds Bay Cave, Pinnacle Point (Crevice Cave, PP29)
and Efflux Cave (respective locations: ~50 km SW, ~80 km SW and
~100 km NW of Vankervelsvlei) (see Fig. 1C for location) (Bar-
Matthews et al., 2010; Braun et al., 2019, 2020). Although the
temporal resolution of the Vankervelsvlei record is lower than at
these sites, d13C-records from the speleothems closely resemble the
d13Cn-alkane trends from Vankervelsvlei (Fig. 5). Together, these re-
cords provide a reasonably coherent environmental picture at the
southern Cape coast whereby more vegetation using CAM and/or
C4 photosynthetic mode occurred during MIS 4 compared to MIS
5b and MIS 3 (Fig. 5). Unfortunately, comparison of our proxies for
precipitation source to d18O data from speleothem records is
limited because it is challenging to disentangle the effects of tem-
perature and precipitation source in the latter (e.g. Braun et al.,
2019 and discussion therin). Overall, several paleoclimate records
located at or near the present day southern Cape coast show rela-
tively coherent trends with evidence from several proxies indi-
cating (supra-)regional driving forces leading to the observed
pattern during the Late Quaternary.

The pattern of our d2Hn-alkane-record also resembles changes in
the global mean sea level (GMSL) (Waelbroeck et al., 2002, Fig. 5)
indicating changes in precipitation sources on glacial-interglacial
scale. More positive d2Hn-alkane values indicate a high contribution



Fig. 6. Inorganic and organic geochemistry of the VVV16 sediment record (a, b, c, f, h) as proxies for wind, precipitation source (W ¼ Westerlies, E ¼ Easterlies and/or local sources),
evapotranspiration (note inverse axis) and relative humidity (moisture). Black dots in b indicate results from Strobel et al. (2019). For comparative purposes regional paleo-
environmental records are plotted on their original independent age scale: d) d2Hn-alkane from Vo€elvlei indicating precipitation source (Strobel et al., 2021), e) terrestrial paleo-
temperatures at Cango Cave (note inverse axis) (Talma and Vogel, 1992), g) Afrotemperate forest (AFT) pollen from Eilandvlei indicating moisture (Quick et al., 2018), and i) sea
surface temperature (SST) from Nelson Bay Cave (Cohen, 1993; Cohen and Tyson, 1995). For e), g) and h) grey line indicates original data and colour line is the running mean of seven
and eleven data points, respectively. See Fig. 1 for location of the studies. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

P. Strobel, M. Bliedtner, A.S. Carr et al. Quaternary Science Reviews 284 (2022) 107467
of Easterly- and/or locally-derived precipitation during high sea
level (interglacial periods) and negative d2Hn-alkane values occur
during low sea level low (glacial periods) indicating high pro-
portions ofWesterly-derived precipitation (Waelbroeck et al., 2002,
Fig. 5). However, the ocean as a precipitation source becomes
isotopically enriched during glacial periods due to the so called ‘ice
effect’ (Dansgaard,1964; Friedman et al., 1964), which is opposed to
our observed pattern and therefore dampens the magnitude in our
d2Hn-alkane-record from Vankervelsvlei.

Additionally, during glacial periods, sea level was distinctly
lower than at present, with the coastline south of its present po-
sition, increasing continentality at Vankervelsvlei (Cawthra et al.,
2014, 2021; Strobel et al., 2019). This was likely most pronounced
duringMIS 6 andMIS 2 (~90e100 km) and to a lesser degree during
MIS 4 (~20e30 km) (BODC, 2014; Cawthra et al., 2014; Lisiecki and
Raymo, 2005; Waelbroeck et al., 2002). We therefore suggest that
variations in the GMSL are a distinct driver of climate variability at
the southern Cape coast leading to increased continentality and
drier conditions during glacial compared to interglacial periods.
This is consistent with the absence of peat accumulation at Van-
kervelsvlei during MIS 2 (discussed below).

The hiatus from 20 þ5/�12 ka to 7,330 þ200/�230 cal ka BP likely
indicates drought conditions at Vankervelsvlei, leading to desic-
cation and degradation of the previously accumulated peat during
MIS 2 (Quick et al., 2016; Strobel et al., 2019). Drier conditions
during MIS 2 were also found for example at Rietvlei, ~150 km to
the west of Vankervelsvlei (Quick et al., 2015) supporting our
interpretation at Vankervelsvlei. During MIS 2, sea level was lower
than present, i.e. ~123 m b.s.l., which led to an exposure of the
Paleo-Agulhas Plain, and thus continentality at Vankervelsvlei
distinctly increased due to migration of the coastline up to ~90 km
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south of its present position (BODC, 2014; Cawthra et al., 2014;
Cawthra et al., 2021; Waelbroeck et al., 2002). Modelled tempera-
tures and precipitation (seasonality) imply lower mean annual
temperatures (i.e. 2e4 �C), and reduced precipitation, due to
increased continentality of this area, resulting in overall dry con-
ditions during MIS 2 (Engelbrecht et al., 2019). There is one spe-
leothem record from Cango Cave for the southern Cape coast
covering the LGM, which also shows a distinct hiatus during parts
of MIS 2 and the early Holocene (i.e. from 16,660 to 6110 cal BP)
(Talma and Vogel, 1992) contemporaneous with the dry conditions
inferred from the hiatus. Hence, conditions during MIS 2 at the
southern Cape were likely distinctly drier than during the past ~110
þ13/�11 ka when peat accumulation likely started at Vankervelsvlei.
Conversely, both proxy (e.g. Chase et al., 2017; Chase andMeadows,
2007) and modelled data (e.g. Cockcroft et al., 1987; Engelbrecht
et al., 2019) indicate moister conditions in the interior and at the
south-north aligned Cape Fold Mountains and the western
escarpment of South Africa inter alia due to reduced temperatures
leading to an increased effective ecosystem moisture availability.

5.2.2. Holocene

5.2.2.1. Middle- and Late-Holocene. According to the slightly posi-
tive d18Osugar values, evapotranspiration is low from 7230 þ160/�210
to 4890 þ280/�180 cal BP (Fig. 6). More positive values of d2Hn-alkane

and plant-source water as well as high RH values indicate distinct
precipitation contributions from tropical Easterlies and/or local
sources and moist conditions year-round. Contemporaneously,
high Fe values likely indicate wind induced minerogenic input at
Vankervelsvlei. We therefore suggest that wind induced minero-
genic input increases when precipitation contribution from East-
erlies and local sources is high.
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From 4890 þ280/�180 to 2710 þ590/�310 cal BP, increased
Westerly-derived precipitation is indicated by more negative
values of d2Hn-alkane and reconstructed plant-source water. During
this period, RH is low and positive d18Osugar values indicate high
evapotranspirative enrichment, which likely implies dry summer
conditions, and a reduced or absent precipitation contribution from
the Easterlies and/or local sources. Low elemental Fe values point to
less wind induced minerogenic input, which again seems to be
coupled with low precipitation contribution from Easterlies and/or
local sources (Fig. 6).

From 2710 þ590/�310 cal BP until present day, variable, but overall
more positive values of reconstructed plant-source water and
increased RH likely imply an increased precipitation contribution
from Easterlies and/or local sources and overall moist conditions,
comparable to present day. This is underlined by a trend to less
positive d18Osugar values indicating low evapotranspirative enrich-
ment (Fig. 6). High-resolution d2Hn-alkane and Fe values follow the
aforementioned trend, but show a further short period of distinctly
increased Easterly-derived summer precipitation contribution
accompanied by increased wind induced minerogenic input from
2,350þ290/�190 to 1,210 þ240/�140 cal BP. In the uppermost parts of
the record, highly variable conditions are derived from distinct
changes in d2Hn-alkane and Fe values (Fig. 6).

During the Holocene, the pattern of RH tracks the abundance of
Afrotemperate forest (AFT) pollen recorded at neighbouring lake
Eilandvlei, located ~25 km to the west of Vankervelsvlei (Figs. 1C
and 6). The AFT pollen signal is an indicator for moisture avail-
ability for the surrounding Wilderness area, including Vanker-
velsvlei, being in line with other moisture indicators from
Eilandvlei (Quick et al., 2018; Wündsch et al., 2018). The corre-
spondence between RH and AFT pollen suggests a consistent
moisture signal in the Wilderness area during the Holocene. Plant-
sourcewater and d2Hn-alkane suggest that thesemoist conditions are
related to increased precipitation contributed during summer
(Easterlies) and/or from local sources. Conversely, dry conditions
are associated with less precipitation contribution during summer
(Easterlies) and/or from local sources.

At Vo€elvlei, ~80 kmwest of Vankervelsvlei, the d2Hn-alkane record
also mirrors changes in the precipitation source (Strobel et al.,
2021) (Fig. 6d). The overall pattern at this site suggested a contri-
bution of i) both Westerly- and Easterly/locally-derived precipita-
tion (8,230 þ250/�260 to 6,410 þ140/�440 cal BP), ii) dominant
Easterly/local precipitation (6,410 þ140/�440 to 4700 þ500/�230 cal
BP), is followed by iii) variable precipitation contribution but a
trend from Westerly-to Easterly-dominance (4700 þ500/�230 cal BP
to present day) (Strobel et al., 2021). This pattern is consistent with
the findings from Vankervelsvlei and Eilandvlei providing a
consistent climate picture of the coastal sites at South Africa's
southern Cape coast.

Holocene terrestrial temperature and sea surface temperature
(SST) records are hitherto very rare at South Africa's southern Cape
coast. Overall, the pattern of the d18Osugar at Vankervelsvlei re-
sembles the terrestrial temperature record from Cango Cave (Talma
and Vogel, 1992) likely indicating high (low) evapotranspiration at
Vankervelsvlei contemporaneous with high (low) temperatures at
Cango Cave during the Middle- and Late-Holocene (Fig. 6). Addi-
tionally, two minor trends towards more Westerly-derived winter
precipitation (d2Hn-alkane and source water) at Vankervelsvlei (at
4,710 þ310/�290 and 2,710 þ590/�310 cal BP) are accompanied by
distinctly decreased temperatures at Cango Cave, while during
phases of increased precipitation contribution from Easterlies and/
or local sources at Vankervelsvlei temperatures are increased at
Cango Cave (Fig. 6). While the variable trend in evapotranspiration
at Vankervelsvlei from ~3 cal ka BP until present day is also
mirrored in variable temperatures at Cango Cave, the increasing
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trend towards moister conditions cannot be related to changes in
temperature during this period (Fig. 6). Although the SST-record
from Nelson Bay Cave (NBC, (Cohen and Tyson, 1995), Fig. 1C) in-
dicates higher SSTat ~6,640 þ400/�270 cal BP and ~4900 þ220/�190 cal
BP, which might be related to high RH and high precipitation
contribution from Easterlies and/or local sources at Vankervelsvlei,
analytical and chronological uncertainties as well as low temporal
resolution all limit the comparability of this record to our study.
However, both temperature records from Cango Cave and Nelson
Bay Cave indicate that terrestrial temperatures and SST might be a
driver of moisture at Vankervelsvlei during the Holocene. Higher
temperatures might yield distinct land-sea gradients fostering
onshore flows of moist air masses from local sources to the coastal
areas during the Holocene, accounting for the aforementioned
pattern in moisture and precipitation sources at Vankervelsvlei and
surrounding coastal areas. The presence of onshore flows was
previously postulated at Vankervelsvlei by increased strontium (Sr)
contents, which originate largely from sea spray (Strobel et al.,
2019), based on the results of the present study, we suggest that
precipitation contribution from local sources distinctly contributes
to moisture at the southern Cape coastal sites. Sites located further
inland are at higher elevations due to the southern Cape's
morphology, and precipitation from local sources is therefore likely
limited compared to the coastal sites. This implies changes in
moisture availability at coastal and inland sites, e.g. Sew-
eweekspoort (Chase et al., 2017), might be independent. Thus,
these new data add further weight to the proposed steep climate
response gradient between coastal and uplands sites in the
southern Cape region (Chase et al., 2020; Chase and Quick, 2018).
However, to provide more detailed information about those land-
sea interactions, there is a need for more continuous high-
resolution quantitative sea-surface and terrestrial temperatures at
South Africa's southern Cape coast.

5.2.2.2. 600 cal BP until present. There is a significant correlation
between minerogenic input (Fe contents) from our study and
aquatic/riparian pollen percentages (r ¼ 0.68, a ¼ 0.05, Figs. 7 and
S4), derived from the uppermost section of the same Vankervelsvlei
sediment sequence (1.96e0m composite depth; 595 þ120/�65 cal BP
to present day) by du Plessis et al. (2021). The aquatic/riparian
pollen are dominated by local Haloragaceae pollen (most likely
Myriophyllum, a freshwater aquatic plant (du Plessis et al., 2021)).
Based on pollen analyses only, du Plessis et al. (2021) previously
argued that low Haloragaceae pollen abundances might indicate
high water levels at Vankervelsvlei. This interpretation was largely
based on this taxon's relation to variations in Cyperaceae pollen. In
light of the fact that wind-induced minerogenic input (Fe) has been
associated with high precipitation from Easterlies and/or local
sources under relatively moist year-round rainfall conditions
(Strobel et al., 2019), we apply the same interpretation for the last
595 þ120/�65 cal BP here. We therefore suggest that high Halor-
agaceae pollen indicate higher water levels at Vankervelsvlei. This
is in line with previous assertions that increases in the presence of
Haloragaceae is associated with high water stands in other South
African lakes (e.g. Howard-Williams, 1979; Neumann et al., 2008).
The pattern of minerogenic input (Fe) and aquatic/riparian pollen is
mirrored by the trends in the Afrotemperate forest (AFT) pollen
sum, which has previously been interpreted to indicate increased
year-round and less seasonal moisture conditions at Vankervelsvlei
(du Plessis et al., 2021) and the surroundingWilderness area (Quick
et al., 2018). According to this interpretation, moister conditions
peak at ~595 þ120/�65, ~530 þ70/�100 and ~260 þ85/�160 cal BP. In
general, our parameters lack the resolution (due to core loss) to
characterise the Medieval Climate Anomaly (~950-700 cal BP), but
they do show a trend towards drier conditions during the Little Ice



Fig. 7. a) Aquatic/riparian pollen indicative for water table variations (du Plessis et al.,
2021), b) and c) Fe contents and counts as local wind indicators, d) Afrotemperate
forest (AFT) pollen indicative for moisture and e) Pinaceae and pollen representing
anthropogenic impact (du Plessis et al., 2021). The grey shaded area marks the pres-
ence of anthropogenic impact at Vankervelsvlei indicated by increasing Pinaceae
pollen, which explains fading similarities between a, b and d.
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Age (~650-300 cal BP) (Figs. 6 and 7). Anthropogenic impacts, i.e.
forestry (Pinaceae pollen), began to alter the landscape (and site)
after 60 þ130/�90 cal BP, which explains the fading similarities in
proxies in the uppermost parts of the record (Fig. 7).
6. Conclusions

Our multi-proxy record from Vankervelsvlei provides new in-
sights into the paleoclimate history at South Africa's southern Cape
Coast during the Late Quaternary. In this specific region Vanker-
velsvlei represents a scarce terrestrial archive in that it was not
influenced by the intrusion of marine water, enabling more robust
paleoclimatic reconstructions. The age model based on the OSL and
14C-based chronologies produces a basal age of 263 ± 19 ka, and dry
conditions likely prevailed from this time to 136 þ16/�16 ka at
Vankervelsvlei. This is contemporaneous with a major phase of
barrier dune construction in the surrounding areas, particularly
during MIS 5e. Even drier conditions and low geomorphic activity
at the site occurred from 136 þ16/�16 to 112 þ12/�11 ka. From 112
þ12/�11 to 103 þ7/�7 ka, from 88 þ8/�8 to 82 þ10/�12 ka and from 42
þ2/�2 to 39 þ4/�5 ka. d13Cn-alkane values indicate a contribution
largely from plants using C3 photosynthesis, but with an increased
contribution of plants using CAM and/or C4 photosynthesis from 82
þ10/�12 to 42 þ2/�2 ka and from 39 þ4/�5 to 20 þ5/�12 ka.

An increased Westerly-derived winter precipitation contribu-
tion is suggested by more negative d2Hn-alkane values from 120
þ15/�14 to 105 þ9/�8 ka, from 79 þ11/�13 to 76 þ11/�12 ka and from 68
þ13/�12 to 66 þ14/�11 ka. Greater contributions of Easterly-derived
summer precipitation are implied by more positive d2Hn-alkane

values from 74 þ12/�13 to 71 þ13/�13 ka and 64 þ13/�11 to 37 þ5/�5 ka.
Variable contributions of both Westerly- and Easterly-derived
precipitation are evident from 37 þ5/�5 to 20 þ5/�12 ka.

High-resolution analyses of the Middle- and Late-Holocene
parts of the record show three distinct phases. The first phase
from 7230 þ160/�210 to 4890 þ280/�180 cal BP is characterised by
moist conditions and year-round rainfall, including a distinct
contribution from mainly locally-derived summer-precipitation.
From 4890 þ280/�180 to 2840 þ350/�330 cal BP, dry conditions and
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higher seasonality, with largely Westerly-derived winter precipi-
tation, occurred. After 2840 þ350/�330 cal BP, moisture has been
variable, but overall increasingly accompanied by locally-derived
summer-precipitation, leading to a year-round rainfall regime
again.

These new data are in line with previous investigations at
Vankervelsvlei and closely located stalagmite records, providing a
coherent regional climate signal at the southern Cape coast of
South Africa. Due to distinct sea-level variations during the Late
Quaternary, the coastline likely migrated up to 100 km south of its
present position during glacial periods leading to increased con-
tinentality and drier conditions at Vankervelsvlei. Sea-level is
therefore a distinct driver of near-coastal climate variability on
orbital time scales. During the Middle- and Late-Holocene, Van-
kervelsvlei provides consistent climate signals compared to pub-
lished coastal archives along South Africa's southern Cape coast.
There are still differences in the climatic trajectories between
coastal and inland sites, possibly due to the application of indirect
hydrological proxies at the latter and thus limited proxy compa-
rability. On the coast, local sources are hypothesised to distinctly
contribute to the precipitation and moisture pattern, coupled with
distinct (sea-surface) temperature driven onshore winds. Further
studies are needed to more fully explore the validly of this hy-
pothesis. Additionally, our study highlights that future studies
should focus on the investigation of both water isotopes, i.e. d18O
and d2H, to i) enable proxy comparability and ii) overcome distinct
uncertainties related to single-water-isotope studies, and therefore
allow more robust paleohydrological reconstructions.
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