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Abstract

Southern Africa is considered one of the most climate sensitive regions in the world. Slight
variations in ocean temperatures and pressure systems regularly lead to droughts or flooding.
Such water stress, in combination with poor climate adaptation, may have devastating
consequences, particularly given that most people in the region are dependent on subsistence
agriculture. A better understanding of the complex mechanisms driving hydrological
variability can be gained by studying proxies linked to changes in climate in the past.

Previous work by Fitchett et al. (2016b) used fossil pollen and diatom data together with
sedimentological data to reconstruct past variations in vegetation, relative temperatures as
well as wetland water tables over the last ~16,000 cal. BP in the Sekhokong Mountain Range,
in Lesotho. New continuous high-resolution samples that span the period from 17,335 to
13,440 cal. BP are used to extend and augment the resolution of the previously studied
sequence. Conventional XRF, FTIR-ATR, C/N and stable carbon isotope methods are used on
this new sequence as well as to compliment the original dataset, revealing details of paleo-
earth processes including weathering, sediment movement and transport, biological
productivity, degradation and changes in material sources. Based on the geochemical proxies,
constructed from two independent, but agreeing, geochemical datasets, five units representing
the major hydroclimatic shifts were identified. The proxy data indicate relatively wet
conditions during Unit D (17,335 to 16,115 cal. BP). This is followed by Unit C, which was a
period of drier conditions (16,115 to 15,315 cal. BP). A rapid moisture increase occurs in Unit
B with relatively wet conditions (15,315 to 14,175 cal. BP). Unit A (14,175 to 13,440 cal. BP)
reveals multiple fluctuations between relatively dry conditions and relatively wet conditions.
In Unit 1, covering 13,280 cal. BP to present, the geochemical proxies suggest relatively wet
conditions with a few drier intervals occurring between 8,560 cal. BP to 6,970 cal. BP, at
5,520 cal. BP, 3,300 cal. BP and after 1,110 cal. BP.

Based on comparisons between multiple records, drier periods in the Lesotho Highlands occur
during colder conditions in the southern Hemisphere. Likely as a consequence of a northward
extension of the polar vortex and migration of the ITCZ, which strengthened the influence of
the westerlies and changed the source of moisture from the east (Indian Ocean) to the west
(Atlantic Ocean). During warmer periods and increased sea surface temperature (SST) in the
Indian ocean, the local hydrological conditions tend to be relatively wet in the Sekhokong
area. This suggests an association between higher SSTs in the Indian Ocean and increased
rainfall in southeastern Africa.

When multiple proxies are used in parallel, it is possible to distinguish between various
climate forced processes, which is important for establishing large-scale migrations of
circulation systems and the controlling mechanisms. This study spans from the Late Glacial to
present, a period for which the paleoclimate is not yet resolved for southern Africa,
addressing an important gap in this climate data-poor region.
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1. Introduction

According to the IPCC climate change will have a major effect on the hydrological cycle of
southern Africa, due to shifts in temperature and rain patterns, impacting the already stressed
water resources as a consequence (Boko et al., 2007; Niang et al., 2014). This is particularly
important in light of the fact that a majority of the people in the region are dependent on
subsistence agriculture and the utilization of land-based resources such as lakes and rivers
(Olago and Odada, 2004; Reason et al., 2006). Since the water-bearing weather systems are
altered by topographical variations, high altitude areas such as the eastern Lesotho escarpment
works as a “water tower” for the surrounding areas (Gasse and Battarbee, 2004). This makes
Lesotho one of the main water resources for the Johannesburg area (Grab and Deschamps,
2004) in the Gauteng province, with a population of almost 12.3 million (STATSSA, 2017).
In order to better predict how future climate change will impact this water resource we must
understand the underlying mechanisms controlling the hydrological system in the region. This
can be done by looking at paleoclimatic archives and environmental proxies (Baker et al.,
2017).

Insight into past environmental changes in eastern Lesotho was gained in a study by Fitchett
et al. (2016b), which was based on fossil pollen and diatoms from the Sekhokong Mountain
Range. This study by Fitchett et al. (2016b) was however based on discrete samples covering
the period from 16,450 cal. BP to present, with important information about the deglaciation
missing. This study extends and augments the resolution of the sequence studied by Fitchett et
al. (2016b). We work to improve our understanding of these changes by preforming
geochemical analyses on both the original Sekhokong sample set as well as new, high-
resolution samples. The latter span the period from 17,335 to 13,440 cal. BP, which covers
much of the last glacial-interglacial transition (18,000 to 11,700 cal. BP; Valsecchi et al.,
2013). By introducing geochemical data, namely total organic carbon (TOC), stable carbon
isotope data (5'°C), carbon/nitrogen ratio (C/N ratio), Fourier transform infrared spectroscopy
attenuated total reflectance (FTIR-ATR) and X-ray fluorescence (XRF) elemental data,
paleoclimatic variations over time can be better understood. These proxies can trace
geochemical signals as expressed through weathering, sediment movement and transport,
biological productivity, degradation and changes of material sources — processes all controlled
by the hydrological regime (Oldfield and Thompson, 2004). Variations in these processes are
strongly linked to climate change, forced by underlying mechanisms that control large-scale
migrations of circulation systems (Meyers, 2003). Its age, continuity and resolution make the
Sekhokong record unique in southern Africa.
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Aim
The aim of this project is to reconstruct paleohydrological changes in the Lesotho Highlands
from 17,335 cal. BP to present. The specific objectives are to:

» Identify processes controlling the geochemical signature of the studied sediment
sequence

* Reconstruct the paleohydrological conditions over the last 17,335 cal. BP, with
specific focus on 17,335 to 13,440 cal. BP

» Connect the identified paleohydrological variations to large-scale climate forcing and
mechanisms

2. Background

2.1. Hydrology controlling climate systems in southern Africa

The systems controlling the climate and weather in southern Africa are complex. Located in
the subtropics, this region is influenced by tropical circulation systems in the north and
temperate circulation systems in the south (Tyson and Preston-Whyte, 2000). Based on annual
variations in rain distribution, southern Africa can be divided into three zones (Figure 1): the
Winter Rainfall Zone (WRZ), the Year-Round Rainfall Zone (YRZ) and the Summer Rainfall
Zone (SRZ) (Reason et al., 2006). During the summer (October to March) insolation is
stronger, which increases the heating of the land areas, and a near-surface low pressure is
formed over the continent (Scheful? et al., 2011; Tyson and Preston-Whyte, 2000). This low
pressure increases the moisture transport to the continent from the surrounding oceans. The
Inter-Tropical Convergence Zone (ITCZ) migrates from the northern hemisphere (15 to 18°
N) to the southern hemisphere (5 to 6° S in western Africa and 15 to 20° S in eastern Africa),
which shifts the atmospheric circulation systems southward (Tyson and Preston-Whyte,
2000). The influence of the easterlies over southern Africa increases as the atmospheric
circulation migrates. Moist air from the Indian Ocean is transported by the easterlies over the
southern African subcontinent, resulting in increased rainfall in the SRZ. Cloud-band
formation over the Indian Ocean, which is a summer phenomenon, is one of the most
important moisture sources in the SRZ (Reason et al., 2006; Tyson and Preston-Whyte, 2000).

The margin between the Atlantic and the Indian Ocean airstreams forms the Congo Air
Boundary (CAB), which migrates during the year and influences moisture transport and the
geographical distribution of rainfall (Gasse et al., 2008). During the austral winter (April to
September) a high pressure forms over southern Africa and the ITCZ migrates to the northern
hemisphere, which pushes the position of the atmospheric circulation systems northwards
(Scheful3 et al., 2011; Tyson and Preston-Whyte, 2000). The influence of the westerlies
increases as they move towards the equator and bring moisture from the South Atlantic Ocean
to the WRZ and the YRZ (Chase and Meadows, 2007).
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Figure 1. (A) shows southern Africa with the Atlantic Ocean to the west and the Indian Ocean to the east. The
different rainfall zones are marked out as well as the location of the main studies discussed in this report. The
figure also presents some of the atmospheric and oceanic circulation patterns, the Inter-Tropical Convergence
Zone (ITCZ) and the Congo Air Boundary (CAB) that are controlling the climate in the SRZ. (B) shows the
Lesotho boarder (grey line), the Drakensberg escarpment (blue line) and four study sites discussed in this
report: (1) Sekhokong, which includes this study, Marker (1994) and Fitchett et al. (2016b), (2) Mafadi
wetland (Fitchett et al., 2016c¢), (11) Ha Makotoko and Ntloana, two archaeological sites (Roberts et al., 2013)
and (12) Archaeological sites within the Caledon River Valley (Smith et al., 2002). The terrain model source:
ESRI, USGS and NOAA (ESRI et al., 2009). (C) shows the elevation around the Sekhokong Range. The
sampling site is marked out with a red dot. The elevation data is from ASTER GDEM, which is a product of
METI and NASA (USGS, 2017)
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The SST of the surrounding oceans has an important control on convection and moisture
fluxes (Tyson and Preston-Whyte, 2000). The cold Benguela Current along the southern
African west coast has an effect on the regional climate, with decreased rainfall in the WRZ
due to reduced vapour flux (Stone, 2014). The Agulhas Current, mainly supplied by warm
water from a South-West Indian Ocean recirculation gyre driven by the South Indian
anticyclone (Tyson and Preston-Whyte, 2000), increases the moisture flux in the SRZ (Stone,
2014).

The rain distribution in southern Africa is also controlled by topographic differences due to
the Drakensberg escarpment (Sene et al., 1998) (Figure 1B). Areas near the escarpment, such
as the eastern Lesotho boarder, receive more rain than areas further to the west as a result of
orographic effects (Norstrom et al., 2009).

2.2. Previous environmental reconstructions in southern Africa

There is a lack of long-term terrestrial environmental reconstructions from southern Africa,
especially considering continuous high-resolution archives, and what is available has an
uneven geographical distribution (Gasse et al., 2008; Scott and Lee-thorp, 2004; Truc et al.,
2013). The lack of continuous lake records and other organic rich archives is a consequence
of several factors including the geological setting and repeated evaporation and desiccation
cycles that break down organic matter (OM) (Scott and Lee-thorp, 2004). It is therefore very
important to increase the number of paleoclimatic studies in southern Africa, such as this
hydroclimatic reconstruction from the Sekhokong.

The connection between climatic variations, revealed from paleoenvironmental studies in
southern Africa, and controlling mechanisms are not fully understood (Norstrém et al., 2009).
However, cyclic variations in insolation due to Earth’s orbital geometry are believed to be a
major external forcing mechanism affecting the global climate system (Berger, 1978; Laskar
et al., 2004). These insolation variations influence the atmospheric circulation systems and the
latitudinal position of the ITCZ, which is believed to be one of the major paleoclimate
forcings in southern Africa (SchefuB et al., 2011; Truc et al., 2013).

2.2.1. Last glacial maximum

The last glacial maximum (LGM, 21,000 cal. BP; Chevalier et al., 2017) is thought to have
been a cold period in southern Africa as seen in a number of different studies (Baker et al.,
2017; Finch and Hill, 2008; Grab, 2002; Holmgren et al., 2003; Partridge et al., 2004).
Speleothem analysis from Cango Cave in the southern part of South Africa indicate
conditions with temperatures 5-6° C colder during the LGM as compared with today
(Partridge et al., 2004). Terrestrial archives from the Mfabeni Wetland in the eastern African
sub-tropics, indicate drier conditions (Baker et al., 2017; Finch and Hill, 2008) and the
majority of southern Africa’s lake levels lowered during the LGM, with some drying out
(Partridge et al., 2004). A study by Sonzogni et al. (1998) reconstructing SST derived from
alkenones from 18 marine sediment cores, including MD79-257 (discussed later), shows
colder conditions during the late glacial.
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2.2.2. Deglaciation
During the Pleistocene — Holocene transition, the climate changes from cold and dry LGM

conditions to warmer Holocene conditions (Fitchett et al., 2016b; Holmgren et al., 2003).
However, this transition is suggested to have been very unstable with multiple rapid shifts in
temperature and humidity, based on C; and C, shifts in the Lesotho lowland (Smith et al.,
2002) and 8*3C and &0 records of ungulate grazers from archaeological sites in Lesotho
(Roberts et al., 2013). During deglaciation, southeastern Africa became warmer and more
humid (Gasse and Battarbee, 2004). One of the main reasons for the increased moisture
during deglaciation is believed to be due to raised SSTs in the western Indian Ocean (Truc et
al., 2013). Increased SST may result in increased heat budget to water-bearing weather
systems (Partridge et al., 2004). The major forcing mechanism suggested to have controlled
the Indian Ocean SSTs and strengthening of the warm Agulhas current is linked to changes
within the Antarctic circumpolar vortex (Partridge et al., 2004).

In a study by Baker et al. (2017) the depositional environment at the Mfabeni wetland, in
eastern South Africa, was reconstructed using TOC and 8*3C values both of the bulk and leaf
wax. The main focus was to establish shifts between terrestrial C; and C4 plants as a response
to changes in temperature and precipitation patterns, which suggested cold and dry conditions
during the LGM until c. 15,000 cal. BP. This is followed by a rapid change to more humid
conditions indicated by a significant increase in TOC values (Baker et al., 2017, 2014).
Fitchett et al. (2016b) suggest wetland enlargement after 16,450 cal. BP. This wet period
lasted until 14,440 cal. BP, but was interrupted by very dry conditions during 16,350-15,870
cal. BP. Holmgren et al. (2003) suggest that the post-glacial warming inferred from Cold Air
Cave 50 stalagmite record started 17,500 cal. BP with a cold period between 15,000-13,500
cal. BP; this was proposed to be a response to the Antarctic Cold Reversal (ACR). The ACR
is well documented by changes in §*%0 in Antarctic ice cores, which indicates an abrupt
cooling during 14,000 to 12,500 cal. BP (Jouzel et al., 2001). A northward extension of the
Antarctic convergence, as a consequence of the ACR, increased the strength and influence of
the westerlies, resulting in decreased rainfall in the SRZ (Partridge et al., 2004).

The same relative changes, with a colder period before warmer and wetter conditions from
13,500 to 9,000 cal. BP is suggested by Marker (1994), in an environmental reconstruction
from Lesotho Highlands. The study was based on sedimentological proxies on low-resolution
discrete samples obtained from seven sediment sequences in the Sekhokong Mountain Range.
A return to drier conditions in the Sekhokong Mountain Range area at 14,150 cal. BP is
inferred by relative pollen data, increased sand-particles and increased carbonates, after which
the system successively became warmer and wetter over time (Fitchett et al., 2016b).

10
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2.2.3. Younger Dryas
The Northern hemisphere underwent a glacial re-advance, referred to as the Younger Dryas

(YD), which lasted for a short period between 12,900-11,600 cal. BP (Bond and Lotti, 1995;
Grootes et al., 1993). Like the Heinrich events, YD have been well recorded in North Atlantic
sediments and in Greenland ice cores (Bond and Lotti, 1995; Grootes et al., 1993). Whether
or not the forcing mechanisms causing the YD, also affected the climate in southern Africa, or
the southern hemisphere in general, is not yet resolved (Gasse et al., 2008). Dry conditions in
eastern parts of southern Africa corresponding to the timing of YD are suggested by a hiatus
in speleothems records from Cold Air Cave (Holmgren et al., 2003) and Cango Cave (Talma
and Vogel, 1992), pollen data from Wonderkrater (Truc et al., 2013) as well as pollen and
diatom records (Norstrom et al., 2009) and biomarkers and geochemical proxies (Norstrom et
al., 2014) from the Braamhoek wetland.

Geochemical and geophysical data, such as 820, aerosol loading and snow accumulation rate,
from the Taylor Dome ice core (Antarctica) show synchronous, or near- synchronous, trends
compared to the central Greenland ice cores as well as other North Atlantic archives (Steig et
al., 2000). Other studies have shown an antiphase response between climatic events in the
northern hemisphere and the southern hemisphere (Baker et al., 2017; Chase et al., 2015;
Pedro et al., 2011). The inter-hemispheric coupling, whether it is synchronic or out-of-phase
and the oceanic and atmospheric integration, is not fully understood.

2.2.4. Holocene
The environmental reconstruction by Truc et al. (2013) from Wonderkrater suggests a general

warming accompanied by more humid conditions during the early to mid-Holocene, with
maximum temperatures (both summer and winter) proposed between 8,300 to 6,500 cal. BP.
The Cold Air Cave §'®0 stalagmite record agrees with this and suggests warm conditions
from 10,000 to 6,000 cal. BP (Holmgren et al., 2003). Relatively humid conditions during the
early Holocene are also indicated by biomarkers at Mfabeni wetland, with a short dry event
identified by low TOC at approximately 7,100 cal. BP (Baker et al., 2017). The Sekhokong
Mountain Range pollen and diatom record suggests warm and gradually wetter conditions
during the early Holocene, with maximum temperatures between 8,560 to 7,280 cal. BP
(Fitchett et al., 2016b). However, dry and cold conditions are suggested by fossil pollen and
organic geochemical proxies at Braamhoek from 9,500 to 8,500 cal. BP (Norstrém et al.,
2009). Marker (1994) also suggest cold and possibly dry conditions in the Lesotho Highlands,
from 9,000 to 5,000 cal. BP. A general temperature decline is proposed for eastern parts of
southern Africa after 6,500 cal. BP, with multiple variations that last until present (Holmgren
et al., 2003; Truc et al., 2013). Parker et al. (2011) suggest cooler and wetter conditions in
Lesotho during 3,000 to 2,200 cal. BP followed by drier conditions, based on migration of Cs
plants to lower altitudes. Marker (1994) suggest wetter conditions from 5,000 to 1,000 cal.
BP, followed by drier conditions until present times, in the Lesotho Highlands.

11
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2.3. Geochemistry and paleoclimatology

The use of geochemical parameters in the paleolimnological research field was introduced by
Mackereth in the 1960’s (Boyle, 2001). Since then it has become a very important tool when
reconstructing paleoenvironmental conditions using lake and wetland sediment archives. One
of the main advantages when using geochemical proxies is the possibility of getting high-
resolution continuous data in a more economical and efficient way compared with the more
traditional biological methods, such as pollen and diatom analysis (Boyle, 2001). By
understanding the behaviour of chemical substances and their paths in natural systems,
important processes within the lake and catchment can be identified from chemical signatures
in the sediment, and be linked to environmental change over time. The main goal is to
establish the relationship between the components and the geochemical signatures in the
sediment to the processes forming or transporting the material in or to the deposit, which can
then be linked to larger climate controlling mechanisms (Boyle, 2001; Davies et al., 2015).

Elemental data from XRF analysis can be used to understand past changes in catchment
dynamics such as variations in weathering rates, run-off intensity and erosion as well as
biological productivity (Davies et al., 2015). Minerals can be identified due to differences in
chemical composition, which can indicate variations in detrital input, weathering and
autochthonous mineral precipitation processes. Elements such as Fe and Mn are sensitive to
changes in redox conditions, and are soluble in reducing environments (Boyle, 2001). Thus,
variations in Fe and Mn can be used as proxies for redox conditions, which is controlled by a
number of factors such as water table levels and stratification, biological productivity and
temperature (Davies et al., 2015). Using FTIR-ATR different components can be identified on
the basis of their molecular structure, bond angle and length as well as the bond vibration,
which results in various interaction with radiation and absorption of different wave-lengths
(Swann and Patwardhan, 2011). The absorption pattern of a wavelength spectrum (in this case
between 4000-400 cm™) can therefore be used to identify specific compounds (e.g., clay
minerals, carbonates, biogenic silica (BSi) and OM).

The amount of OM preserved in sediments is a result of several processes: terrestrial and
aquatic biological productivity, transport in the catchment and/or within the aquatic system
and rate of degradation (Meyers and Teranes, 2001). The concentration of OM is also affected
by the amount of inorganic matter (IM) deposited and autochthonously precipitated
compounds, which dilute the OM, or dissolution of minerals which has a concentrating effect
(Meyers and Teranes, 2001). The chemical composition of a plant (which makes up the larges
part of sedimentary OM) varies depending on the type, whether it is vascular or non-vascular
and if it is a C3 or C4 plant. Non-vascular plants, such as phytoplankton, generally produce
OM with a C/N ratio between 4-10 (Meyers and Teranes, 2001). Vascular plants produce OM
with a C /N ratio >20 due to its structure with high cellulose and lignin and low protein
content (Meyers and Teranes, 2001). The Cs3 or C,4 plants can be distinguished depending on
their differences in carbon fractionation (Meyers, 2003). As a result of different pathways of
carbon fixation, C; plant OM have a §"3C value between -34 to -23 %o and C4 plant OM have
a 5"°C value between -9 and -17 %o (Smith and Epsten, 1971).

12
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BSi can be used as a paleoenvironmental indicator of biological productivity (Conley, 1998)
since it usually represents the production of diatoms (Ragueneau et al., 1996). Diatoms are
siliceous phytoplankton, and therefore BSi, only captures a part of the biological productivity
(Boyle, 2001; Ragueneau et al., 1996). This method must therefore be combined with other
proxies that strengthen the interpretation of BSi variations as a proxy of productivity. BSi can
dissolve as a result of increasing pH, leading to a geochemical signal representing dissolution
rather than the decreasing productivity at the time of deposition (Boyle, 2001). It is also
important to be aware of possible minerogenic contribution causing dilution effects (Takano
etal., 2012).

13
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3. Study area

The study site is located at 29°36°31” S, 29°15°54” E, in the Sekhokong Mountain Range,
eastern Lesotho (Figure 1). The area is situated at approximately 2,900 m a.s.l. The wetland
deposit is located in an 800 m wide and 1,200 deep valley, which is one out of at least four
valley heads that has been eroded in to the north-facing basaltic slope of the Sekhokong ridge
(Fitchett et al., 2016a) (Figure 1C). Today a stream has eroded through the deposit forming a
5 m deep gully revealing alternating layers of organic rich silt and clay, peat, thin sand layers
and some gravel. Sedimentological analysis of the deposit made by Fitchett et al. (2016b)
suggests that sedimentation has been mainly uniform across the Sekhokong site. Horizontal
repetitive peat layers across the deposit (Grab and Deschamps, 2004), and absence of paleo
gullies and paleo channels, agrees with the sedimentological data and further supports
uniform sedimentation where channelized flow was minor or non existent (Fitchett et al.,
2016b). The local geology consists of a thick (~1500 m) basaltic lava cap which overlays
sedimentary rocks, limiting the origin of lithogenic input to weathered basalt.

The mean temperature in the Lesotho Highlands (measured at 3,100 m a.s.l.) is 11° C in
January and 0° C in July (Grab, 1999). Since Lesotho is located within the SRZ, the major
part (>80%) of the annual precipitation falls as rain during the summer months (Nash and
Grab, 2010), typically due to thunderstorms and instability showers (Sene et al., 1998). The
rain distribution in Lesotho varies not only annually but is also unevenly distributed within
the regions due to topographic variations (Sene et al., 1998). The mean annual precipitation in
the Lesotho Highlands, is around 1200 mm at the Sekhokong Range and close to the
escarpment edge, as a result of orographic precipitation, and decreases to 500 mm westwards
(Sene et al., 1998). Winters are typically dry and cold, with approximately eight annual snow
falls that accounts for less than 10% of the annual precipitation (Fitchett et al., 2016b; Nash
and Grab, 2010).

The vegetation in Lesotho is to a large extent controlled by the high altitude (Parker et al.,
2011) and the Sekhokong is located above the treeline (Fitchett et al., 2016b). The vegetation
in the area today is predominated by meadow grasses, sedges and small shrubs (Fitchett et al.,
2016b). The area is situated above the transition zone (2,100 to 2,700 m a.s.l) where
dominated C4 grasslands gradually shifts to Cs grasses that are more tolerant to the low austral
winter temperatures (Roberts et al., 2013; Smith et al., 2002).

14
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4. Materials and methods

This study is based on two sets of samples. The first set of samples are the same as those used
and described by Fitchett et al. (2016b) from the Sekhokong site. These discrete samples span
from 16,450 cal. BP to present and consist of 40 samples that cover approximately 5 m
sediment sequence with variable sampling resolution (from 2 cm to 43 cm between samples).
These samples had already been analysed previously for fossil pollen, fossil diatoms, organic
content and grain size. These samples were sent to Stockholm University from the University
of the Witwatersrand, South Africa in early 2017 and will be referred to as SEK2014 (Figure
2). In 2016, a continuous sediment sequence of 1.5 m, which overlaps and extends the Fitchett
et al. (2016b) study was taken. These samples will be referred to as SEK2016 and will be the
major focus in this study (Figure 2).

Figure 2 shows the Sekhokong gully sidewall exposing the sedimentary profile from which the SEK2014 and
SEK2016 samples were retained. Stratigraphic logs presented against the age (kyr cal. BP) are presented for
the two sequences. The SEK2014 stratigraphy is based on the carbon content and the grain size analysis in
combination with a stratigraphic log against depth presented in Fitchett et al. (2016b). The discrete SEK2014
samples are marked out as red dots. The SEK2016 stratigraphy is based on visual core description.

15
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Samples (SEK2016) were taken from the lower part of the gully, where over 4 meters of the
deposit have been cut through and exposed (Figure 2 and 3). The outer layer of sediment was
removed from the gully wall to get a fresh sampling surface. Core 1 (C1) and Core 3 (C3)
were sampled by cutting sediment from an opened surface, using a knife (Figure 4). Samples
were taken in triplicates dedicated to 1) XRF, 2) pollen and 3) microbial analysis with a
resolution of approximately 2 to 3 cm. Core 2 (C2) was taken with a Russian corer from the
gully base. The sampling depths were measured by tying a string across the gully as a
reference for the deposit surface.

Figure 3 shows the study area, with the gully cutting through the deposit in Sekhokong Mountain rage,
Lesotho Highlands. The image is taken towards the south showing the north-facing slope of the Sekhokong
range. The figure also schematically illustrates the sampling of the three cores making up the SEK2016
sequence.

16



Mikaela Holm Stockholm University

Before analysis, the SEK2016 samples were sub-sampled at approximately 1 to 1.5 cm
resolution and freeze-dried. The bulk density was calculated by multiplying the height and the
surface area, which was estimated by drawing the outlines of the sample on a paper with
known density. The bulk density was then estimated by dividing the dry weight by the
volume. Samples were then milled (approximately 2 min at 30 strokes per minute) using a
Lab Wizz Type 320 Micro Ball Mill.

Figure 4 shows the sediment samples from SEK2016 core 1 (bottom) and SEK2016 core 2 (top) reconstructed
to a continuous sequence. The top of the core is at 0 cm (left).

4.1. Radio carbon dating and age model construction

Five samples were sent to the Angstrém laboratory at Uppsala University and four samples
were sent to Beta Analytic Inc. in Miami, FL USA, for age dating (Table 1). Due to a lack of
macrofossils the **C dating in the previous study by Fitchett et al. (2016b) was based on bulk
samples. In order to maintain consistency, the **C dating in this study was also based on bulk
samples. If any macrofossils were existent, they were removed prior to the analysis. Samples
were treated with 1% HCI for 8-10 hours to remove carbonates and then treated with 1%
NaOH for 8-10 hours. The soluble portion precipitates when concentrated HCI is added. This
soluble part was then washed and dried, used for analyses with an accelerator mass
spectrometer (AMS). However one sample, SEKC15b, contained a larger amount of plant
remains. Two age dates were therefore done for sample SEKC15b; one on the plant remains
and one on the soluble part as previously described.
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Table 1. The sample information and AMS radiocarbon dates from the Angstrém laboratory (Ua-) and Beta
Analytic Inc (Beta-). All samples are from the SEK2016 sequence. The calibration was done using the SHCal13
(Hogg et al. 2013) with 95% confidence intervals.

Lab ID Sample No. | Radiocarbon Uncertainty | Calibrated age range | Depth Organic
age (*C age (cal. BP) (cm) carbon
BP) (%)

Ua- SEKC31la 11,632 57 13,299 - 13,548 315.625 23

54862

Beta- SEKC310b 12,110 40 13,770 - 14,063 338.5 20

466037

Ua- SEKC323 12,304 61 13,976 — 14,562 359.3 30

54863

Beta- SEKC15b 12,360 40 14,080 - 14,614 372.875 30

466034

Beta- SEKC15b 12,470 40 14,202 - 14,875 372.875 30

466735

Ua- SEKC111a 13,019 65 15,271 - 15,764 387.125 15

54859

Ua- SEKC27 13,500 68 15,955 - 16,449 416.75 12

54860

Beta- SEKC215 13,650 40 16,210 - 17,255 428.75 7

466035

Ua- SEKC226 14,033 72 16,650 — 17,255 445.25 6

54861

Beta- SEKC233 12,630 40 14,688 — 15,154 456 1,5

466036

The age-depth model for SEK2016 was produced using Clam v.2.2 (Blaauw, 2010) in R
statistical software. The **C dates were calibrated using the southern hemisphere calibration
curve SHCall3 by Hogg et al. (2013). For additional information of the age-depth model
settings see Appendix A.

4.2. Carbon, nitrogen and stable carbon isotope analysis

All SEK2014 samples and approximately every second SEK2016 samples were analysed
using a Finnigan Delta V advantage flow mass-spectrometer coupled to a CarloErba
CN25000 elemental analyser (Department of Geological Sciences, Stockholm University) to
quantify the concentrations of TOC, N and the stable isotopic value of *C. Since carbonate
was identified by LOI analysis, all samples were weighed in silver cups and acid treated with
HCI (2M) in oven at 60 °C overnight prior analysis. The method has a standard deviation of
<3% for TOC and N quantification and 0.15%o for & **C isotope values.

4.3. XRF analysis

All SEK2014 samples and approximately every second SEK2016 sample were analysed using
a Bruker S8-Tiger WD-XRF (wavelength dispersive X-ray fluorescence) analyser equipped
with a Rh-anticathode x-ray tube to obtain absolute elemental concentrations of the samples
according to Rydberg (2014). Approximately 500 mg of freeze-dried and milled sample were
put in Teflon cups sealed with a 2 um Mylar film. The analyses were done by Johan Rydberg
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in February 2017, at the Department of Ecology and Environmental Sciences at Umea
University. Every 10th sample were analysed in duplicate and a certified standard (CRM NCS
DC-70314) was used. The precision was <10% for 15 elements (Al, Na, Mg, Si, K, Ti, P, Ca,
Mn, V, Fe, Ni, Cu and Zn), between 10 to 30% for 5 elements (S, Sc, Co, Br, Sr) and between
30 to 80% for 4 elements (CI, Cr, Ga, Ba). The accuracy was <10% for 17 elements (Al, Na,
Mg, Si, K, Ti, P, Ca, Mn, V, Fe, Ni, Sr, Ga, Br, Ba and Zn), between 10 to 30% for 5
elements (S, Sc, Cr, Co and Cu) and 78% for CI (see Appendix C for statistical data given for
the specific elements).

4.4. FTIR-ATR analysis

All SEK2014 and SEK2016 were analysed by Infrared spectroscopy, using an Agilent
Technologies Cary 630 FTIR equipped with an ATR device with a single-reflection diamond
crystal at the Department of Edaphic and Chemical Agronomy at the University of Santiago
de Compostela, Spain. The measurements were done within the wavelength spectral range of
4000 cm™ to 400 cm™. The number of background scans were set to 64 and the number of
sample scans were set to 150, all with a resolution of 4 cm™. The background was collected
between every sample. The data was analysed in triplicate, with a correlation between the
replicates >0.9.

4.5. XRD analysis

Nine selected samples (based on the FTIR-ATR and elemental data) were analysed with
XRD, using a Philips type powder diffractometer fitted with Philips “PW1710” control unit,
Vertical Philips “PW1820/00” goniometer and FR590 Enraf Nonius generator at the
Department of Edaphic and Chemical Agronomy at the University of Santiago de
Compostela, Spain. The instrument was equipped with a graphite diffracted beam
monochromator and copper radiation source (AM(Kal) =1.5406A), operating at 40 kV and 30
mA. The XRD was scanned from 2° to 65° 20 using a step size of 0.02° and counting time
of 2 seconds per step.

4.6. Biogenic silica extraction and identification

Ten samples were selected to determine if the BSi, identified by FTIR-ATR and Si/Ti ratio,
was controlled by diatoms. The silt-sized fraction (which is the size of siliceous microfossils,
such as diatoms) was extracted and visually analysed under light microscope. The extraction
was done on 1-2 g of untreated frozen samples. Carbonates were removed with HCI (10%)
before H,0, (17%) was added and left over night at room temperature. The samples and H,O,
(17%) were then gradually heated to 100 °C in a waterbath until the OM dissolved and the
liquid was clear. Milli-Q water was added and all particles were re-suspended. After 2 hours
silt and sand sized particles had sedimented and the water and clay fraction were decanted.
The decantation was repeated several times, until the water was clear (after 2 hours). To
remove sand the sample was suspended and left for 5 seconds before decanting, where the
particles left in the beaker were removed. The decanting step was then done once using weak
NHs to remove remnants of clay. Thereafter decanting with Milli-Q water was performed
until the water became clear after 2 hours. Using the remaining material, microscope slides
were prepared and fixed with Naphrax heated to 200 °C. The samples were visually analysed
under an Olympus CH light microscope.
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4.7. Statistical analysis

4.7.1. FTIR-ATR data

Principal component analysis (PCA) was performed on the transposed data matrix (i.e.,
samples as columns and spectral bands as rows) of the FTIR-ART measurements using a
varimax rotation. By preforming PCA on the transposed matrix, the main constituents in the
individual samples could be identified based on the variation in the spectroscopic signal,
which is provided as a loading or an “estimated statistical weight”. The PCA scores can
identify the constituents responsible for each principal component, where positive scores are
higher than average absorbance and negative scores are lower than average absorbance. The
main positive score peaks representing high absorbance within specific spectral bands can
then be related to a chemical component. A combination and co-occurring of peaks is in most
cases very crucial. Five principal components were extracted for the SEK2016 sequence and
three for the SEK2014 sequence. The selection of numbers of components was based on a
combination of the total variance, Kaiser threshold (eigenvalues > 1) and on the value of
interpretation (the relevance for the components for the specific study).

4.7.2. Elemental geochemistry data
Since conventional XRF analysis and C/N analysis was not performed on all samples from the

SEK2016 sequence, linear regression analyses were used to predict the missing values. The
“STAT” package in R statistical software was used to fit linear models for the XRF, C and N
data, (see Appendix B for the models used for each element). The results from the PCA of the
FTIR-ATR data were used as predictors. The first and second components were combined to
one predictor since they had a high negative correlation. After predicting the missing values
in the SEK2016 elemental data, a PCA was applied using the varimax rotation where three
principal components were extracted. A PCA was also performed on the elemental data from
the SEK2014 sequence where one principal component was extracted. The extractions were
based on a combination of the total variance, Kaiser threshold and the value of interpretation.
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5. Results

The same set of analyses was applied to both SEK2014 and SEK2016 with the main
difference being that SEK2016, which overlaps with the oldest portions of SEK2014, is
continuous and has higher resolution. The sequences were divided into units based on major
shifts within the geochemical data sets and the behaviour of the geochemical proxies. Three
main categories of analyses were made: (i) organic chemistry (TOC, C/N and §*C), (ii)
FTIR-ATR analyses and (iii) conventional elemental data where PCA was applied to the latter
two datasets. The FTIR-ATR data used a transposed matrix to acquire three principal
components from SEK2014 (RC12014-RC32014) and five from SEK2016 (RC12016-RC52016)
while the conventional XRF data extracted one principal component from the SEK2014
(PC12014) and three from SEK2016 (PC1016-PC32016. These data are complimented by Si/Ti
ratios, XRD analyses and diatom extractions, with the two latter made on selected SEK2016
samples.

5.1. SEK2014

The sediment of the SEK2014 sequence varies with depth, going from iron rich sandy silt
layers with sections containing gravel, to organic rich brown layers and peat back to inorganic
layers (Figure 2). The stratigraphy was constructed from the result of the sedimentary
analyses obtained by Fitchett et al. (2016b). The SEK2014 sequence was subdivided into two
units, Unit 1 and Unit 2, based on the major shifts and behaviour of the geochemical data.
Unit 2 spans from 16,350 to 13,280 cal. BP, which corresponds approximately to the
timeframe covered by the continuous SEK2016 sequence. Unit 1 spans from 13,280 cal. BP
to present.
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5.1.1. Organic chemistry: TOC, C/N ratios and 6'*C

Figure 5 shows all the geochemical proxy data from SEK2014 against age. The major shifts
seen in TOCy14 content occurs in Unit 2, with values increasing rapidly from 2% to 40%,
within approximately 700 years (Figure 5). The TOCy014 level increases slightly during the
following 700 years, reaching a maximum of 44% before it rapidly decreases back to 2%
from 14,440 cal. BP to 13,280 cal. BP. The TOC014 level fluctuates between values <1% and
7% for the entirety of Unit 1, except in the upper portion where it reaches a value of 16% in
one sample. Generally, there are slightly higher values in the first half of Unit 1 compared to
the second half. In Unit 1, four peaks can be identified at 6,720 cal. BP, 6,370 cal. BP, 3,400
cal. BP and 1,320 cal. BP, reaching TOCy014 values of 6%, 6%, 7% and 16%, respectively.

The C/Nap14 ratios in the SEK2014 sequence shows increasing values in Unit 2, with values
going from <13 to over 17 followed by a decrease to 14 (Figure 5). Unit 1 mainly shows
C/N2o14 values fluctuating between 12 and 14, with peaks at 8,560 to 7,430 cal. BP, 6,720 cal.
BP and 3,280 cal. BP all reaching values around 16. There is also one noticeable C/Nz14 ratio
decrease (<11) at 3,400 cal. BP.

The 8"3C,014 values decrease in Unit 2, going from -27%o at 15,630 cal. BP to -30%. at 15,850
cal. BP and increase to -28%o at 14,150 cal. BP (Figure 5). There is a general increasing trend
throughout the entire Unit 1, with 8*3Ca014 values going from -28%o to <-25%o. There is one
peak in the middle of Unit 1 that reaches <-25%o.

5.1.2. FTIR-ATR PCA

Figure 6 show the spectral signature for the three extracted principal components from the
SEK2014 FTIR-ATR PCA, with scores plotted against the absorbance. Figure 6A presents the
absorbance spectra for RC1,014 that shows the main peaks at 3550 cm™, 1000 cm™, 900 cm™,
and 520 cm™. Figure 6B shows the absorbance spectra for RC2214 With peaks at 3200 cm™,
2919 cm™, 2851 cm™, 1621 cm™, and 1034 cm™. Figure 6C shows the absorbance spectra for
RC3.014 With the main peaks at 1100 cm™, 792 cm™, and 466 cm™.

Figure 6 shows score plots for the three principle components extracted from the SEK2014 FTIR-ATR PCA.
The scores (wavenumber, cm™) are plotted against the absorbance, giving the spectral signature for the
various components. The main characteristic peaks arezrgarked with arrows.
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The three first components identified by PCA of the SEK2014 FTIR-ATR data explain 99%
of the variance. Figure 5 show the loadings from the FTIR-ATR PCA against time. RC15014
values show a rapid decrease in Unit 2, from 0.9 at 15,870 cal. BP to 0.2 at 15,150 cal. BP
where they are relatively stable for approximately 700 years before they increase back to 0.9
during 14,440 to 13,280 cal. BP. The RC1,014 values decrease in the beginning of Unit 1, to
values between 0.7 and 0.8. After 9,280 cal. BP, the values increase to 0.9, and stay relatively
stable for the rest of Unit 1, with some decreasing fluctuations at 6,720 cal. BP (0.8), 3,410
cal. BP (0.8) and 1,320 cal. BP (0.6). RC2,014 values rapidly increase in Unit 2 from <0.3 at
15,870 cal. BP to 1.0 at 15,150 cal. BP where they are stable for approximately 700 years
before they rapidly decrease to 0.4 during 14,440 to 14,150 cal. BP and to <0.3 at 13,280 cal.
BP. RC2,014 values increase slightly in the beginning of Unit 1 and reach values close to 0.4.
After 9,280 the RC2,014 Values decrease to <0.3 and remain relatively stable for the rest of the
unit, with some fluctuations at 6,720 cal. BP (0.3), 3,410 cal. BP (0.4), 2,440 cal. BP (0.4) and
1,320 cal. BP (0.5). RC25014, shows a strong correlation with the absolute TOC values, r =
0.96 (n = 37 and p-values = 2.2e™®). RC32014 values have two major peaks in Unit 2, one at
15,630 cal. BP and one at 14,150 cal. BP, reaching values of 0.5 and 0.7, respectively. There
is an increase of RC3,014 in the lower half of Unit 1, with values around 0.5. In the upper part
of Unit 1 there are three peaks at 6,720 cal. BP, 3,310 cal. BP and 1,320 cal. BP that reach
0.4, 0.5 and 0.5, respectively.

5.1.3. Elemental PCA
The first and only principal component extracted from the SEK2014 elemental PCA, CP15914,

explains 47% of the variance. CP1,014 shows large positive loadings of Al, Ga, K, Si, Sc, Ti,
Ni, Cr, Ba and Na, and large negative loadings of C, N, Br, Cl and S (Appendix C provides a
table with the loadings for individual elements). Figure 5 shows CP1,4:4 Scores against time.
In Unit 2 the CP1,014 values decrease from 0.9 at 15,870 cal. BP to -0.3 at 15,150 cal. BP.
CP15014 values remain low until 14,440 cal. BP when they increase and reach 0.2 at 14,150
cal. BP. In Unit 1 the CP14 Vvalues fluctuate between 1.0 and -1.0 showing a slightly
decreasing trend with time. There is one greater peak at 7,430 cal. BP reaching 1.5 and two
distinct and narrow peaks at 3,310 cal. BP and 3,280 cal. BP reaching 0.7 and 1.2,
respectively.

5.1.4. Si/Ti ratio

The Si/Tiyn4 ratio based on conventional XRF data has two main peaks in Unit 2, at 15,630
and 14,150 cal. BP (Figure 5). The Si/Ti values in Unit 1 show a slight increase in the first
half and then a decrease in the second half with three peaks at 6,720 cal. BP, 3,400 cal. BP
and 1,320 cal. BP. The Si/Tizn4 and RC32014 Show a strong correlation, r = 0.72 (n = 37 and
p-values = 6.331e™)
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5.2. SEK2016
The sediment of the SEK2016 sequence varies throughout the core, going from iron rich

sandy silt layers with sections containing gravel, to organic rich brown layers with distinct red
lamination and pale layers (Figure 2, 8, 9 and 11). Based on the results of the analysed suite
of geochemical variables four distinct units were identified. The different units represent the
major shifts within the data profile, showing similar trends within the units themselves. Age
dating of SEK2016 reveals that the sediment sequence spans from 17,335 to 13,440 cal. BP
(Figure 7), covering parts of the last glacial-interglacial transition. Using the age model, Unit
D spans from 17,335 to 16,115 cal. BP, Unit C from 16,115 to 15,315 cal. BP, Unit B from
15,315 to 14175 cal. BP and Unit A from 14,175 to 13,440 cal. BP.
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Figure 7. Age-depth model for SEK2016, produced using Clam v.2.2 (Blaauw, 2010) in R statistical
software. The red mark indicates one outlier.
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Figure 8. The organic geochemistry data for the continuous and high-resolution SEK2016 sequence against
age (kyr cal. BP); TOC (total organic carbon) content in %, the C/N ratio, 5'*C (stable carbon isotope values)
in %o. The Si/Ti ratio is based on the XRF data. The identified units are marked out.

5.2.1. Organic chemistry: TOC, C/N ratios and 6'*C

TOC,016 Vvaries significantly throughout the sequence. Unit D has relatively low TOCz016
values around 3%. Concentrations increase from 0.4% in the bottommost section with several
fluctuations, reaching TOC,o16 Values of over 12% at 16,180 cal. BP. TOCy16 decreases in the
beginning Unit C to values below 1.4%, which is the lowest values seen within the entire
sequence. At the end of Unit C and the beginning of Unit B there is a major shift in TOCx16
values, going from 3% at 15,385 cal. BP to 35% at 15,135 cal. BP. The TOCzy¢ Vvalues
continues to increase, reaching the sequence maximum of approximately 40% at 14,575 cal.
BP. However, TOC,016 Values stay relatively stable from 15,135 to 14,240 cal. BP, when they
decrease to 18% at 14,175 cal. BP. Unit A shows multiple fluctuations with TOCy16 Values
between 9% and 35%.
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In Unit D, the C/N2pe ratio varies between 11 and 20 throughout the entire unit. Unit D
begins with low C/N2ps values around 11 that increase to 15 at 17,125 cal. BP. The values
fluctuate slightly between 14 and 15 until the end of Unit D where the C/Nyo6 ratio reaches
16 at 16,180 cal. BP. This excursion peaks in the beginning of Unit C, reaching C/N2ois
values >17. The C/Nzps values decrease and stay relatively low between 12 and 14, for the
majority of Unit C, which is the section that shows the lowest values (with the exception of a
short period early in Unit D). Unit B shows an increasing trend in C/Nyg16 Values, going from
approximately 12 at 15,315 cal. BP in the beginning of the unit to 20 at 14,465 to 14,276 cal.
BP before it makes a rapid drop back to 14 at 14,240 at the end of Unit B. The most
significant increase in C/N2p16 Values can be seen in the later part of Unit B, from 14,575 to
14,465 cal. BP, where it goes from 15 to 19. Unit A has C/Nzpe values mainly varying
between 14 and 16, with a small peak reaching 16 at 13,925 cal. BP and a slight increase in
the end of the unit, also reaching values of 16.

The stable §'*C,16 values show a slightly increasing trend with time, going from -27.4%. to -
30.3%o, reaching values as low as -31.5%o in Unit B (Figure 8).
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5.2.2. FTIR-ATR PCA
Figure 10 shows the spectral signature for the five extracted principal components RC15016-

RC5,016 from the SEK2016 FTIR-ATR PCA, where the scores are plotted against absorbance.
Figure 10A, shows the main absorbance spectra for RC15016 With the main peaks at 3550 cm™,
1000 cm™, 900 cm™ and 520 cm™. The main absorbance peaks for RC251 are shown in
Figure 10B, at 3200 cm™, 2919 cm™, 2851 cm™, 1621 cm™, and 1034 cm™. RC24016, Shows a
strong correlation with the absolute TOC values, r = 0.95 (n = 59 and p-value = 2.2¢™).
Figure 10C, presents the spectral signature for RC3,016 With the key absorbance peaks at 1400
cm?, 859 cm™ and 738 cm™. Figure 10D presents RC4016 that shows the main absorbance
peaks at 1100 cm™, 980 cm™, 792 cm™, and 466 cm™. The absorbance spectra for RC5,016 is
presented in Figure 10E, showing the main absorbance peaks at 1621 cm™, 1398 cm™ and 861
cm™. These five components identified by the PCA applied to the SEK2016 FTIR-ATR data
explain 97% of the variance.

Figure 9 shows the loadings from the SEK2016 FTIR-ATR PCA against age. RC1,016 values
are high and stable around 0.9 in Unit D and Unit C. There is a major shift at the beginning of
Unit B where RC1,06 values decrease from 0.9 at 15,315 cal. BP to 0.3 at 15,060 cal. BP.
RC1,016 values remain relatively low, around 0.3 for the most of Unit B, until they increase to
0.7 at 14,210 cal. BP. In Unit A, the RC1,016 values fluctuates from approximately 0.8 to 0.1,
with the highest values in the beginning and at the end of the unit. RC2;6 values show a
slightly fluctuating increase from 0.2 to 0.4 in unit D. In Unit C there is a decrease in RC22016
values, reaching the lowest values seen within the sequence. The rapid shift seen in RC13016
values during 15,315 to 15,060 cal. BP at the beginning of Unit B, can also be seen in the
RC2,016 values that increase from 0.4 to 0.9 over approximately 300 years. RC2;0:6 values
stay high and stable until 14,240 cal. BP where they decrease and reach 0.7 at 14,210 cl. BP.
RC2,016 Values are between 0.9 and 0.4 in Unit A. RC33016 Values are stable around 0 during
Unit D and Unit C. There is a slight increase of in RC3216 values in Unit B, reaching values
around 0.1. The RC3,016 data shows two major peaks at the beginning of Unit A that reach 0.9
at 14,020 cal. BP and at 13,910 cal. BP. In the second half of Unit A RC3,016 fluctuates
between -0.1 and 0.3.

RC4,016 vValues show an increasing trend in Unit D, with values going from 0 to 0.2. In Unit C
there is a decrease in the RC4,016 Values, reaching 0.0 which is the lowest values seen within
the sequence (except a few samples in Unit D). In the beginning of Unit B, there is a moderate
excursion in RC4,036, reaching values around 0.3 at 15,255 cal. BP. The rest of Unit B shows
RC4,016 Values <0.1. RC4,916 shows three major peaks in Unit A, reaching 0.5 at 13,765 cal.
BP, 0.6 at 13,635 cal. BP and 0.8 at 13,560 cal. BP. RC5,016 values are relatively low in Unit
D, Unit C and Unit B, with slightly higher values seen during Unit C. There are three peaks
seen in RCb5,936 in Unit A, two with values >0.6 and one with value 0.4, at 13,690 cal. BP,
13,610 cal. BP and 13,535 cal. BP, respectively.
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Figure 10 shows score plots for the five principle components extracted from the SEK2016 FTIR-ATR PCA,;
A) shows the first component (RCly6), B) the second component (RC2y6), C) the third component
(RC32016), D) the fourth component (RC4,0;6) and E) the fifth component (RC516). The scores (wavenumber,
cm™) are plotted against the absorbance, giving the spectral signature for the various components. The main
characteristic peaks are marked with arrows.
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5.2.3. Elemental PCA
The first three principal components, CP1,16-CP32016 €xtracted from the SEK2016 elemental

PCA explain 92% of the variance. The first component CP1,016 Shows large positive loadings
of Na, Sr, Ba, Mg, Ti, Ca, Cr, Ga K, Sc, Si, Al, Ni, Co, and large negative loadings of ClI, Br,
C, N and S (Appendix C provides a table with the loadings for individual elements). The
second component CP2,016 Shows large negative loadings of Mn and Fe. The third component
CP32016 shows positive loading of Ni and negative loading of Fe.

Figure 11 shows the scores from the elemental PCA of the SEK2016 sequence against age (kyr cal. BP). The
identified units are marked out.

Figure 11 shows the SEK2016 elemental PCA scores against age. In Unit D, CP1,936 values
fluctuate between 1.8 and 0.3 showing a decreasing trend with time until they rapidly increase
to 0 at 16,235 cal. BP at the end of the unit. Unit C has relatively high and constant CP12016
values >1.0 through most of the unit, until they rapidly decrease from 1.1 at 15,385 cal. BP to
-1.0 at 15,125 cal. BP during the transition from Unit C to Unit B. CP1,036 Values stay around
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-1.0 for most of Unit B, with a slight increase after 14,240 cal. BP. In Unit A, the CP15016
values show a general increasing trend going from <-1.0 to approximately -0.2. There are
however two peaks reaching values of -0.5 and 0.1 at 13,925 cal. BP and 13,670 cal. BP,
respectively. CP2;016 Shows unchanged values around 0 in Unit D with a decrease to -0.2 seen
in Unit C. In Unit B the CP2;6 increases back to values around 0. The major change in
CP25016 can be seen in Unit A, with multiple negative peaks reaching values of -2.2 between
14,040 to 14,000 cal. BP, -2.4 at 13,910 cal. BP, -2.7 at 13,680 to 13,650 cal. BP, -4.0 at
13,610 cal. BP and -4.3 at 13,535 at cal. BP. CP3,016 values fluctuate between -0.3 and 0.8
through Unit D. In Unit C there is a slightly decreasing trend in the PC33016 values, going
from 0.6 to -1.0. PC32016 values increase at the beginning of Unit B and stay relatively stable
around -0.1 until they decrease to -1.0 at the end of the unit. The major changes in PC33016
can be seen in Unit A, with three major peaks reaching 2.8 at 14,020 cal. BP, 2.4 at 13,910
cal. BP and 2.7 at 13,535 cal. BP. There is one negative peak between 13,780 to 13,585 cal.
BP, reaching PC3,016 Values of -4.8 at 13,668 cal. BP

5.2.4. Si/Ti ratios

Si/Tiy6 ratio show relatively low values in Units D, C and B, with a decrease in Unit C
reaching the lowest values seen within the profile (Figure 8). These low values last for the
entire Unit C. There is a Si/Tiz16 ratio peak at 15,190 cal. BP in the beginning of Unit B. The
largest variation occurs in Unit A, with a great increase after 13,845 cal. BP. This increase
shows peaks at 13,820 cal. BP and 13,635 cal. BP. The Si/Tizns and RC4,016 Show a strong
correlation, r = 0.79 (n = 59 and p-value = 9.92e™*%)

5.2.5. XRD
The results from the XRD analysis are presented in Figure 12A-C (Appendix D shows the

remaining diffractograms). Figure 12A show data diffractograms for samples from 13,910 cal.
BP (SEK2016-C14A) and 14,020 cal. BP (SEK2016-C319), both selected for analysis
because of their relative increase in RC32016 (Figure 9). They show a pattern that corresponds
to the siderite reference (Renard et al., 2017). Analyses made on SEK2016 samples dating to
13,790 cal. BP (SEK2016-C310A) and 15,255 cal. BP (SEK2016-C111A) are shown in
Figure 12B. These samples were selected because they showed a relative increase in Si/Tizo16
and RC4,016 (Figures 8 and 9). These two samples displayed a broad peak around 20-25° in
the XRD diffractogram. Figure 12C shows samples dating to 13,535 cal. BP (SEK2016-
C33A) and 13,668 cal. BP (SEK2016-C36A), which were selected because they showed a
relative increase in RC5,016 (Figure 9). They show a pattern that corresponds to the goethite
reference (Levien et al., 1980).
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Figure 12. Diffractograms for the XRD analysis; A) the samples selected based on peaks in the RC3,036
(SEK319 and SEKC14A) shown together with a siderite reference sample (Renard et al., 2017) B) shows the
samples selected based on peaks in the RC4,016 and Si/Tiyg16 (SEKC310A and SEKC111A) and C) the samples
selected based on peaks in the RC5,4;6 (SEK33A and SEKC36A) are shown together with a goethite reference
sample (Levien et al., 1980). Q = quartz, F = feldspar and S = siderite are indicating other significan peaks
identified in the diffractograms.
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5.2.6. Biogenic silica

Figure 13 shows four of the samples where the silt fraction, which include the BSi micro
fossils, were extracted and analysed under light microscope. These samples were selected due
to their relative increase in Si/Tiy16 and RC4,016 (Figure 8 and 9). Figure 13A and 13B, show
samples from 13,650 cal. BP (SEK2016-C35) and 13,800 cal. BP (SEK2016-C310),
respectively, which have very low relative content of diatoms and a high relative content of
long elongated phytoliths. The phytoliths were identified based on morphological descriptions
by Twiss et al. (1969). Figure 13C and 13D, 15,150 cal. BP (SEK2016-C110) and 16,450 cal.
BP (SEK2016-C215), respectively, show that diatoms control the BSi content.

Figure 13 shows microscopic images with a 40x magnification using an Olympus CH light microscope. The
selected images represent the general content of the samples. Image A and B present SEK2016-C35 and
SEK2016-C310, respectively. Both samples have low diatom content and high abundance of long elongated
phytoliths. Image C and D present SEK2016-C110 and SEK2016-C215, respectively and have a high
diatom content.
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6. Discussion

The Sekhokong wetland deposit is difficult to classify since it appears to have gone through
quite dramatic variations over time with periods of higher standing water table, wetland and
dry conditions (Marker, 1994). The following discussion starts by interpreting the
geochemical signals identified by the organic chemistry, the FTIR-ATR PCA, the elemental
PCA, and Si/Ti ratios from both the SEK2014 and the SEK2016 sequences. These proxies are
then linked to the processes and environmental conditions responsible for the geochemical
signals. This study is then put into a larger context by comparing the observed variations with
other environmental reconstructions in the region spanning the same period of time.

6.1 Extraction of significant factors

The PCA reduces the number of variables by identifying and combining those variables that
behave in a similar way and therefore, likely controlled by the same processes (Pérez-
Rodriguez et al., 2016). There are different ways to proceed when determining the number of
components to retain from the PCA analysis and multiple factors need to be considered. One
option is to include components with an eigenvalue >1, also called the Kaiser rule. A second
is to make a scree test, by identifying a breaking point from a plot of the eigenvalues. The
selection of components can also be done by deciding a minimum of variance for each
component or for the total accumulated variance. The selected components should also fulfil
the “interpretation criterion”, which is sometimes considered to be the most important way to
determine the number of components. Different criteria were therefore used to determine the
number of components for the different analyses completed.

For the PCA on the SEK2014 FTIR-ATR data the proportion of variance (>5% for each
component), the scree test and the interpretability criteria agreed to the three first components
being significant. For the PCA on the elemental data the three first rules, which are the
objective rules, could not be used to determine the number of components in a way where it
agreed with the interpretability criteria. For the PCA of the SEK2014 elemental data the
Kaiser rule identified the first four components to be significant and the proportion of
variance (>5% for each component) identified the first three components to be significant.
However, component two, three and four did not fulfil the interpretability criteria and where
not likely to contribute with any important geochemical information for the study and was
therefore excluded from the result.

For the PCA of the SEK2016 FTIR-ATR data the Kaiser rule, the scree test and the
interpretability criteria all agreed that the five first components were significant. For the PCA
on the SEK2016 elemental data the Kaiser rule and the proportion of variance (>5% for each
component) identified the first and the second component to be significant. However, the
third component contributes with important geochemical information for the study and was
therefore included in the result.
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6.2. Interpreting the proxies
The following section will describe the interpretation of the proxies. Table 2 presents the
components extracted from the PCA (both on the FTIR-ATR and elemental data set) and what
they are associated with.

Stockholm University

Table 2. Extracted components from all principal component analyses and their interpretation.

PCA SEK2014 SEK2016 Association/description
FTIR-ATR RC1 RC1 Clay minerals
RC2 RC2 Organic compounds
RC3 Siderite
RC3 RC4 Biogenic silica
RC5 Goethite
Elemental data CP1 CP1 Inorganic matter (+) relative to organic matter (-)
CP2 Iron-rich minerals, siderite and goethite (-)
CP3 Distinguish between siderite (+) and goethite (-)

Table 3. Principal components extracted from the FTIR-ATR PCA and their main characterising peaks, the associated
molecular bond and vibration as well as what component these absorption bands can be associated with.

PCA PCA Wavenumber Peak assignment Associated Reference
SEK2014 | SEK2016 | (cm™) component
RC1 RC1 3700-3000 Stretching and bending (Maller et al.,
RC2 RC2 vibrations O-H 2014)
RC5 (Meyer-Jacob et
al., 2014)
(Cocozza et al.,
2003)
RC1 RC1 1200-400 Stretching and bending Clay minerals (Maller et al.,
vibration of SiO and Si-O-M 2014)
(M=Al, Mg, etc.)
RC2 RC2 2919 and 2851 Asymmetric stretching of C- | Aliphatic (Cocozza et al.,
H 2003)
RC2 RC2 1621 C-O vibration Humic compounds | (Kalbitz et al.,
C=0 and COO" groups Aromatics 2000)
(Cocozza et al.,
2003)
RC3 1400, 859 and Asymmetric vibration, out- Carbonate (Maller et al.,
738 of-plane bending vibration 2014)
and in-plane bending
vibration of COz*
RC5 1398 Fe-OH vibration Iron hydroxide (Rout et al.,
2011)
RC3 RC4 1100 Asymmetric stretching Biogenic silica (Meyer-Jacob et
vibration of SiO, al., 2014)
RC2 RC2 1034 C-O stretching Polysaccharides (Cocozza et al.,
2003)
RC5 861 Bending vibration of the Iron hydroxide (Rout et al.,
hydroxyl groups of iron- 2011)
oxide
RC3 RC4 792 Symmetric stretching Biogenic silica (Meyer-Jacob et
vibration of Si-O-Si al., 2014)
RC3 RC4 466 Bending vibration of SiO,4 Biogenic silica (Meyer-Jacob et
al., 2014)
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Table 3 presents all the main peaks identified in the score plots from the FRIT-ATR PCA
(both sequences), as well as what molecular bond and the component/components associated
with the specific wavenumbers. The first principal component identified in the FTIR-ATR
PCA from both sequences, RC1l,014 and RClyg6, IS interpreted as IM, with a spectral
signature typical for clay minerals (Maller et al., 2014) (Figure 6 and Table 3). RC25014 and
RC2;016 are interpreted to represent OM since they have spectral signatures with peaks
recognising OH groups, aliphatic (fats, waxes and lipids), humic compounds, aromatics and
polysaccharides (Cocozza et al., 2003; Kalbitz et al., 2000) (Figure 6 and Table 3). The
RC32016, signal is interpreted to be siderite (iron-carbonate; FeCQOg3), as it has a spectral
signature typical for carbonate (Mdller et al., 2014) (Figure 6 and Table 3). The elemental
data showed low concentrations of Ca and Mg but relatively high concentrations of Fe for the
samples showing high RC3,016 loading, indicating that it is more likely that siderite, rather
than calcium carbonate, is responsible for the spectroscopy signal. The presence of siderite in
these samples was independently confirmed by XRD analysis (Figure 12A). Siderite
formation is restricted to reducing conditions and high CO, partial pressure (Doner and
Grossl, 2002), such as anoxic environments with high microbial oxidation of OM (Meyer-
Jacob et al., 2014). The formation of siderite is often one of the first reactions to occur in the
sediment, which makes the presence of siderite minerals a good proxy for reducing conditions
in paleoenvironmental studies (Mozley and Wersin, 1992).

RC32014 and RC4,016 are interpreted to signal the presence of BSi with the main characterising
peaks previously used to identify diatoms in Meyer-Jacob et al. (2003) (Figure 6 and Table 3).
The presence of BSi was independently confirmed by XRD analyses (Figure 12B), showing a
diffraction pattern typical for opal-A, which is BSi formed by plants as phytoliths or skeletons
formed by diatoms, radiolarian and sponges (Monger and Kelly, 2002). The elevated levels of
BSi are also aligned with the elemental data and increased Si/Tiy14 and Si/Tizo16 (Figure 8).
The variation in BSi abundance over time, may be a result of changes in productivity (Boyle,
2001; Takano et al., 2012). BSi is often used as a proxy for diatom abundance and generally
an increase of diatoms would suggest higher productivity, indicating conditions with a
relative increase in humidity (Finné et al., 2010). Since diatoms only stand for a part of the
phytoplankton community, these variations may reflect changes within the community itself
and not just the net productivity (Boyle, 2001; Takano et al., 2012). The possible input of
phytoliths and other forms of BSi also needs to be taken into account. When comparing the
samples responsible for the three main BSi peaks identified in SEK2016 (by Si/Tiz014 Figure 8
and RC4,06 Figure 9), it was clear that the main contribution of BSi in the samples varied,
from being controlled by diatoms (Figure 13C and 13D) to being controlled by phytoliths
(Figure 13A and 13B). Note however that the diatom relative to phytoliths abundance was
estimated and no cell counting was done. However, this data gives a good indication of what
controls BSi within the sequence.

RC5,016 represents variations in goethite (a-FeOOH, the most common Fe oxide in natural
environments; Bigham et al., 2002) based on the absorption represented by vibration of OH
groups, Fe-OH and hydroxyl groups of iron oxides (Rout et al., 2011) (Figure 6 and Table 3).
The presence of goethite was independently confirmed by XRD analysis (Figure 12C).
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Changes in goethite occur in parallel to CP2,16 and CP3,016 (discussed below). It can be
difficult to use goethite as a proxy to reconstruct processes and paleoenvironmental
conditions, since it is one of the most common iron-oxyhydroxides in natural environments
(Bigham et al., 2002). There are multiple formation pathways, implicating different processes
that require different conditions. However, the typical formation setting is under cool and wet
conditions, usually at high altitudes like the Sekhokong Mountain Range (Bigham et al.,
2002). Lowering of the pH and increased oxygen levels would favour precipitation of goethite
over siderite (Dill and Techmer, 2009). Goethite is also associated with alteration of siderite
(Akande and Micke, 1993; Renard et al., 2017), thus it may be a result of post-diagenetic
processes (Akande and Miicke, 1993; Middleton and Nelson, 1996).

The first principal components extracted from the elemental data, CP1014 and CPlyoss,
distinguish between IM and OM, with high positive loadings associated with elements
commonly found locked in silicate minerals (Berner and Berner, 1996) and high negative
loadings associated with elements in organic molecules, respectivly (Berner and Berner,
1996; Davies et al., 2015). CP22016 shows highly negative loadings of Fe and Mg, which is
interpreted to represent Fe (Mn is less abundant) incorporated minerals, such as siderite and
goethite. Both Fe and Mn are redox sensitive elements that mobilise under anoxic conditions
(Boyle, 2001). The negative CP2,016 peaks co-occur with RC3,016 and RC5,016 providing two
independent datasets that identify these minerals. The third component, CP3016, distinguishes
between siderite and goethite based on chemical differences, due to nickel substituting for
iron during siderite precipitation (Montes-Hernandez and Pironon, 2009).
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6.3. Paleohydroclimatic interpretation

The following section will give a paleohydrological interpretation of the SEK2014 and the
SEK2016 sequence, based on the proxy data. No separate interpretation will be presented
from SEK2014 Unit 2 since SEK2016 covers the same section of the profile. However, the
major trends seen in the SEK2016 data are also observed in the SEK2014 proxy data, such as
the pronounced increase in OM (seen after 15,870 cal. BP in SEK2014) and BSi peaks (seen
at 15,630 cal. BP and 14,150 cal. BP in SEK2014). The differences in resolution need to be
considered when comparing the data sets.

6.3.1. SEK2016 Unit D: 17,335 to 16,115 cal. BP

In the beginning of Unit D there is relatively low OM (TOCz16, RC22016 and decreasing
CP1,016) content and high IM (RCly06 and CPly6) content suggesting relatively low
productivity and/or low preservation due to dryer conditions. A weak increase in OM
(TOC016, RC22016 and decreasing CP1,016) and BSizg16, mostly consisting of diatoms, indicate
an increase in productivity with time, interpreted to be a result of progressively wetter
conditions from 17,266 to 16,179 cal. BP. This interpretation is in agreement with suggestions
of dry conditions during the LGM and progressively wetter during the deglaciation. The
previous Sekhokong study made by Fitchett et al. (2016b) showed an abundance of facultative
planktonic diatoms and sedges pollen indicating wet conditions with standing water from
16,450 to 16,350 cal. BP. The low C/N216 Values (11 to 15) in combination with the highly
negative 8*3Ca1s values (-28%o), indicate a mixture of lacustrine algae and terrestrial Cs
plants (Figure 6 and 14 based on (Meyers, 2003)), which is generally the case throughout the
whole sequence. These depleted 8*3C values indicates that no C4 plants have been present at
Sekhokong Mountain Range during the span of this study. Changes in C/N ratio may also
reflect changes in degradation due to preferential loss of carbon during the breakdown of OM
(Kaal et al., 2014).

Figure 14. C/N ratio plotted against the 5"3C value can indicate the origin
of the organic matter. The areas representing various organic matter is
based on Meyers (2003). The black squares represent the SEK2014 and
the blue diamonds represent the SEK2016 samples
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6.3.2. SEK2016 Unit C: 16,115 to 15,315 cal. BP
This period has very low OM content (TOCz16, RC22016 and CP12016) and low abundance of

BSi (RC4,016 and Si/Tizgs6) indicating relatively dry conditions, with low productivity and/or
low preservation. High IM signals, as seen in both the RC1,916 and CP1016, are a consequence
of low OM accumulation and the increased influence of detrital input from the catchment.
There is a layer of coarser grain size (sand) identified by visual core description in the
beginning of Unit C, which likely corresponds to the signals in the geochemical proxies. This
could be due to drier conditions and a decrease in vegetation binding the soil, which may
increase erosion (Kossler et al., 2011). Material that was formally stabilised by vegetation
can, after a decrease in vegetation cover, be eroded without changes in transport energy. The
low C/N2o16 ratio seen in the main part of Unit C, interpreted to be a period of relatively dry
climate conditions, can be explained by an increase in the roll of algal contribution relative to
terrestrial vegetation (Meyers and Lallier-Verges, 1999). Increased algal production can
generally be seen during wet climate conditions as a result of increased nutrient supply due to
run-off. However, such a productivity increase should then be recorded in the sediment
together with elevated accumulation of OM content (Meyers and Lallier-Verges, 1999),
which is not the case in Unit C.

6.3.3. SEK2016 Unit B: 15,315 to 14,175 cal. BP
Unit B has the highest OM (TOC2016 and CP1016 and CP15016) Within the sediment sequence

(including SEK2014) and low IM (RC15016 and CP16). There is a significant increase in
BSi, identified by RC4,016 and the Si/Tiy6 ratio in the beginning of Unit B, just when the
OM content starts to increase (TOCzp16, RC22016 and CP1y016) and the IM content decreases
(RC12016 and CP1016). Such rapid increases in BSi have previously been recognised after
periods of dry climate conditions, as suggested in this study. During drier periods BSi, in the
form of phytoliths, can accumulate in the watershed due to low surface runoff and fluvial
transportation energy (Johnson et al., 2011). When the hydrological conditions shift and
become more humid, an enhanced nutrient input and dissolved silica from the accumulated
phytoliths would allow higher diatom production than normal. This could explain the increase
in BSi, where diatoms make up the largest fraction, seen during the transition from dry
conditions in Unit C to more humid conditions in Unit B. The C/Nzo6 ratio in combination
with the §"3C,016 values indicate a mixture of lacustrine algae and terrestrial Cs plants, with an
increasing influence of terrestrial input with time. The largest increase in C/Naps values
coincides with a slight decrease in OM, suggesting stronger influence of terrestrial OM in
combination with lower productivity and/or preservation of OM, inferring a reduction in
moisture.
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6.3.4. SEK2016 Unit A: 14,175 to 13,440 cal. BP
Unit A has decreasing OM accumulation (TOC2016, RC2016 and CP15016) and higher influence

of IM (CP13016), such as clay minerals (RC1,016), Siderite (RC32016) and goethite (RC52016),
showing a fluctuating pattern. A decrease in OM would suggest drier conditions, resulting in
reduced productivity and enhanced degradation leading to a net loss in preservation.
Alternating layers of siderite and goethite, which sometimes coexist, indicate variations in
redox conditions possibly as a consequence of fluctuations in the water table level and the
access to OM for degradation. Relatively high water tables occurring under moister
conditions, also resulting in higher productivity, would favour siderite precipitation.
Relatively low water tables would occur under drier conditions with lower productivity,
resulting in potentially higher O, levels in the water and sediment, promoting goethite
precipitation and/or siderite alteration forming goethite.

The three main peaks of BSi (RC42016 and Si/Tize) in Unit A had low diatom contents and
showed a high abundance of phytoliths with a parallelepiped elongated long morphology,
identified as grass phytoliths. These parallelepiped elongated forms are specific for grasses
(Poaceae), but non diagnostic for the subfamilies (Bamford et al., 2006; Mulholland and
Rapp, 1992; Twiss et al., 1969). The phytoliths appear in the sediment stratigraphy right
before siderite layers. As mentioned before, accumulation of phytoliths in the watershed have
been seen during drier conditions due to limited runoff. When the hydrology changes, these
accumulated phytoliths would be transported to the deposit. Dissolution of smaller phytoliths
may explain the large proportion of elongated phytoliths (Twiss et al., 1969). The C/Nzo1s
ratio in combination with the §°C,ys values indicate a mixture of lacustrine algae and
terrestrial Cs plants, with an C/N increase suggesting greater terrestrial influence due to drier
conditions at 14,000 cal. BP.

The repetitive stratigraphic changes between BSi rich layers to siderite rich layers to goethite
rich layers may reveal a geochemical signal of rapid hydrological variations during the
Pleistocene/Holocene transition. The enhanced input of BSi, predominantly consisting of
grass phytoliths, is interpreted as a change in transportation when going from drier to moister
conditions. Increased moisture would result in higher water tables as well as increased
productivity, creating conditions favouring siderite precipitation. As the climatic conditions
become drier and the water table sinks, increased O, levels prevent the formation of siderite
and instead favour goethite formation (alternatively alteration of siderite to goethite).

6.3.5. SEK2014 Unit 1: 13,280 cal. BP to present
Relatively low OM (TOCz()14, RC22014 and CP12014) and hlgh IM (RC12014 and CP12014) is

seen in the entire Unit 1. In the first half of Unit 1 (13,280 to 8,560 cal. BP) there is slightly
increased OM that co-occurs with increased BSi (RC4,014 and Si/Tizo14) as a consequence of
higher net preservation of OM. Since the resolution is very poor in this part of the sequence it
is hard to say if this is a signal from continuous environmental conditions or peaks from a
more dynamic climatic period. Unfortunately, no microscopic evaluation of the BSi was done
on the SEK2014 samples. However, since the increase in BSi co-occurs with the increase in
OM and decrease in C/N, it likely indicates wetter conditions with higher productivity. The
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elevated BSi signal would in this case represent increased abundance of diatoms as a result of
higher water tables, which is supported by low C/N values as result of higher influence of
lacustrine algae (Meyers and Lallier-Verges, 1999). After this relatively wet period, a rapid
change occurs at 8,560 cal. BP, where low OM and increased C/N ratios indicate low
production and/or preservation of OM (TOC014, RC22014 and CP15014) With a higher influence
of terrestrial plants, suggesting weaker wetland conditions due to a drying of the system until
6,970 cal. BP.

After 6,970 cal. BP, a small increase in OM (TOCz014, RC22014 and CP15014) together with a
significant increase in the BSi (RC44014 and Si/Tizo14) proxies, suggests wetter conditions. A
period of slightly decreasing OM and BSi follows, reaching the lowest values at 5,520 cal.
BP, indicating a decrease in moisture. Thereafter the OM and BSi is increase again and the
geochemical pattern suggests a period of wetter conditions, which peaks at approximately
3,400 cal. BP. At this time, a relatively big drop can be seen in the C/N values, reaching the
lowest values of the whole sequence. These low C/N values >11, together with §"3Czg14 values
between -28%0 to -25%. indicate that most of the OM originates from lacustrine algae,
indicating moist condition and a relatively high water table.

After this wet period (5,520 to 3,400 cal. BP) it gets drier, indicated by a sharp decrease in
OM (TOC2014, RC25014 and CP12014) and BSi (RC42014 and Si/Ti2014) at 3,320 cal. BP. Soon
after, there are two peaks at 3,310 cal. BP and 3,280 cal. BP seen in CP15014, Which indicates
an increase of IM. Since this signal is not seen in the RC1,014 data, also indicating IM but
restricted to clay, it could be due to an input of a larger grain size fraction. This would be
supported by the grain size analysis made by Fitchett et al. (2016b), which shows an
significant increase in sand and a minor increase in gravel in theses specific samples. There is
a peak in the BSi, which together with the allochthonous CP1,014 signal and low OM suggest
an increase in transportation from the watershed. As mentioned before, no microscopic
evaluation of the BSi content has been made, but since the other proxy signals are interpreted
as allochthonous it suggests that the BSi is predominantly made up of terrestrial phytoliths.
An increase in the C/Nj4 ratio also indicates a stronger terrestrial influence. Fluvial
transportation processes, rather than eolian, are suggested due to the large grain size and
transport energy needed. It is difficult to say if these IM peaks are formed under a longer
period with increased precipitation, or as short events. However, the sand and gravel indicate
high-intensity runoff events under relatively dry conditions inferred by low OM, which would
increase the erosion due to low vegetation cover (Marker, 1994). A dry and vegetation-poor
watershed has a low capacity to take up water and is more sensitive to erosion (Kossler et al.,
2011). This interpretation is only speculative and no conclusions can be made. Further
investigation and higher resolution data would be needed to better understand these signals,
duration and processes involved.
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A transitional increase in moisture can be seen by an increase of OM (TOC014, RC25014 and
CP15014) and BSi (RC4,014 and Si/Tiyg14) after the proposed dry period that lasted until 3,190
cal. BP. The C/N2n4 values are at first decreasing, indicating a stronger influence from
lacustrine algae, but the terrestrial influence slightly increases with time, reaching C/N ratios
around 13. The OM and BSi content peaks at 1,320 cal. BP before they decrease, which
suggests a drying of the system. Due to low and varying resolution along the SEK2014
sequence the interpretation of Unit 1 is based on very few data points and should be taken
with caution.

6.4 Regional context and implication of forcing mechanisms

When comparing different environmental reconstructions it is important to consider that (i)
proxies differ in their rate of response to different forcings (Finné et al., 2010); (ii) different
records have various resolution that are based on continuous vs discrete samples; and (iii) age
models differ in their resolution and quality (Fitchett et al., 2016a). While the age-model for
this study has good resolution between age dates (11-30 cm between samples), the age date
acquired for the deepest sample was unacceptably young. The fact that the sample was
obtained from the lowermost part of the core as well as the very low TOC content (1.5%) for
this specific sample (SEKC233) increased the risk of contamination (Bjorck and Wohlfarth,
2001). This date was therefore excluded from the age-depth model, which does not show any
reversals indicating continuous deposition. No abrupt boundaries could be identified in the
stratigraphy, which supports the existence of continuous deposition.

Figure 15 shows environmental interpretations from four studies made in the Lesotho
Highlands, where A-C are all from the Sekhokong Mountain Range and D from Mafadi
wetland (see Figure 1A and 1B). Figure 15 also present the past variations in insolation
intensity at 30° S (Berger and Loutre, 1991) (E) as well as ™0 records (used as a
temperature proxy) from two Antarctic ice cores: (F) the EPICA Dome C (Jouzel et al., 2001)
and (G) Taylor Dome (Grootes et al., 2001; Steig et al., 2000). SST records from two marine
sediment cores; (H) GeoB9307-3 with SSTs derived from lipid TEX® values (Schefu et al.,
2011) and (1) MD79-257 with SSTs derived using U¥3; values from unsaturated Cs
alkenones (Bard et al., 1997; Sonzogni et al., 1998) are also presented in Figure 15. The
hydroclimatic reconstruction from the geochemical proxies will first be compared with the
other records from the region to identify agreement within the different proxy datasets. The
local climate response will then be put into a larger context, by comparing with records from
more remote locations in the southern hemisphere, to identify possible relations to shifts in
major climate systems.
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Marker
(1994)

Figure 15 gives an overview of environmental reconstructions (relatively wet/dry and/or relatively warm/cold)
from four studies in the Lesotho Highlands. (A) Paleohydrological variations in the Sekhokong Mountain Range
based on the organic and inorganic geochemical proxies presented in this thesis. (B) Paleohydrological and
paleotemperature variations in the Sekhokong Mountain Range based on stratigraphic and sedimentological
proxies (Marker, 1994). The dashed lines marks undated sections. (C) Paleohydrological and paleotemperature
variations in the Sekhokong Mountain Range based on fossil pollen and diatom data (Fitchett et al., 2016b). (D)
Paleohydrological variations in the Mafadi Wetland based on fossil pollen and diatom data (Fitchettet al.,
2016¢). (E) Insolation intensity at 30° S based on insolation precession values (Berger and Loutre, 1991) (F)
Antarctic ice core 6180 values from EPICA Dome C (Jouzel et al., 2001). (G) Antarctic ice core 3180 values
from Taylor Dome (Grootes et al., 2001; Steig et al., 2000). (H) Sea surface temperature variations in the
southwest Indian Ocean based on TEX86-derived SST record from GeoB9307-3 (Scheful et al., 2011). (1) Sea
surface temperature variations in the southwest Indian Ocean based on unsaturated C37 alkenones derived SST
record from MD79-257 (Bard et al., 1997; Sonzogni et al., 1998). ACR = Antarctica Cold Reversal, YD =
Younger Dryas.
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The interpretation of the geochemical proxy data from this study starts with wet conditions at
17,335 cal. BP until a drier period occurs from 16,115 to 16,315 cal. BP, which is in line with
the pollen and diatom data suggesting dry conditions from 16,450 to 15,870 cal. BP by
Fitchett et al. (2016b). The onset and termination of this drier event occurs earlier based on
pollen and diatom profiles as compared to the geochemical proxies, which could be an
artefact of the lower sample resolution of the pollen and diatom data in this part of the
sequence. These transitions may also be captured by the sedimentological proxies used by
Marker (1994) that suggests a relative decrease in temperature before an increase at 13,500
cal. BP. Unfortunately, no age dates are available for this part of their reconstruction so
whether these signals correspond to the same event or not is at this point only speculative.

A relatively wet period lasting from 15,315 until 14,175 cal. BP is seen in the geochemical
proxies and in the diatom and pollen data by Fitchett et al. (2016b). After this period, the
geochemical proxy data suggests variable hydrological fluctuations inferred by alternation of
BSi, siderite and goethite until 13,440 cal. BP. The Sekhokong diatom and pollen data
indicate a gradual transition from drier to wetter conditions after 14,175 to 8,560 cal. BP. The
stratigraphic data by Marker (1994) indicates relatively warm and wet conditions from 13,500
to 9,500 cal. BP. The variable hydrological fluctuations inferred by the geochemical data
strengthens interpretations made in previous studies by Smith et al. (2002) and Roberts et al.
(2013) based on stable isotope data from archaeological sites in Lesotho (Figure 1B), which
suggest an unstable regional climate during the Pleistocene-Holocene transition. These rapid
variations were not captured in Fitchett et al. (2016b) nor by Marker (1994), possibly due to
the low resolution of these records, which highlights the important advantage of the
continuous, high-resolution dataset acquired in this study.

From 13,280 cal. BP, the geochemical data at Sekhokong changes from continuous high-
resolution samples to discrete samples with lower resolution. During the period from 13,280
to 8,560 cal. BP the geochemical proxies suggest relatively wet conditions, with a slight
increase in OM and BSi. During this period, no link could be made to the northern
hemisphere YD cold event (12,900 to 11,600 cal. BP), which may be due to that this event
occurs outside the range of the high-resolution data set. Previous studies from the relatively
nearby Braamhoek record as well as Cango Cave to the south and Wonderkrater and Cold Air
Cave to the north have identified local climatic response suggested to correspond to YD,
which all infer drier conditions during this period (Norstrom et al., 2014, 2009; Talma and
Vogel, 1992; Truc et al., 2013; Holmgren et al., 2003).

After 8,560 cal. BP, the geochemical proxies reveal low OM and BSi content as well as
increased C/N values indicating that a drier period begins. This period of drier conditions last
until 6,970 cal. BP. The Sekhokong pollen and diatom data also indicate a dry period, roughly
during the same time, between 8,560 to 6,970 cal. BP (Fitchett et al., 2016b). Likewise, the
stratigraphic data by Marker (1994) also indicates dry conditions during this period, but with
an earlier start at 9,500 cal. BP and longer duration until 5,000 cal. BP. Again, this could be
due to low sampling and age model resolution in Marker (1994). The pollen and diatom data
from Mafadi wetland suggests relatively wet conditions from 8,140 cal. BP that changes to
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drier conditions after 7,520 cal. BP, with a later onset of drier conditions compared to the
geochemical proxies at Sekhokong (Fitchett et al., 2016c).

The geochemical proxies suggest a return to wetter conditions at 6,970 cal. BP until 940 cal.
BP, which is the last sample in the record. This wetter period was interrupted by several drier
periods at 5,520 cal. BP, 3,320 cal. BP and 1,200 cal. BP. The pollen and diatom data from
Fitchett et al. (2016b) shows a similar pattern as the geochemical proxy data, with several
changes between relatively wet and relatively dry conditions after 6,970 cal. BP. Although
these fluctuations vary in duration compared to the interpretation based on the geochemical
data, they occur roughly at the same time. The stratigraphic data by Marker (1994) does not
show these variations. Instead they suggest persistent wetter conditions from 5,000 cal. BP to
1,000 cal. BP when drier conditions begin. As mentioned before, the low resolution of the
Marker (1994) dataset might prevent detection of rapid climate variations with shorter
duration.

The interpretation of the geochemical proxy data from Sekhokong shows a rough agreement
to the local records presented as well as to the Mafadi record. Major shifts seen in the
geochemical data can also be identified in the other records, which strengthens the idea that
these changes would be representative for local and possibly regional hydroclimatic
variations. There are some conflicts in the interpreted records, where differences in onset,
termination and duration can be seen between studies. However, this is a common problem
when comparing records with various resolution (Fitchett et al., 2016a). Also, the offset seen
between the geochemical data and the pollen and diatom data, both from Sekhokong and
Mafadi wetland, could be due differences in response and response time between the
biological proxies and the geochemical proxies (Kylander et al., 2011).

Comparisons between the local hydrological shifts identified by geochemical proxies in
Sekhokong and other records from the southern hemisphere could help to reveal important
information about climate forcing mechanism and largescale migration of atmospheric
circulation systems that control the hydrological shifts seen within the record. The climate
shifts identified at Sekhokong in this study are rapid and mostly decennial to millennial in
duration. The cyclic variation in insolation intensity is believed to be a major climate forcing
mechanism (Berger, 1978; Laskar et al., 2004). Figure 151 shows the relative precessional
insolation intensity at 30 °S, with low values during YD and early Holocene. These insolation
variations influence atmospheric circulation and are believed to be a driving mechanism
behind changes in precipitation patterns on multi-millennial timeframes in southern Africa
(Norstrom et al., 2009). Given the temporal duration of the changes identified here, it would
appear that changes in insolation are not the only forcing mechanism responsible for the
observed paleohydrological variability.

The dry periods identified at the Sekhokong Mountain Range date to 16,115 to 15,315 cal.
BP; 14,175 to 13,440 cal. BP; and 8,560 to 6,970 cal. BP and co-occur with lower §'%0
values seen in the Antarctic ice core records such as the EPICA Dome C and Taylor Dome
records (Figure 15F and 15G) (Grootes et al., 2001; Jouzel et al., 2001; Steig et al., 2000).
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These 50 ice records show a general warming trend during deglaciation with an interruption
after 14,000 cal. BP that lasts until 12,500 cal. BP, which is defined as ACR and can be seen
in most Antarctic ice cores (Grootes et al., 2001; Jouzel et al., 2001; Steig et al., 2000). The
Taylor Dome ice core record shows greater §*°0 fluctuations between 20,000 and 15,000 cal.
BP, rather than the gradual warming seen in EPICA Dome C and in other Antarctic ice cores
(Steig et al., 2000). The local hydrological response in Sekhokong, with drier conditions
during colder periods and wetter conditions during warmer periods, agrees with the climate
response seen in the Cold Cave stalagmites (Holmgren et al., 2003). Colder periods and
increased Antarctic sea-ice is believed to influence atmospheric circulation, with a northward
extension and intensification of the polar vortex (Holmgren et al., 2003) and an equatorward
shift of the tropical climate system and a possible weakening of the easterlies (Norstrom et al.,
2009). This results in an increased influence of the westerlies over southern Africa and a
northeast extension of the WRZ, as the influence of moisture bearing easterlies is decreased
(Holmgren et al., 2003; Norstrom et al., 2009). This leads to drier conditions in the SRZ. Thus
the more arid periods observed at Sekhokong may be a local response to atmospheric
circulation shifts forced by temperature declines in Antarctica.

SST reconstructions based on marine sediment core records from GeoB9307-3 and MD79-
257, both located in the East Indian Ocean outside the coast of Mozambique, show different
patterns of change (Figure 15H and 151). Namely, the decreasing and increasing SSTs seen in
GeoB9307-3 and MD79-257, respectively, during the Holocene. The reason for this
discrepancy is not clear, possibly as a result of the use of different proxy methods
(GeoB9307-3 based on TEX86 and MD79-257 used unsaturated C37 alkenones). However,
the most significant change seen in the majority of the geochemical proxies from Sekhokong,
interpreted to be a rapid change to wetter conditions after 15,315 cal. BP coincides with a
rapid increase in the SSTs seen in both GeoB9307-3 and MD79-257. This strengthens the
importance of SSTs in the Indian Ocean to moisture availability in southeastern Africa. In the
Wondercrater study made by Truc et al. (2013) increased moisture was identified between
15,000 and 13,500 cal. BP. This rapid hydroclimatic change shows a strong correlation to
increasing SST in the Indian Ocean. Baker et al. (2014) identified dry and cold events in
Mfabeni at 7,100, 5,300 and 1,400 cal. BP where the co-occurrence with lower SSTs in the
GeoB9307-3 and MD79-257 record were highlighted. These events may correspond to the
dryer periods seen in Sekhokong identified by the geochemical proxies at 8,560 to 6,970,
5,520, and after 1,200 cal. BP. Higher SSTs in the Indian Ocean have also been suggested to
be a pre-condition, rather than the major forcing of increased rain in southern Africa (Schefuf3
et al., 2011). In this study by Scheful? et al. (2011) the rising SSTs predated the increased
rainfall predictions. Instead, increased moisture flux over southern Africa was proposed to be
due to the southward migration of the ITCZ, possibly as a consequence of elevated SSTs in
the Indian Ocean.

Based on comparisons between multiple records, mechanisms forcing the hydrological shifts
seen in the geochemical proxy data from Sekhokong region have most likely varied over time.
The drier periods identified during 16,115 to 15,315 cal. BP; 14,175 to 13,440 cal. BP; and
8,560 to 6,970 cal. BP appear to correspond to increased influence of the westerlies as the
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polar vortex got stronger due to cooling of Antarctica. The rapid moisture increase seen at
15,315 cal. BP, as the start of a wet period lasting until 14,175, is more likely to be a local
response to rising SSTs in the Indian Ocean. Further investigation of continuous high-
resolution records, such as the SEK2016 sequence presented here, is required to be able to
link local and regional climate response in southern Africa to the large-scale climate forcing
and the controlling mechanisms.

7. Conclusions

By using a suite of geochemical proxies processes responsible for the geochemical signal in
two overlapping sediment sequences from Sekhokong, Lesotho, could be identified and
linked to hydrological variations from 17,335 cal. BP to present. Five units were identified
showing relatively wet conditions from 17,335 to 16,115 cal. BP, drier conditions from
16,115 to 15,315 cal. BP, relatively wet conditions from 15,315 to 14,175 cal. BP, multiple
hydrological fluctuations during 14,175 to 13,440 cal. BP and relatively wet conditions from
13,280 cal. BP to present, interrupted by four drier periods. These four dryer periods occurred
at 8,560 to 6,970 cal. BP, 5,520 cal. BP, 3,320 cal. BP and after 1,200 cal. BP.

The insights gained from this study indicate a relative drying in the Lesotho Highlands during
colder conditions in the southern Hemisphere. Probably as a consequence of a northward
extension of the polar vortex and migration of the ITCZ, which strengthened the influence of
the westerlies and changes the source of moisture from the east (Indian Ocean) to the west
(Atlantic Ocean). During warmer periods, the hydrological conditions tend to be relatively
wet. The most dominant moisture increase seen in the geochemical proxy data at 15,315 to
14,175 cal. BP co-occurs with an increasing trend seen in SST records from the Indian Ocean.
This further supports the association between higher SSTs in the Indian Ocean and increased
rainfall in southeastern Africa. Warmer conditions would also cause a southward movement
of the ITCZ, which intensifies the influence of the easterlies and increases moisture transport
over the southeastern African continent.

Robust climate predictions are central to sustainable development of southern Africa, not least
in Lesotho as it is one of the most important water resources in the region. The data presented
in this study implies wetter conditions in the eastern Lesotho Highlands as the ongoing global
warming progress (Niang et al., 2014), which supports model-projections by Engelbrecht et
al. (2009) showing increased precipitation in southeast Africa during the austral summer.
However, more data is required to better understand and predict the forcing mechanisms
behind these climatic systems, how they will interact and the regional response to possible
variations.
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Appendix A, Age-depth model

The setting used to do the age-depth model for SEK2016, using clam.R. Settings (square
brackets give names of the constants)

Calibration curve: SHCal13.14C

Age-depth model: smooth spline [type=4] with spar = 0.3 [smooth]

Weighted by the calibrated probabilities [wghts=1]

Calculations at 95% confidence ranges [prob=0.95]

Amount of iterations: 1000 [its]

Calendar age point estimates for depths based on modes/maxima/intercepts of the dated levels
[est=6]

Calendar scale used: cal BP [BCAD=FALSE] at a resolution of 1 yr [yrsteps]

Ages were calculated every 0.01 [every] cm [depth], from 315 [dmin] to 460 [dmax] cm

Dates assumed outlying [outliers]: 10 (Beta-466036)

Goodness-of-fit (-log, lower is better): 11.08
Any models with age-depth reversals were removed

Produced Tue Aug 15 16:11:19 2017
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Appendix B, Linear regression models
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Figure B1. Models used for the linear regression (achieved in R statistical software) to predict

missing values of Na, Mg, Al, Si, S and CI.
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Figure B2. Models used for the linear regression (achieved in R statistical software) to predict
missing values of K, Ca, Sc, Ti, Cr and Mn.
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Figure B3. Models used for the linear regression (achieved in R statistical software) to predict
missing values of Fe, Co, Ni, Ga, Brand Sr.
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Figure B4. Model used for the linear regression (achieved in R statistical software) to predict
missing values of Ba.
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Appendix C, Conventional XRF

Appendix C. The precision was based on replicates, the highest standard deviation and relative standard
deviation are presented. The accuracy was based on measurements of the CRM NCS DC-70314 standard, the
highest difference and relative difference are presented. PCA loadings for both SEK2014 and SEK2016. The
loadings for SEK2016 are based on the predicted values from the linear regression.
Element XRF analysis quality PCA loadings

Precision Accuracy SEK2014  SEK2016

SD Rel. SD  Difference  Rel. difference CP1 CP1 CP2 CP3
Na (%) 0.04 5.92 0.04 3.41 0.52 097 014 013
Mg (%) 0.07 5.08 0.05 9.59 0.44 095 018 017
Al (%) 0.19 3.80 0.13 2.24 0.95 0.8 021 012
Si (%) 0.56 3.13 0.96 2.61 0.91 0.88 0.1 0.06
P (PPM) 46.67 5.95 32.50 7.96 -0.27
S (%) 0.01 15.71 0.00 25.33 -0.82 -086 033  -0.01
CI(PPM) 2192 7691 52.50 77.78 -0.87 096 017  -0.03
K (%) 0.01 4.66 0.08 3.96 0.93 0.9 022 02
Ca (%) 0.13 5.79 0.04 4.42 0.21 094 015 0.16
Sc(PPM)  2.12 12.86 2.25 24.32 0.90 089 035 022
Ti (PPM) 219.20 4.43 40.00 1.44 0.85 0.95 0.23 0.18
V (PPM) 50.20 5.75 2.50 4.67 0.30
Cr(PPM) 4738  34.46 7.75 27.43 0.73 093 02 012
Mn (PPM) 51.62 4.76 24.25 4.46 0.06 -0.12  -097 0.14
Fe (%) 0.42 5.29 0.12 5.70 0.12 -0.09 -0.87 -0.44
Co(PPM)  2.83 10.88 1.00 11.11 0.37 075 -056 0.6
Ni (PPM) 2.12 7.71 0.00 0.00 0.77 0.77 0.4 0.42
Cu (PPM) 4.24 6.24 5.25 28.77 0.18
Zn (PPM) 3554 3.95 1.50 2.80 0.73
Ga (PPM) 1.41 35.36 0.75 5.66 0.95 0.93 0.14 0.14
Br (PPM) 2.19 22.33 0.13 8.20 -0.84 -094 014 0.02
Sr(PPM) 4031 2848 1.00 0.85 0.68 096 014 013
Ba (PPM) 128.69  44.38 1.00 0.29 0.58 0.95 0.02 0.03
Corg (%) -0.83 -095 021 0.3
N (%) -0.83 095 019 0.6
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Appendix D, XRD

Figure D. Diffractograms for the XRD analysis made on SEK2016 C35A with an interpolated age-date of
13,635cal. BP (top), SEK2016 C34B with an interpolated age-date of 13,610 cal. BP (middle) and SEK2016
C318 with an interpolated age-date of 14,000 cal. BP (bottom). A goethite reference sample is shown in the
top and middle graph (Levien et al., 1980) and a siderite reference sample (Renard et al., 2017) is shown in the
bottom graph. Q=quartz, F=feldspar and S=siderite are indicating other significant peaks identified in the
diffractograms.
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