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Abstract

Climatic conditions across southern Africa are affected by the complex interaction of different
atmospheric and oceanic circulation systems, the understanding of which is important to
predicting future climate change. Palaeoenvironmental reconstruction is an essential tool to
understand long-term environmental change and the response of ecosystems to such changes.
This study examines the geochemical composition of a sediment core (WR1-1) extracted from a
freshwater wetland located near Plettenberg Bay on the southern Cape coast. The wetland is
located ~4 m above present sea level and positioned ~500 m from the modern coast. Situated
within the year-round rainfall zone, the site is influenced by tropical easterly flow and the
southern westerlies. Elemental and stable isotope geochemistry are used to reconstruct the
palaeoenvironmental change at the site over the last ~8000 cal yr BP. Variations in CaO/Al,Os,
Sr/Al,03 and §*3C indicate that marine conditions dominated from 7300 to 6400 cal yr BP.
Marine influence at the site decreased dramatically from ~6300 cal yr BP, as the system
transitioned to a freshwater back-barrier wetland. Enrichments in SiO2/Al,O3 and Zr/Al>Os track
changes in depositional energy and suggest that the period 3800 — 3200 cal yr BP was associated
with increased aeolian activity. This is interpreted to reflect increased aridity and is consistent
with geochemical and pollen records from nearby sites at Eilandvlei and VVoélvlei. This suggests
that a shift to more arid conditions during this time was a broad feature of the climate in the year-
round rainfall zone of South Africa. The timing of this event corresponds with a marked decrease
in Antarctic sea ice and pronounced aridity along the east coast of South Africa, suggesting that
mid to late Holocene aridity in the YRZ was likely driven by declines in moisture from both

westerly and easterly wind systems.
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Chapter 1: Introduction

1.1. Background

Climatic conditions across southern Africa are affected by the complex interaction of different
atmospheric and oceanic circulation systems. Understanding the complexities and associated
drivers behind climate variability in the region is important to predicting the nature of future
climate variability and how ecosystems may respond to such change. Palaeoenvironmental
reconstruction is an essential tool to understand long-term environmental change. This is
particularly pertinent to the southern African region where existing records are scarce and future

climate change rates are predicted to be high (Nangombe et al., 2018; Naumann et al., 2018).

Climate in the region is highly sensitive and influenced by both temperate and tropical
circulation systems (Quick et al., 2018). Available palaeoenvironmental records from the
regional indicate that climate has likely been highly dynamic over time, with tropical and
temperate systems having responded to changing global boundary conditions (Chase and
Meadows, 2007; Chase et al.,2017; Quick et al., 2018). Although recent work along the southern
Cape coast (e.g., Kirsten et al. 2018; Windsch et al. 2018; Strobel et al. 2021; Quick et al., 2021)
has contributed greatly to unravelling the complex nature of these climatic interactions and
associated environmental responses, our understanding of finer-scale spatial variability in

environmental response, particularly over the Holocene, remains less well-constrained.

Wetland and lake deposits offer valuable prospects for reconstructing past environmental change.
The geochemical signatures they preserve over time record variations that have occurred both
within the waterbody itself (in-situ) and from the surrounding catchment area (ex-situ), and have
proved to be extremely useful in reconstructing environmental and climatic changes in southern
Africa (Humphries et al., 2021). Several coastal lakes in the southern Cape have been
investigated from a geochemical perspective (e.g., Eilandvlei, Groenvlei and Voelvlei; Fig. 1.1)
and provided detailed Holocene environmental information that has assisted in unravelling past
climate dynamics in the region (Windsch et al., 2016; Wundsch et al., 2018; Strobel et al.,
2021).
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1.2 Project aim and objectives

This study examines the geochemical composition of an approximately 302 cm long sediment
core extracted from the freshwater coastal Whale Rock wetland located near Plettenberg Bay on
the southern Cape coast (Fig. 1.1A). The wetland site has not previously been studied from a
palaeoenvironmental perspective. Situated within the year-round rainfall zone, the site is
influenced by tropical easterly flow and the southern westerlies, and offers the potential for

investigating changes in the strength and position of these large-scale atmospheric circulation

systems.
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Figure 1.1 A) Map showing the location of the study site relative to other sites mentioned in the

thesis, and B) Zoomed in image of Whale Rock wetland
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Whale Rock wetland, also known as Robberg Vlei (-34.090035 S, 23.367352 E), is a natural
freshwater wetland located in Plettenberg Bay on the southern Cape coast of South Africa (Fig.
1.1B). The wetland occupies an inter-dunal depression and covers an area of approximately 2.6
km?. The system is isolated from the ocean behind a 20 m high coastal dune and surrounded
largely by residential development. No hydrological studies have been conducted, but it is
assumed the wetland is supplied mainly by groundwater and direct rainfall. The wetland

vegetation dominated by dense stands of Phragmites.

The overarching aim was to reconstruct Holocene palaeoenvironments at the site using

geochemical techniques and compare these records with other sites to better understand changes in

the broader southern Cape region.

The following objectives were identified:

. Examine changes in sediment deposition and source using inorganic elemental analysis
and stable isotopes (*3C, ©°N).

. Use geochemical changes recorded in the sedimentary record to reconstruct
palaeoenvironments at Whale Rock.

o Compare palaeoenvironmental information revealed by the analysis of sediments from
Whale Rock to other palaeo-records from the southern Cape region.

12



Chapter 2: Literature Review

2.1. Modern regional climate

Southern Africa is positioned at a boundary interface between temperate and subtropical systems
and is thus highly sensitive to multiple forcing mechanisms that result in high degree of climatic
variability (Hahn et al., 2016; Quick et al., 2016; Chevalier and Chase, 2016). Climate in the
region is influenced by shifts of the Intertropical Convergence Zone (ITCZ), Southern
Hemisphere Westerlies (SHW) and position of subtropical cyclones (Chase and Meadows, 2007).
The relative dominance of these temperate and tropical systems is reflected by strong seasonality
in rainfall across the region, which produces three distinct rainfall regimes (Chase and Meadows;
Fig. 2.1). The central and eastern parts of the country receive most rainfall (> 66%) from
subtropical moisture-bearing atmospheric circulation systems during the austral summer (Summer
Rainfall Zone, SRZ). In contrast, the southern and western coasts of South Africa receive most
rainfall (> 66%) from temperate SHW as cut-offs and ridging anticyclones during the austral
winter (Winter Rainfall Zone, WRZ). An intermediate area between the SRZ and WRZ receives
rainfall from both temperate and subtropical systems throughout the year (Year-round Rainfall
Zone, YRZ).

The southern Cape coast experiences dominantly year-round rainfall and has climate described
as temperate oceanic (Du Plessis et al., 2020). Rainfall averages 800 to 1000 mm with
increased rainfall from March to April and September to October (Chevalier and Chase, 2016;
Du Plessis et al., 2020). Mean annual temperatures in the region average between 15 and 18 °C
with the central region (Cape Agulhas to George) experiencing slightly higher temperatures

compared to the eastern afrotemperate section (Du Plessis et al., 2020).

The southern Cape coast is influenced by Berg winds, which occur mostly during winter and
blow in a north-westerly to north-easterly direction from the drier interior of the country (Du
Plessis et al., 2020). These winds are characteristically hot and dry and produce changes in
temperature and moisture availability across the southern Cape coast (Du Plessis et al., 2020).

Climate in the region is also strongly influenced by the Agulhas Current which introduces warm
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water along the eastern Agulhas Bank and provides an important source of moisture (Tyson and
Preston-Whyte 2000; Du Plessis et al., 2020).
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Figure 2.1 A) Map of southern Africa showing seasonality of rainfall and sharp climatic gradients
that result in three distinct rainfall zones; winter (WRZ), year-round (YRZ) and summer (SRZ)
rainfall zones. Major atmospheric and oceanic circulation systems and position of convergence
zones (Inter-Tropical Convergence Zone (ITCZ), the Congo Air Boundary (CAB)) are also
indicated (Chevalier and Chase, 2016). The location of Whale Rock wetland near Plettenberg Bay
is indicated by the red dot, and B) Map showing the location of the study site relative to other sites

mentioned in the thesis.
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2.2 Holocene environmental changes

Climatic projections suggest an increase in the frequency and magnitude of extreme climatic
events in southern Africa (Pohl et al., 2017; Nangombe et al., 2018) and the generation of
detailed palaeoenvironmental data from critical regions are essential. Palaeoreconstructions are
useful for the understanding climatic variability over longer periods of time and provide context
for evaluating ecosystem response to future climate change (Du Plessis et al., 2020; Humpbhries,
2021).

The South African coastline has been markedly influenced by Quaternary sea-level changes. A
significant portion of the Agulhas Bank was submerged by increasing sea level following the
termination of Last Glacial Maximum (LGM) ~20,000 years ago (Compton, 2001; Cawthra et al.,
2020). Warmer global temperatures and accelerated deglaciation led to rapid sea level rise along
the South African coastline in the order of 8 mm/yr, before reaching present day levels

~7000 cal yr BP (Ramsay, 1995). Sediments stored in the shoreface, migrated inland with sea-
level rise forming transgressive barriers that led to the development of most modern estuaries and
lagoons, including those along the southern Cape coast. Ramsay (1995) suggests that sea level
reached a highstand at 3.5 m ~5300 cal yr BP. Many studies have recorded marine transgressions
during the mid-Holocene, although uncertainties remain with respect to the timing and magnitude

of these events.
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Figure 2.2 Reconstructed sea-level change in South Africa over the last 9000 years based on the

dating of marine shells and beach rock indicators (Ramsay, 1995; Compton, 2001).

The Holocene (dating from ~12,000 cal yr BP) is the most recent stratigraphic epoch (Cohen et
al., 2020). This period of earth’s history has been associated with marked and often rapid
fluctuations in climate and sea level globally. Several studies have highlighted the dynamic nature
of the southern Cape coast in response to Holocene changes in climate and sea level. This has
included evidence from stalagmites at Cango Caves (Talma and Vogel, 1992), hyrax middens at
Seweweekspoort (Chase et al., 2013, Chase et al 2017) and coastal lakes Groenvlei (Windsch et
al., 2016), Eilandvlei (Kirsten et al., 2018; Quick et al., 2018; Wiindsch et al., 2018) and Bo-
Langvlei (Du Plessis et al., 2020).

Stable isotope records from Seweweekspoort suggest that the start of the Holocene (11800 to
10700 cal yr BP) was characterised by a distinct humid episode (Chase et al., 2013). This was
associated with establishment of elevated interglacial temperatures and a sharp decline in sea-ice
extent (Chase et al., 2017). Following this, microfaunal and pollen data from Boomplaas Cave
suggest that cooler conditions prevailed 10100 — 8900 cal yr BP (Faith et al., 2019). Pollen,
microcharcoal and geochemical data from Eilandvlei indicates that arid and cool conditions

prevailed between ~8900 and 8000 cal yr BP (Quick et al., 2018; Wundsch et al., 2018),
16



suggesting a weakening in the influence of the westerlies during this time.

Geochemical (Fe, Si/Al) and grainsize data from Eilandvlei point to increased rainfall and river
discharge between ~7900 and 6400 cal yr BP (Windsch et al., 2018). A generally wetter climate
over this time is supported by an expansion in afrotemperate forest from 8000 to 4700 cal yr BP
(Quick et al., 2018) and is consistent with increased humidity between 7000 and 5000 cal yr BP
indicated by isotope analysis of hyrax middens from Seweweekspoort (Chase et al., 2013). This
was followed by cool and arid conditions 6400 — 3000 cal yr BP as indicated by increased
grainsize and enhanced aeolian deposition at Eilandvlei (Wiindsch et al., 2018). Isotope analysis
of stalagmites at Cango Caves suggest temperatures 4500 — 3000 cal yr BP were 1-2 °C lower
compared to the present (Talma and VVogel, 1992). Mineralogical, isotopic and geochemical
analyses from Groenvlei support this and indicate generally dry conditions between 4210 and
2710 cal yr BP (Wundsch et al., 2016). Conditions from 3000 cal yr BP to present were
characterised by a steady increase in moisture as indicated by the long-term increase in forest taxa
at Eilandvlei (Quick et al., 2018; Wiindsch et al., 2018).

High-resolution fossil pollen and microcharcoal records from Bo Langvlei spanning the past
~1300 years suggest the period 1000 — 700 cal yr BP was dry and slightly cooler than present
(reduced levels of Afrotemperate forest pollen and increased percentages of Stoebe-type pollen).
The Little Ice Age (LIA; 650 — 100 cal yr BP) was identified as a period of cool, dry conditions,
associated with the expansion of drought-sensitive forest taxa such as Podocarpus (Du Plessis et
al., 2020). In contrast, midden records from Seweweekspoort suggest wetter conditions during the
LIA (Chase et al., 2013).

2.3 Sedimentary cores as archives of palaeoenvironmental information
Wetland and lake systems are sensitive to both climatic (e.g, rainfall and temperature) and
catchment-scale environmental (e.g., vegetation cover and sediment supply) changes. The

sediments trapped within these systems thus often preserve material of the area that provides useful

palaeoenvironmental information (Du Plessis et al., 2020; Humphries et al., 2021 Meyers ,
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2003). Lake and wetland sediments typically consist of organic and inorganic components that

have different origins and offer potential proxies for interpreting past environments. Geochemical
proxies can be used to investigate different environmental processes and when used together can
provide significant palaeoenvironmental information to complement other proxy data (e.g., pollen)

and enhance our ability to reconstruct past climate change.

The geochemical composition of sediments is largely controlled by chemical processes that take
place during weathering, transport, and deposition (Humphries et al., 2021). Geochemical analysis
of sediments can thus be used to understand the nature of these processes under varying climatic
conditions (Francke et al., 2020). Palaeoenvironmental information may be derived from
examining the chemistry of both the inorganic and organic component of sediments, each of which
can provide unique insight into the depositional history of the site. An overview of the proxies

used in this study is provided below.

2.4 Inorganic geochemistry proxies

Inorganic geochemical analysis provides information on the distribution and concentration of
elements and radionuclides (Francke et al., 2020). The use of X-ray fluorescence (XRF) has
become increasingly popular in palaeoclimate studies because it is multi-element and non-
destructive, allowing the generation of high-resolution elemental records (Croudace et al., 2019).
Elemental records obtained by XRF provide a variety of potential geological tracers that can offer
unique insight into different climate-mediated sediment processes. This section provides a brief

description of the geochemical proxies used in this study.

The analysis of geochemical data together with grainsize size together is often used to reflect the
changes in the depositional energy of the sedimentary material at the core site which can support
palaeoenvironmental reconstructions. Aluminium (Al) is often used as a reference element in such
cases as it is predominantly associated with aluminosilicates and typically not affected by redox or
biological processes (Schropp et al., 1990). Heavy minerals together with grain size are often good
indicators of depositional energy. Enrichment in Zr/Al and Si/Al thus indicates increases in
depositional energy associated with changing climatic conditions (Humphries, 2020; Kylander et

al., 2011). Similarly, Si/Al ratios can be used to identify periods of enhanced aeolian
18



influx, as it reflects the proportion of quartz to feldspars and other aluminosilicates. Thus, a high
Si/Al ratio may be related to enhanced transport of sand-size material during drier periods (e.g.,
Wiindsch et al., 2018).

Marine water is relatively enriched in certain chemical components, for example sulfates, calcium,
strontium and sodium, compared to freshwater. The intrusion of marine water into coastal lakes
and wetlands can thus be potentially traced by examining enrichments in these components (Riley
and Chester, 2013; Schoepfer, 2013). For example, enrichment in S/Al was used to indicate periods
of marine intrusion associated with sea-level rise on the east coast of South Africa (Higgs et al.,
2017). Calcium carbonate is supersaturated in seawater and forms a key component of many
marine organisms (e.g., mollusc shells). In certain situations, therefore, the presence of calcium
minerals within coastal deposits can be used as a proxy to infer changes in the degree of marine
influence (e.g., Wundsch et al., 2016, 2018). Other potential indicators of marine water intrusion
include Sr, Na and Br (e.g., Strobel et al., 2021).

2.5 Organic geochemistry proxies

Organic matter present in wetland and coastal lake sediment is typically derived from two
primary sources: 1) from the catchment and transported via run-off (allochthonous), and 2)
produced in the lake/wetland through the process of photosynthesis (autochthonous) (Meyers,
2003). Organic geochemical analysis provides information on the quantity and composition of

organic compounds present within sediments.

Information on the origin of sedimentary organic matter can be derived from stable isotope
composition (5'2 C and 3°N) of the material. The 3 C composition of terrestrial, freshwater, and
marine plants is different as plants assimilate carbon from different sources. The photosynthetic
pathways for terrestrial plants is either Cz (shrubs and trees), C4 (tropical grasses) or CAM
(succulents), all of which have distinctively different ways of processing atmospheric carbon
dioxide, resulting in different 3*3C signatures. Cs vegetation is commonly found in the WRZ and

includes fynbos, while C4 grasses occur mostly in the SRZ (Stock et al., 2004).
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Marine plants utilise dissolved inorganic carbon (from dissolved bicarbonate) and yield organic
matter characterised by 513C signatures ranging between -16 %o to -25 %o (Lamb et al., 2006;
Meyers, 1997). Freshwater aquatic plants utilise dissolved carbon dioxide, while terrestrial plants
use the carbon dioxide from the atmosphere (Mackie et al., 2005). The §*3C signature of the
resulting organic matter from these two types of plants is indistinguishable from each and
typically ranges from -21%o to -32%o (Lamb et al., 2006). However, the ratio of total organic
carbon (TOC) to total nitrogen (TN) can be used to distinguish between terrestrial-derived plant
organic matter and aquatic/marine plant organic matter (Meyers, 1994). Algae and bacteria have
lower values of the TOC/TN ratio (between 4 — 10) due to higher nitrogen levels in aquatic
plants, while terrestrial vegetation is characterised by higher TOC/TN values (above 20) (Lamb
et al., 2006) (Figure 2.3). This distinction arises as result of aquatic plants enriched in proteins
resulting in increased nitrogen levels whereas terrestrial plants are cellulose-rich and contain

lignin.

-10

Bacteria

Marine algae )
C, terrestrial plants

8"C %o
R
N

C, terrestrial plants

Freshwater algae

'34 I 1 T
0 5 10 15 20 25 30 35 40 45

C./N

org

Figure 2.3 Relationship between §*3C and C/N ratio (Lamb et al., 2006).
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Nitrogen is a redox sensitive element, existing in different forms (N2, NOs", NH4") depending on
conditions. Nitrogen is introduced to marine environments through nitrogen fixation (N2) by
cyanobacteria and phytoplankton, where it is reduced to NH4* and assimilated with minimal
fractionation, typically -2 to +1%. (Wada et al., 1975). In the presence of oxygen, NH4*
undergoes oxidation to nitrate (NO3’), a process known as nitrification, which results in
significant fractionation of up to +20%e.. In the absence of oxygen, denitrification occurs and

nitrates are partially reduced to N2 and N.O (Cartigny et al. 2018).
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Chapter 3: Regional setting

3.1 Regional climate

Plettenberg Bay occurs in the YRZ (Fig. 3.1) and has a climate classified as cool and rain occurs
throughout the year (Quick et al., 2013). October typically receives most rain with an average 48
mm with lowest rainfall occurring in January with an average 23 mm (Fig. 3.2). Maximum
temperatures are reached between December and March (average 26-27 °C) while minimum

temperatures occur between June and August (average 9-11 °C) (www.meteoblue.com). The

southern Cape coast is dominated by strong south-westerly winds throughout the year, which

frequently reach velocities in excess of 40 km/h (Hellstrom and Lubke, 1993). Secondary winds of

lower frequency blow from the south-east, while easterly winds are infrequent.
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Figure 3.1 Map of southern Africa showing variation in mean annual precipitation and the present

extent of the three major rainfall zones that characterise rainfall variability in the region; winter

(WRZ), year-round (YRZ) and summer (SRZ) rainfall zones. The location of Whale Rock wetland

near Plettenberg Bay is indicated by the red star.
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Figure 3.2 Graph showing month rainfall and temperature data recorded at Plettenberg Bay over
the last thirty years. The mean daily maximum (solid red line), mean daily minimum (solid blue
line), precipitation (blue bars) and cold nights and hot days (dashed blue and red lines)

(www.meteoblue.com).

3.2 Regional Geology and Vegetation

Plettenberg Bay lies on a wave-dominated, microtidal coast. The coastline is dominated by the
headland-bay system defined by the Robberg Peninsula (Fig. 3.3A). The peninsula is about 4 km
long and rises up to ~140 m above sea level (Flemming and Martin, 2021). The wave climate is
dominated by ocean swells propagating from the south-west. The tidal range in Plettenberg Bay

reaches almost 2 m at spring tide (Schumann et al. 1982).

The onland bedrock geology is predominantly composed of sandstones and quartzites belonging to
various formations of the Cape Supergroup (Carr et al., 2019). At Plettenberg Bay, these comprise
of predominantly quartzitic sandstones of the Table Mountain Group. Deposits of the Uitenhage
Group crop out at Robberg. Vegetation falls within the Fynbos Biome and comprises a mosaic of
shrubs, grassland, and forest (Fig. 3.3B). All shrub and tree species are Cs, while grasses that
occur in the region comprise both Cs and C4 species (Vogel et al., 1978). Terrestrial vegetation at

Plettenberg Bay is classified as Garden Route Shale Fynbos and is dominated by ericaceous and
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proteoid fynbos (Mucina and Rutherford, 2006). Knysna Sand Fynbos can be found on Robberg

Peninsula.
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Figure 3.3 A) Geographic location of the study area, and B) Vegetation distribution of the south-

western Cape. Data source: South African National Land-Cover (2018)



Chapter 4: Methods and materials

4.1. Field work

Sediment core WR-1-1 (34.090035 S; 23.367352 E) was retrieved from Whale Rock wetland at
Plettenburg Bay on the southern coast of South Africa in October 2020 (Fig. 4.1). The WR-1-1
measures 302 cm and was collected using a Russian corer. Core sections were transferred into half-
round 50 mm PV C tubes, wrapped in cling film, and transported to Nelson Mandela University

where they were stored at 4 °C.

Plettenberg Bay

Figure 4.1 A) Location of the Whale Rock wetland situated near Plettenberg Bay along the
southern Cape Coast, B) Google Earth image of Whale Rock Wetland showing the location of
core WR1-1, and C) oblique photograph of the wetland showing the location of the coring site.
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4.2 Sediment dating and age modelling

An age-depth model for WR-1-1 was constructed from seven radiocarbon ages. Bulk organic
subsamples were dated at Queen’s University, Belfast, using Accelerator Mass Spectrometry
(AMS). Radiocarbon ages were calibrated to calendar years using the Southern Hemisphere
atmospheric curve SHCal.13 (Hogg et al., 2013, Table 1) and an age—depth model was developed
in R software package Bacon (v. 2.3.6) (Blaauw and Christen, 2011).

4.3 Elemental analysis

Subsamples for geochemical analysis were taken at 2 cm intervals. Sediments (n = 136) were
dried at 105 °C and milled to homogenous powders. Organic matter was measured as a weight
percentage by loss on ignition (LOI) at 550 °C for 4 hours. Combusted powders were then
analysed for major element composition by X-ray fluorescence (XRF) at the University of the
Witwatersrand (Bruker S2 Ranger). The instrument was calibrated against a range of local and
USGS rock standards and measured concentrations were typically within 10% of accepted
values. Internal precision was < 2% for all elements based on the repeated analysis of USGS
rock standards GSP2 and AVG2.

4.4 Mineralogy

The mineralogy of selected sediment samples (based on their elemental composition) was
investigated by X-ray diffraction (XRD). Dried powders were run using a Bruker D2 Phaser X- ray
diffractometer (7 to 60° 20) with monochromated CoKa radiation from 7° to 50° 26.

4.5. Stable isotope analysis

A total of 65 samples were selected for stable isotope (5 *C and & °N) analysis based on the age-
depth model. Samples were treated with 10% HCI to remove carbonate and dried at 60 °C before
being milled to a fine powder. Isotope analyses were conducted at the University of Cape Town

using isotope ratio mass spectrometry (IRMS).
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Chapter 5: Results

5.1. Core description and chronology

The upper ~60 cm of the core consisted of dark brown organic-rich mud containing large
quantities of plant material. Underlying sediments from 60 — 196 cm were composed of grey-
brown to yellowish-brown peat with the occasional presence of shell fragments. A distinct change
at 196 cm marked a transition to brown clayey mud, characterised by mottles and shell fragments.
Thin reddish striations were observed between 230 and 240 cm. The basal unit (302 — 280 cm)
comprised coarse light grey to white sand, which graded down into medium grey-brown sand with

fine shell fragments.

)

%) 280 300 om |
PPN H

L

Figure 5.1 Core section photographs of WR-1-1 showing variations in stratigraphy
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Table 5.1 Stratigraphic description of core WR-1-1

Unit Depth interval (cm) Description Munsell colour
Root mat layer, medium brown organic-rich
1 0-6 muddy sediments with a lot of fibrous plant 5Y 4/4
material
Very dark brown, very organic-rich peat
2 6-58 with large quantities of plant material S5GY 172
Medium grey-brown peat with plant
3 58 122 material, s_hel!s gnd s_heII fragments, mottles 5GY 1/2
of top unit within this unit, less compacted
than previous unit
Lighter yellowish-brown sediments, )
4 122 — 196 moderate organic content with plant 7.5Y 4/3 Mottles:
; 10Y 2/2
material, shell fragments, dark mottles
Medium brown clayey mud with mottles, .
5 196 — 202 shells fragments, large pieces of plant 5Y 6/6 (lighter) 5Y
. . - 3/4 (darker)
matter, less organic than previous unit
Dark brown, organic-rich peat, no shell L
6 202 — 280 fragments, less identifiable plant matter, oY 1&:’;2%'0”3'
thin reddish striations from ~230 - 240 cm
Medium grey- brown sand grading down
into coarser light grey with white grains,
7 280 — 302 sand, fine shell fragments, some dark brown 7.5Y 4/2

organic-rich mottles interspersed sparsely
through unit

The seven radiocarbon dates obtained for WR-1-1 yielded a coherent age-depth model, indicating
a basal age of ~8500 cal yr BP for the 302 cm profile (Table 5.2; Fig. 5.2). A sample from 13 cm

produced a result of 1.08 £ 0.19% pMC, indicating that sediment at this depth contained modern
(post-1950) carbon. All age determinations are stratigraphically consistent but suggest a marked

change in sedimentation rate at ~6500 cal yr BP. Sedimentation rates from 8500 — 6500 cal yr

BP average ~0.11 cm yr%, but decrease to ~0.02 cm yr* from 6500 cal yr BP to present.
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Table 5.2 Radiocarbon ages and calibration data for core WR1-1

Calibrated age

L Depth i | 14C Age (yr
ab Code epth interval (cm) ge (yr) (cal yr BP)
UBA-43908 13 Modern
UBA-43147 47 2335+ 24 2223
UBA-43155 63.5 2778 £ 25 2827
UBA-43156 89.5 4739 + 47 5425
UBA-43909 120.5 5705 + 25 6482
UBA-43148 181 6139 £+ 23 6974
UBA-43910 271.5 7085 + 26 7883
S _
{; 1 -:)I:)O ZOIZX) ’.’.{)I?:) 4000 4] 1 {IX) 2:;3 E/ZI)C) 400 0.0 0.2 0.4 06 0.8 1.0
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Figure 5.2 Bayesian age-depth model of WR1-1
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5.2. Elemental composition

Measured LOI varied considerably downcore ranging between 1.3% and 93 % (Fig. 5.3A). The
basal sand deposit (8350 — 8000 cal yr BP) is characterised by very low LOI (< 2%), but a sharp
transition to a highly organic-rich material (LOI > 80%) occurs between ~8000 and 7200 cal yr
BP. A distinct decrease in %LOI is observed between 7200 and 6400 cal yr BP, followed by
markedly higher values between 6400 and 4500 cal yr BP. A gradual decrease in %LOI occurs
4500 — 3600 cal yr BP, with values remaining relatively constant (40 — 50%) from 3500 cal yr BP

to present.

Concentrations of SiO2 vary between 10% and 70% and are typically inversely related to %LOI
(Fig. 5.3B). Highest SiO2 contents (65 — 70%) were found at the base of the core (8350 — 7900

cal yr BP). Sediments from 7900 — 4500 cal yr BP contained much lower, although variable
(averaging ~20%), SiO2 contents. A sharp increase is observed between 6500 and 6320 cal yr

BP. A gradual increase in %SiO2 is observed from ~4500 to 3000 cal yr BP, with concentrations
remaining relatively constant (50 — 60%) over the last 3000 years. A sharp decrease in %Si0O2,

however, is observed between 2170 and 2060 cal yr BP.

Variations in %AI203 (Fig. 5.2C) and %K20 (Fig. 5.2D) show similar downcore trends.
Sediments from 8350 to 3250 cal yr BP generally contain relatively low concentrations of Al203
(< 5%) and K20 (< 1%). Abundance in AI203 and K20 increases markedly from ~3250 cal yr BP

to present, with concentrations reaching up to 16.8% and 1.8%, respectively.

Marked variations in CaO (Fig. 5.2E) and S (Fig. 5.2F) concentrations are observed through
WR-1-1. Between 8350 and 7200 cal yr BP, CaO typically varies 12 — 15%, with particularly
strong enrichment between 7200 and 6500 cal yr BP. From ~6400 cal yr BP, CaO concentrations
decrease sharply but remain elevated (5 — 15%) until ~4600 cal yr BP. Sediments from ~4600 cal
yr BP to present generally contained relatively little CaO (< 5%). Variations in S show two
major peaks in concentration (15 — 25%) at 8000 7230 cal yr BP and 6320 — 4770cal yr BP. A
marked decrease in %S is observed from 4770 cal yr BP, with recent sediments containing very

low S concentrations (< 1%).
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Figure 5.3 Downcore variations in LOI, SiO2, Al.O3, K20, CaO and S through core WR-1-1. All
XRF data are provided in Appendix 1.

Variations in %TiO; (Fig. 5.4A) and %K O (Fig. 5.4B) both show good correlation (R? > 0.8) with
%Al>0s. This is an indication of their association mainly with detrital clay minerals.

Variations observed in these elements are thus controlled by silicate sources and reflect the
deposition of minerogenic material. In contrast, CaO is not correlated with Al,O3 (Fig. 5.4C). In
general, sediments with high CaO have corresponding low %Al>0s. This indicates that the
majority of CaO present in sediments does not form part of the mineralogical fraction and is likely
derived from another source. A plot of CaO vs S reveals two distinct groupings; the first
characterised by moderate S and high CaO concentrations, the second by moderate CaO and a

high S concentrations (Fig. 5.4D).
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Figure 5.4 Relationship between selected major chemical components of sediments from WR1-1

5.3. Mineralogy

X-ray diffraction analysis reveals that calcite (CaCO3) and gypsum (CaSOs4) constitute major
components of the inorganic fraction (Fig. 5.5). Analysis of samples from 219 — 225 cm (~7400
cal yr BP) and 161 — 165 cm (~6800 cal yr BP) reveal that strong enrichments in S are associated
with the presence of gypsum (Fig. 5.5A), while strong enrichments in CaO are associated

predominately calcite and lesser amounts of gypsum (Fig. 5.5B).
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Figure 5.5 X-ray diffraction (XRD) patterns and identified mineral phases for two samples: A) 219
— 225 cm (~7400 cal yr BP) and B) 161 — 165 cm (~6800 cal yr BP).

5.4. Chemical ratios

Ratios of SiO2/Al>03 and Zr/Al>O3 reveal similar downcore trends (Fig. 5.6). Highest levels of
enrichment are found at the bottom of the core between 8500 and 8000 cal yr BP. A sharp
decrease in the ratios is observed from 8000 cal yr BP, followed by an increase between 7250 and
6400 cal yr BP. Thereafter, SiO2/Al,0z and Zr/Al,O3 ratios remain relatively low, apart from a
distinct increase between ~3800 and 3200 cal yr BP.
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Normalised CaO and Sr concentrations reveal broadly similar downcore trends that initially
match those of SiO2 and Zr (Fig 5.6). Enrichments near the base of the core are followed by a
steady decrease between 8000 and 7250 cal yr BP. A period of significant CaO and Sr
enrichment is observed between 7250 and 6400 cal yr BP. A sharp decrease in CaO/Al.O3 and
Sr/AlyO3 ratios from 6400 cal yr BP is followed by a more muted, but prolonged, period of
enrichment between 6300 and 4200 cal yr BP. This period of enrichment is strongly reflected in
S/AIO3 ratios, which show two well-defined peaks centred at 5750 and 4600 cal yr BP (Fig.

5.6). From 4200 cal yr BP, S/Al>Os ratios decline sharply and remain relatively low to present.
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Figure 5.6 Variation in chemical ratio indicators through core WR1-1

5.5. Stable isotope chemistry

Core WR-1-1 is characterised by considerable variations in Corg/N, 33C and §*°N (Fig. 5.7). The
Corg/N ratio fluctuates between 13.8 and 35.2. A general decline in Corg/N values is observed
between 8000 and 6700 cal yr BP. A sharp increase is observed at ~6400 cal yr BP, followed by
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a gradual decline to ~3000 cal yr BP. The period 2800 — 1900 cal yr BP is characterised by
elevated Corg/N, with values thereafter remaining fairly constant to present.

The §*3C signal fluctuates between -29%o and -19%o (Fig. 5.7B). The downcore profile is
characterised by a pronounced shift in §!3C to significantly higher values (-19.5%o) between 7300
and 6500 cal yr BP. Thereafter, §*C values show a gradual increase from -28.1%o at 6500 cal yr
BP to -21.7%o at 1500 cal yr BP. The last ~750 years is characterised by a gradual shift to lower
513C signatures. The 5'°N signal fluctuates between 2.4%o and -1.6%. (Fig. 5.7C). Broadly, an
overall shift to lower §*°N values is observed from 8000 to 5400 cal yr BP. From ~4800 cal yr BP
to present, this trend is reserved with a gradual shift to higher 5'°N signatures.
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Figure 5.7 Downcore variation in Corg/N, 8 3C (%0) and & **N (%o) through core WR1-1.
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Chapter 6: Discussion

6.1 Introduction

The nature of sedimentary infill at Whale Rock wetland is influenced by the interaction between
changes in sediment supply related to relative sea level and climate. Geochemical analysis of
WR1-1 reveals the accumulation of sediments of different origin which reflect variations in
depositional processes at Whale Rock through time. In this chapter, several geochemical proxies
are used to provide insight into the processes that have contributed to the geomorphological
evolution of Whale Rock wetland and what this means for paleoenvironmental change along the

southern Cape coast more broadly.

6.2 Proxy interpretation

6.2.1 Sea level change and the evolution of Whale Rock wetland

The presence of calcium carbonate and gypsum in coastal sediments can be strong indicators for
marine intrusions associated with changes in sea level (Riley and Chester, 2013; Schoepfer, 2013;
Wiindsch et al., 2016, 2018). At Whale Rock, enrichment in calcium (i.e. Ca/Al203) is associated
predominantly with the precipitation of calcium carbonate and gypsum, and can therefore be used
to infer changes in the influence of sea level at the site. A marked increase in Ca/Al2O3 between
~7300 and ~6400 cal yr BP is consistent with a dramatic rise in sea level, reaching present day
levels by ~7500 cal yr BP (Fig. 6.1). Along the southern Cape coast, two mid-Holocene sea level
highstands at 7000 cal yr BP (+2.5 m) and 6500 cal yr BP (+3.0 m) (Cooper et al., 2018) are
strongly reflected by corresponding enrichments in Ca/Al>O3 at Whale Rock. A sharp decline in
Ca/Al;03 from ~6400 cal yr BP suggests that marine influence at the site decreased dramatically
around this time. This was likely associated with sediment deposition and dune accretion, which
served to reduce tidal influence at the site. This is supported by concomitant declines in both
Sr/Al>03 and SiO2/Al;,O3 (Fig. 5.6), as well as a shift in diatom assemblages from marine-

brackish to freshwater-dominated taxa (Sepato, 2023).

36



CaOJ/Al,O,

SIALO,

Relative sea level (m)

'

-

(]
L

-
N
|

T R TR
o o © o
| | 1 1

o
|

o
L

,

L

— 21

— 20

19

— 18

17

— 16

- -18

— -22

— -26

— -30

2000

4000 6000
Age (cal yr BP)

8000

10000

(0.) 1SS
ane) Aeg uos|eN

Og;g

Figure 6.1 Comparison between marine influence geochemical indicators at Whale Rock (WR-

1-1) with reconstructed variations in sea level along the southern Cape coast (Cooper et al.,

2018) and sea surface temperatures (SST) from Nelson Bay Cave (Cohen and Tyson, 1995).

Dashed vertical lines delineate inferred stages in the geomorphological evolution of Whale Rock

wetland.
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Evidence for changes in marine influence is also reflected in the organic chemistry data. A
pronounced shift to higher 5'C values is observed between ~7300 and ~6500 cal yr BP, which
corresponds with enrichments in Ca/Al.O3 (Fig. 6.1) A plot of Corg/N vs §13C indicates that
organic matter at Whale Rock is derived primarily from Cs terrestrial plants (Fig. 6.2). Values of
Corg/N range between 13 and 45, and are typical of Cz fynbos vegetation that occurs within the
region (Quick et al., 2013). However, samples from 7300 — 6500 cal yr BP are characterised by
markedly more enriched §*3C signatures (-23 to -19%o). This shift in §!3C signature suggests
mixing between different sources of organic matter and likely reflects the influence of dissolved

organic carbon from a marine source.
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Figure 6.2 Plot of 3C (%o) against Corg/N ratio for WR1-1 core samples. Standard ranges for
organic inputs to coastal environments are indicated according to Meyers (1994). Samples
associated with the sea level highstand shown in red.

While a decline in Ca/Al,O3 enrichment and a shift to more depleted §*3C signatures indicates a
significant decrease in marine influence from 6300 cal yr BP, S/Al,O3 values remain elevated
until ~4200 cal yr BP. X-ray diffraction analysis revealed that sulfur was present primarily in the
form of gypsum, which is likely to have been precipitated from sea water. This suggests that while
Whale Rock wetland had largely separated from the ocean by 6300 cal yr BP, it likely continued

to receive marine inputs, possibly in the form of occasional barrier overwash, until
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~4200 cal yr BP. At this time, the wetland transitioned to a freshwater system and began to

accumulate predominantly terrestrially-derived sediments.

6.2.2 Aeolian flux and aridity

Zirconium (Zr) and silicon (Si) are elements typically associated with coarser sediments, and thus
enrichment geochemical proxies together with increased grain size indicate increased
depositional energy (Kylander et al., 2020; Humphries et al., 2020). Variations in these
parameters through WR-1-1 show similar trends and are interpreted to reflect changes in
sediment grain size associated with different depositional processes (Fig. 6.3). Enrichment in
SiO2/Al03 and Zr/Al>O3 between 8350 and 6400 cal yr BP corresponds with a period of
significant marine influence (see Fig. 6.1) and therefore reflects increased depositional energy
associated with tidal currents. A sharp decline in these ratios signifies a transition to a more
tranquil, back-barrier environment from ~6400 cal yr BP. This shift in depositional energy is
reflected in a marked decrease in sedimentation rate (see Fig. 5.2). The formation of a more
sheltered back-barrier environment promoted the accumulation of terrestrially-derived fine-
grained material, particularly from ~4500 cal yr BP, as indicated by the increasing proportion of
Al>03 within sediments (Fig. 6.3D).

Tranquil depositional conditions are interrupted by a distinct period of enrichment in SiO2/Al;03
and Zr/Al>Os ratios between 3800 and 3200 cal yr BP. Given the hydrological and
geomorphological setting of the wetland, deflation from the adjacent coastal dunes represents the
most likely source of this material. This suggests that the period 3800 — 3200 cal yr BP may have
been characterised by increased wind intensity and/or increased aridity, with reduced dune
vegetation cover promoting the aeolian transport of material. Available macrocharcoal data from
WR1-1 suggests that charcoal concentrations peaked around 3800 cal yr BP (Ntsondwa, 2021),
coinciding with the inferred increase in aeolian-derived material. This suggests that conditions at
Whale Rock may have been characterised by increased aridity 3800 — 3200 cal yr BP. It is also
possible that enhanced aeolian transport during this period may have been driven by a change in

the prevailing wind direction and associated increase in sediment supply.
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marine influence.

6.3 Regional palaeoenvironmental comparison

Recent palaeoenvironmental reconstructions from Eilandvlei and VVoélvlei provide data for the
YRZ against which results from Whale Rock can be compared. Wundsch et al. (2018) used
geochemistry and micropalaeontological data to assess changes in marine influence at Eilandvlei,
while a marine intrusion at VVoélvlei was inferred from changes in Na concentrations (Strobel et
al., 2021). A comparison of marine proxy results from Whale Rock with these two sites reveals a
temporally coherent picture (Fig. 6.4). All three records indicate that marine conditions prevailed

prior to ~6400 cal yr BP, coincident with a sea level highstand during the early Holocene. A
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subsequent abrupt decline in marine indicators from ~6400 cal yr BP is associated with
stabilisation in sea level and signifies the point at which the coastal lakes and wetlands along the
southern Cape coast started to form and separate from the ocean. The records from Eilandvlei and
Voélvlei suggest that coastal systems did not become entirely hydrologically disconnected from
the ocean at this time, with marine influences persisting until ~4000 cal yr BP. This is consistent
with the geochemical record from Whale Rock, as revealed by the precipitation of gypsum until
~4200 cal yr BP, and is likely associated with moderate (= 1 m) fluctuations in sea level that

occurred over this period (see Fig. 6.1).
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Figure 6.4 Comparison of marine influence proxies from A) Whale Rock wetland (this study), B)
Voélvlei (Strobel et al., 2021), and C) Eilandvlei (Windsch et al., 2018). Grey shading indicates

period dominated by marine influence.
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The geochemical record (SiO2/Al>O3 and Zr/Al>03) from Whale Rock suggests that the period
3800 — 3200 cal yr BP may have been characterised by increased wind intensity and/or increased
aridity. This is generally supported by macrocharcoal data from the site, which suggests an
increase in the frequency of fires around this time (Ntsondwa, 2021). At Eilandvlei, a decrease in
afrotemperate forest pollen abundance suggests that relatively arid conditions prevailed 4700 to
3500 cal yr BP (Fig. 6.5B) (Quick et al. 2018). This is supported by increasing Al/Si values over
this period, which is interpreted to reflect enhanced aeolian flux (Windsch et al., 2018). At
Voélvlei, an abrupt shift in §*3Cp-aikane between 4050 and 3100 cal yr BP is interpreted to reflect a
shift towards more arid conditions (Strobel et al., 2021; Fig. 6.5C). The timing of this shift
compares well with inferred increases in aridity at Whale Rock from 3800 — 3200 cal yr BP.
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Figure 6.5 Comparison of aridity proxies from A) Whale Rock wetland (this study), B)
Eilandvlei (Windsch et al., 2018) C) Voélvlei (Strobel et al., 2021), and D) Eilandvlei (Windsch
et al., 2018). Grey shading indicates period dominated by marine influence.
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6.4 Climatic drivers

The climate dynamics of the YRZ are complex with influences from both the westerlies and
easterlies. Coastal areas are also influenced by oceanic drivers, such as the Agulhas Current
(Chase and Quick 2018). Due to this, the coastal southern Cape subregion (including the Whale
Rock, Eilandvlei, Voelvlei records) responds differently to the inland subregion (i.e. the

Seweweekspoort record; Chase et al. 2013, 2017) and differently to coastal sites in the WRZ.

The strong marine signals which characterise the bottom of WR1-1 limit the interpretation of any
palaeoclimate signals over the early Holocene. However, WR1-1 appears to reveal major
environmental changes over the mid to late Holocene, likely driven by changes in both
temperature and humidity. The geochemical record from Whale Rock and proxy records from
other coastal YRZ sites indicate that the period between ~4000 and 3000 cal yr BP was arid. A
possible mechanism for this could be related to a latitudinal shift in the westerly winds.
Reconstructions suggest that sea ice in the Southern Ocean declined dramatically across the 4000 —
3000 cal yr BP period from a Holocene maximum at ~4300 cal yr BP (Fig. 6.6B; Nielsen et al.,
2004). It is likely the westerlies may have shifted to a more poleward position during this period,
resulting in less winter rainfall (less frequent and/or less intense cold fronts) over the YRZ.
Isotope records from Cango Caves suggest that regional SSTs were relatively cool over this

period (Fig. 6.6BC, which may have served to further reduce moisture availability.

Another possibility is that the YRZ experienced lower rainfall over this period as a result of
reduced subtropical easterly flow. Several records from the east coast of South Africa provide
evidence for a major period of aridity ~2600 — 3800 cal yr BP (e.g., Humphries et al., 2019;
Miller et al., 2020; Humphries et al., 2020). Elemental data from Lake Muzi in northern
KwaZulu-Natal (Fig. 6.6 D) and a 6Dwax record from the Limpopo River Delta (Fig. 6.6E) both
point to the onset of more arid conditions in the coastal regions of the SRZ. This was most likely
associated with a reduction in the transport of moisture from the Indian Ocean across the
southeastern parts of South Africa. A weakening of this system would have resulted in reduced

summer rainfall at Whale Rock.
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Figure 6.6 Comparison of aridity indicator data (Zr/Al>O3) from Whale Rock (A) with other
palaeoclimate proxy records. B) Sea ice presence in the Southern Ocean (Nielsen et al., 2004),
C) 680 temperature reconstruction from Cango Caves(Talma and Vogel, 1992), D) Elemental
Ca/K record from Lake Muzi (Humphries et al., 2019), E) 6Dwax record from the Limpopo River

delta (Miller et al., 2020).
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Chapter 7: Conclusions

This study used a combination of inorganic elemental and stable isotope geochemical indicators
to provide insight into the palaeoenvironmental changes that have occurred at Whale Rock
wetland over the Holocene. Enrichments in Ca/Al,O3 and S/Al,O3 as well as §13C signatures
provide strong indicators of marine influence at the site which prevailed between 8350 and 6400
cal yr BP. Marine influence at the site declined sharply from ~6400 cal yr BP, likely associated
with sediment deposition and dune accretion, which served to reduce tidal influence at the site.
Enrichments in SiO2/Al.03 and Zr/Al,03 provide indicators for depositional energy and suggest
that the site transitioned to a sheltered back-barrier environment from ~6400 cal yr. This
promoted the accumulation of dominantly terrestrially- derived fine-grained material,
particularly from ~4500 cal yr BP. Tranquil depositional conditions are interrupted by a distinct
period of enrichment in SiO2/Al.03 and Zr/Al;O3 ratios between 3800 and 3200 cal yr BP,
which is interpreted to reflect enhanced aeolian influx under more arid climate conditions.
Recent palaeoenvironmental data from Eilandvlei and Voélvlei support such an interpretation
and suggest that a shift to more arid conditions during this time was likely a broad feature of the
climate in the coastal YRZ. The timing of this event corresponds with a marked decrease in
Antarctic sea ice and pronounced aridity along the east coast of South Africa, suggesting that
mid to late Holocene aridity in the YRZ was likely driven by declines in moisture from both

westerly and easterly wind systems.

The geochemical record from Whale Rock provides supporting evidence for understanding the
dynamic interactions of temperate and subtropical climate systems on the hydroclimate of the
YRZ over the mid to late Holocene. Other sedimentary proxies (e.g., pollen, phytoliths,
biomarkers) could potentially be used to extract additional palaeoenvironmental information to

corroborate the interpretations presented in this study.
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Appendix

Table 1 XRF data
Ez;ﬁ’qt)h (Ca@?reBP) Si02(%) | Fe:Os(%) | ALO:(%) | CaO (%) | TiO2(%) | K0 (%) | S (@) (p[s)rm) (pirrn) '(;)/?))'
50 66 50,43 85 16,33 187 0,93 232 0,64 129 88 4278
90 61 268 513 1518 222 0.9 222 052 107 68 32,39
12,0 58 5513 48 19,87 175 102 24 041 131 102 | 3390
14,0 47 40,68 431 13,34 229 071 192 0,58 76 38 4920
175 29 26,61 144 6.22 114 0.19 0,58 0,90 31 2 63,02
19,0 50 4719 3.65 11,44 333 05 13 212 69 27 67,22
22,0 264 50,72 4,66 1211 411 0.65 152 249 126 25 6737
235 372 56,14 56 14,67 376 0.74 172 185 210 89 57,01
255 555 53,98 50 13,68 301 038 166 0,62 258 138 | 4040
275 745 59,22 4,98 1518 318 0,79 162 0,68 276 41 | 3815
295 908 62,01 484 15,98 328 0.78 163 0.84 322 163 | 49.70
31,0 1034 60,08 501 1515 3.16 0.75 154 0.87 326 194 | 3780
34,0 1313 541 455 13,48 203 0,69 144 073 338 195 | 3853
36,0 1495 63,69 485 16,39 333 0.78 158 0,01 347 182 | 3842
38,0 1653 58,92 5,66 1458 327 0.76 155 0.96 312 168 | 4030
410 1915 59,38 6.22 16,77 4,09 0.7 139 0.78 39 132 | 3647
430 2062 3218 432 8,09 273 0.39 0.71 047 196 61 7117
450 2167 4737 82 11,89 4,95 0,67 117 0.83 443 137 | 4633
470 2306 50,08 546 12,65 533 07 127 0,97 498 142 | 4544
51,0 2534 56,1 443 14,78 423 0.7 133 0,94 422 180 | 3870
53,0 2627 60,03 3.85 15,75 39 038 135 115 370 188 | 36,11
55,0 2728 51,04 3.96 11,36 55 0,65 122 253 429 195 | 3490
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57,0 2839 58,24 3,7 13,66 3,98 0,69 1,24 3,41 253 288 48,78
59,0 2949 56,25 3,32 11,45 2,65 0,65 1,16 2,01 197 230 34,91
61,0 3058 57,87 3,73 10,97 4,29 0,54 1,04 4,69 242 166 31,55
65,0 3270 53,77 2,51 3,99 6,47 0,24 0,37 4,86 382 182 45,94
67,0 3376 51,83 6,85 6,47 4,47 0,38 0,81 571 186 138 36,33
69,0 3485 49,01 3,2 6,26 7,99 0,3 0,78 5,24 331 194 47,06
710 3587 34,75 4,17 5,55 10,9 0,37 0,96 4,47 402 229 33,39
73,0 3693 55,63 3,47 6,63 4,75 0,33 0,74 4,97 196 164 27,12
75,0 3816 39,93 5,89 5,57 6,49 0,36 0,7 9,48 228 57 31,40
77,0 3930 44,98 6,17 7,96 5,94 0,38 0,95 8,64 251 81 62,49
79,0 4042 29,06 7,6 5,61 57 0,36 0,96 7,48 222 105 56,19
81,0 4162 37,93 9,39 74 4,56 0,43 1,14 6,56 190 76 51,59
83,0 4271 34,67 11,38 6,67 6,01 0,37 0,91 9,45 160 84 51,83
85-87 44445 22,82 10,73 3,86 9,31 0,22 0,53 14,44 285 44 57,01
89,0 4608 14,97 8,59 2,45 12,35 0,12 0,32 17,69 193 20 73,26
92,0 4769 14,24 5,86 2,81 13,38 0,13 0,37 20,74 340 31 76,78
101,0 5279 19,78 9,28 4,57 11 0,27 0,63 16,83 397 48 75,21
103,5 5421 20,6 12,66 4,55 10,39 0,27 0,56 14,70 197 27 82,91
109,0 5750,5 12,6 3,14 3,32 14,88 0,12 0,62 23,23 315 26 57,19
115,0 6106,5 243 8,52 52 9,22 0,31 0,83 13,97 214 39 84,64
120,0 6322 46,23 7,42 6,21 4,99 0,43 0,94 7,38 166 59 76,12
123,5 6379 34,21 4,19 2,97 17,17 0,21 0,56 1,77 352 55 69,82
1255 6401 26,33 3,29 2,16 25,01 0,13 0,5 8,02 572 78 80,51
127,5 6422 22,55 34 2,15 27,59 0,14 0,6 7,41 485 53 85,99
129,0 6438 32,74 4,58 3,05 20,27 0,15 0,62 9,11 415 53 84,45
1315 6462 44,91 59 3,59 10,55 0,26 0,55 9,45 244 52 88,60
133,5 6481 28,51 3,79 2,63 22,69 0,16 0,63 7,55 459 76 50,31
1355 6501 215 2,77 2,08 29,69 0,14 0,68 6,79 644 64 85,96
137,0 6515 23,17 2,8 2,17 29,59 0,14 0,63 7,07 605 69 76,27
139,0 6534 19,75 2,15 1,72 34,36 0,14 0,68 5,59 662 77 69,86
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1415 6560 18,84 2,05 1,72 35,17 0,14 0,66 6,24 691 66 63,95
143,0 6575 20,19 2,06 1,76 34,09 0,13 0,66 5,62 591 49 54,42
145,0 6597 19,87 2,1 1,82 33,42 0,14 0,65 5,70 682 67 31,07
147,0 6617 18,65 2 161 34,71 0,13 0,59 5,59 690 58 36,23
148,5 6632 18,41 2,23 1,76 34,71 0,14 0,61 5,96 633 58 45,93
153,0 6678 9,83 2,45 171 38,42 0,14 0,76 7,83 865 70 50,31
155,5 6704 11,86 2,96 1,97 35,38 0,14 0,78 8,13 850 73 42,57
157,0 6719 11,22 2,74 181 35,71 0,14 0,74 7,78 739 60 36,00
159,0 6741 11,56 3,09 2,09 36,07 0,14 0,77 7,91 806 64 31,72
161,0 6761 18,37 2,19 1,67 34,19 0,13 0,66 5,92 688 68 31,72
164,0 6792 15,68 7,36 3,08 21,46 0,19 0,77 11,64 366 45 32,40
169,0 6845 17,9 3,44 2,22 29,69 0,16 0,68 8,27 496 55 30,46
171,0 6865 16,38 3,25 2,07 30,89 0,15 0,66 7,95 598 64 30,28
173,0 6885 16,86 2,22 1,69 34,26 0,15 0,63 6,42 652 66 30,14
175,0 6903 17,46 2,33 1,77 34,98 0,15 0,66 6,46 705 72 53,10
177,0 6922 18,06 2,23 18 35,89 0,14 0,71 6,47 680 77 35,17
179,0 6942 17,78 2,1 1,65 35,38 0,14 0,66 5,69 744 75 33,69
183,0 6983 17,97 2,13 1,62 35,67 0,14 0,67 5,80 700 68 35,90
185,0 7003 17,34 2,12 1,6 35,78 0,13 0,64 5,55 642 64 35,44
187,0 7023 19,32 2,08 1,68 34,86 0,14 0,63 5,66 734 75 36,50
189,0 7045 17,41 2,07 16 35,27 0,15 0,65 5,68 701 71 39,83
191,0 7065 10,45 2,6 1,66 35,05 0,13 0,72 7,62 724 60 60,42
193,0 7086 18,29 2,08 1,62 34,93 0,14 0,62 6,05 711 69 72,66
195,5 7113 18,78 1,92 1,58 34,27 0,14 0,62 5,35 707 68 42,86
197,0 7128 20,19 1,98 1,68 33,4 0,13 0,63 5,98 595 70 40,46
199,0 7149 18,97 1,97 1,54 34,94 0,15 0,61 5,14 713 69 30,03
201,0 7170 44,98 1,23 2,25 14,08 0,15 0,36 6,21 318 54 33,32
207.0 7233 19,23 1,05 3,53 12,79 0,12 0,65 22,31 175 18 32,19
214,0 7301 21,76 1,79 6,28 13,05 0,23 0,84 18,11 207 114 29,68
223,0 7392,5 27,13 1,49 3,2 11,5 0,16 0,66 16,64 249 45 33,19
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230,0 7464,5 16,72 2,56 4,73 15,82 0,15 0,8 19,18 297 26 28,67
235,0 7529,5 15,82 2,35 515 12,61 0,24 0,89 15,19 209 22 45,13
2410 7589 191 1,83 4,06 12,93 0,17 0,69 17,35 235 22 21,57
247,0 7652 17,56 2,66 3,54 14,2 0,14 0,7 21,71 250 22 30,74
252,0 7703,5 15,55 115 3,06 16,56 0,12 0,55 24,28 331 40 29,42
258,0 7764,5 17,82 0,81 3,07 15,47 0,13 0,69 23,21 244 20 28,25
263,0 7812 22,2 101 3,42 14,88 0,15 0,59 21,85 367 39 27,83
268,5 7869 65,44 0,79 3,65 4,83 0,13 0,34 6,59 165 140 27,90
273,0 7934 47,51 0,72 3,26 14,58 0,14 0,44 4,15 337 109 30,28
275,0 7962 60,62 0,69 2,8 9,92 0,11 0,32 2,16 355 125 85,22
277,0 7996 50,83 0,64 2,15 15,71 0,16 0,39 1,06 446 134 83,69
279,0 8037 52,01 0,61 2,06 13,98 01 0,32 0,83 490 78 82,30
281,0 8075 56,04 0,63 2,11 15,94 0,17 0,36 0,84 551 100 16,30
283,0 8112 52,32 0,64 1,85 15,64 01 0,33 0,91 483 95 72,17
285,0 8153 55,86 0,57 1,71 15,6 0,13 0,29 0,87 530 80 82,44
287,0 8193 42,83 0,68 19 19,23 0,14 0,37 1,14 571 81 93,11
289,0 8232 59,01 0,64 2,13 12,58 0,12 0,33 1,00 462 69 86,23
293,0 8314 69,11 0,62 2,64 12,73 0,11 0,31 0,80 545 79 85,78
295,0 8353 62,55 0,59 2,21 15,18 0,09 0,33 0,73 569 79 85,72
296,5 8388 65,93 0,58 2,26 12,45 0,09 0,32 0,70 484 66 74,38
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Table 2 Stable isotope data

(Cal'i‘/?,eBP) 313C (%) | 815N (%0) | C:N ratio
66 -27,79 2,81 18,04
58 -27,05 2,94 16,95
29 -26,19 2,85 16,64
50 -26,14 2,62 16,67
264 25,97 2,64 16,39
372 -25,15 2,40 17,35
555 -22,66 2,29 18,12
745 21,92 2,05 17,91
908 -21,88 211 17,11

1034 22,62 2,24 17,74
1313 22,01 2,35 17,08
1495 21,82 221 16,99
1653 -22,69 2,20 17,83
1915 24,44 0,73 25,61
2062 -24,68 0,77 28,80
2167 24,84 0,60 30,45
2306 24,92 0,44 29,03
2534 -25,36 0,31 25,35
2627 2521 0,52 25,10
2728 25,73 0,64 21,85
2839 -26,11 0,59 18,09
2949 -26,29 1,01 15,96
3058 -26,49 1,34 15,47
3270 -26,78 1,08 15,81
3376 -26,93 1,31 15,90
3485 -26,46 0,94 15,52
3587 -26,89 1,00 16,74
3693 -27,08 1,34 17,41
3816 -27,45 1,30 19,40
3930 27,51 0,38 20,86
4042 -27,39 0,30 21,54
4162 -27,40 0,79 21,31
4271 -27,59 0,98 21,72
44445 27,85 0,26 21,18
4608 27,63 1,17 23,16
4769 -28,00 1,50 24,33
5279 -27,53 -1,09 23,74
5421 28,24 1,58 22,31
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5750,5 -27,81 -1,26 22,82
6106,5 -28,07 -1,19 29,77
6322 -21,77 -0,78 3151
6379 -27,91 -0,64 27,30
6401 -28,26 -0,56 25,19
6422 -28,55 -0,87 27,13
6438 -28,62 -0,67 26,53
6462 -28,01 -0,52 25,58
6481 -26,96 -0,74 26,95
6501 -23,49 -1,23 17,79
6515 -20,81 -0,45 15,85
6534 -21,36 0,21 16,50
6560 -20,30 0,11 16,25
6575 -19,53 0,22 15,83
6597 -19,52 0,16 15,61
6617 -19,38 0,32 15,94
6632 -19,63 0,37 16,43
6678 -27,48 1,94 16,83
6704 -21,22 2,07 17,71
6719 -23,73 -0,64 13,80
7003 -19,92 -0,23 15,78
7170 -19,16 0,11 16,42
7301 -28,25 0,93 19,25
7392,5 -26,89 -1,27 19,07
7589 -28,57 -0,40 20,25
7652 -28,74 -0,47 24,68
7703,5 -28,92 -1,47 30,43
7869 -29,28 -0,75 35,17
7934 -27,95 2,41 24,68
7962 -26,22 1,55 25,97
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