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Abstract

During the Plio-Pleistocene, the Earth experienced a period of gradual cooling, leading to a
decrease in atmospheric temperature and increased seasonality. This resulted in the aridification
of large parts of Africa, and this is believed to have encouraged human evolution and
innovation. Palaeoenvironmental analyses using sediment deposits as palaeoclimate proxies in
the Cradle of Humankind have been used to understand the timing and intensity of this
aridification by determining how changes in environmental conditions and seasonal cycles
affected the South African landscape. These changes are recorded within the carbon and
oxygen isotopic signatures of speleothems, which have precipitated within the Sterkfontein
Caves system. The aim of this study is to understand the degree to which modern speleothems
represent the modern climate and environment, and thereby deduce the reliability of
speleothem deposits in the Sterkfontein Caves system as palaeoclimate proxies. Samples of
modern speleothems were collected from different chambers of the Sterkfontein Caves, along
with the collection of modern drip water samples bi-weekly over a period of 14 months.
Oxygen and carbon stable light isotope analyses of these modern speleothem and drip water
samples were used to obtain modern temperature, precipitation and vegetation data. These data
were then compared to modern climatic and environmental records for atmospheric
temperatures and precipitation from weather stations around the Sterkfontein Caves area. The
313C trends produced from the modern speleothem samples reflected the current vegetation
distribution in terms of C4 and Cs vegetation very well, while the temperatures calculated from
the 5'80 values of the modern speleothem and drip water samples displayed variations related
to kinetic fractionation effects, rendering these data less useful in reflecting the current
atmospheric temperatures. The 580 values of the drip water samples, along with the measured
drip rate reflected current precipitation seasonality, taking into account groundwater residence
time and recharge rate. The conditions within the cave conducive to formation of the
speleothems was well reflected by the pH and electro-conductivity values produced from the
drip water samples. These values also provided further insight into the exterior climatic

conditions.

Overall, the carbon and oxygen stable light isotope data revealed patterns present in the
modern speleothem and drip water samples, which could be further related to changes in local
climate during the precipitation of these modern speleothems from drip water sources. This, to
a certain degree, provides evidence of the reliability of speleothems in the Sterkfontein Caves

system as suitable palaeoclimate proxies with regards to vegetation and precipitation



interpretations, over a longer term scale and at higher sampling resolution.
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Chapter 1

A general overview of the Cradle of Humankind and the associated palaeontological
discoveries is provided in Section 1.1 of this chapter, followed by the project rationale and a
description of the research question pertinent to this study, as well as the significance and
overall aims of the research (Sections 1.2 to 1.3). Section 1.4 provides a description of the

overall structure of the presented study.

1.1 Introduction

The Cradle of Humankind comprises fossil-bearing cave sites, and is situated 40km northwest
of Johannesburg, South Africa, encompassing an area of around 47 000 hectares (Figure 1.1).
It was declared a World Heritage Site in 2000, due to the famous Plio-Pleistocene hominin
fossil discoveries in the caves of Sterkfontein, Swartkrans and Kromdraai, and the associated
fauna (Hilton-Barber & Berger, 2002). Several genera and species of hominins have been
discovered in the cave sites, including Australopithecus africanus, A. sediba, Paranthropus
robustus, A. prometheus, early Homo, and H. ergaster (Brain, 1993; Tobias, 2000; Dirks &
Berger, 2012; Clarke, 2013). The discovery of these hominin fossils has contributed greatly to
our understanding of hominin evolution (Dart, 1925; Broom, 1936; Robinson, 1953; Clarke,
1985; Berger et al., 2010), and has contributed to the development of a diverse range of

palaeontological studies.
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Fig. 1.1: Locality map showing Sterkfontein Caves in the Cradle of Humankind. Modified after: Stratford (2011).



1.2 Rationale and Research Question

The Earth experienced numerous climatic fluctuations and shifts in variability during the
Plio-Pleistocene (approximately 5.3 — 0.7 Ma (million years ago)), which resulted in an
overall decrease in global atmospheric temperatures and increased seasonality, due to a
global period of gradual cooling (de Menocal, 2004; Shackleton et al., 1984; Kennett,
1995; Reynolds, 2007). It has been suggested that these climate fluctuations precipitated
important evolutionary changes with regard to African fauna and flora, including key
stages of human evolution and innovation (de Menocal, 2004; Reynolds, 2007).
Palaeoenvironmental analyses using speleothems as palaeoclimate proxies have been used
to understand these climatic variations by determining how changes in environmental
conditions and seasonal cycles affected the South African landscape (Gascoyne, 1992;
Talma & Vogel, 1992; Ayliffe et al., 1998; Dorale et al., 1998; Moriarty et al., 2000;
Holmgren et al., 2003; Richards & Dorale, 2003; Tan et al., 2003; Vaks et al., 2003;
Fleitmann et al., 2004; McDermott, 2004; Mickler et al., 2004; White, 2004; Cruz et al.,
2005; Nordhoff, 2005; Hopley et al., 2007; Sundqvist et al., 2007; Pickering et al., 2011,
Tremaine et al., 2011). These changes may be recorded within the carbon and oxygen
isotopic signatures of speleothems which have precipitated within the cave systems of the
Cradle of Humankind (Talma & Vogel, 1992; Ayliffe et al., 1998; Dorale et al., 1998;
Moriarty et al., 2000; Holmgren et al., 2003; Richards & Dorale, 2003; Vaks et al., 2003;
Mickler et al., 2004; White, 2004; Pickering et al., 2011). Oxygen and carbon stable light
isotope data produced from the analysis of speleothems provides information regarding
atmospheric temperatures, precipitation events, and the distribution of vegetation during
the precipitation of the speleothems, allowing for complex palaeoclimate and
palaeoenvironmental reconstructions to be completed (Gascoyne, 1992; Dorale et al.,
2002; Vaks et al., 2003; Fleitmann et al., 2004; McDermott, 2004; Mickler et al., 2004;
Lachniet, 2009). Determining the level of accuracy and reliability in the use of
speleothems as palaeoclimate proxies is therefore important in order to assess the
reliability of the palaeoenvironmental and palaeoclimatic reconstructions produced from
this analysis. This study questions the extent to which modern climatic reconstructions
produced from the oxygen and carbon stable light isotope analysis of modern speleothem
and drip water samples reflects current climatic and environmental conditions, in order to

determine the reliability of speleothems as palaeoclimate proxies.



1.3 Significance of Research and Aims

Oxygen and carbon stable light isotope analysis of speleothems has been used in the past in
order to obtain precipitation, temperature and vegetation data (Vaks et al., 2003; Fleitmann et
al., 2004; McDermott, 2004). These data have then been used for palaeonvironmental and
palaeoclimate reconstructions of the Quaternary and compared to global, regional, and local
records of climate change during that period. de Menocal (2004) had suggested that more arid
and open environments existed in Africa from 2.8 Ma, and many palaeoclimate and
palaeoecological work has been done in East Africa showing a similar pattern (Cerling, 1992; de
Menocal, 1995; Dupont & Leroy, 1995; Clemens et al., 1996; Bobe, 2006; Fernandez & Vrba,
2006), but conditions particular to South Africa may vary in this regard (Talma & Vogel, 1992;
Avery, 2001; Holmgren et al., 2003; Hopley et al., 2007).

This research will include the analysis of oxygen and carbon stable light isotopes from modern
speleothem examples as well as from drip water sources, and comparing the precipitation and
temperature data produced from this analysis with modern records for local temperatures and
mean annual rainfall. Vegetation data produced from carbon isotope analysis of speleothems
will be compared to current vegetation cover and overall floral environment of the environment
above the cave system. This will produce an indication of whether modern examples of
speleothems are reliable sources of precipitation, temperature and vegetation data, and
therefore whether speleothems produce reliable environmental and climatic reconstructions.
These results will be used to ascertain whether ancient speleothems are reliable
palaeoclimate proxies. The overall aim of this study is to understand the degree to which modern
speleothems represent the modern climate and environmental conditions by using stable light
isotope analysis of oxygen and carbon from modern speleothem samples from Sterkfontein

Caves to provide temperature, precipitation and vegetation data.

The main aims of this study are:

1. To ascertain whether modern speleothems are reliable sources of precipitation,

temperature and vegetation data in terms of the current environment and climate.

2. To ascertain from the comparison of climatic data produced from the modern
speleothems and the current environment whether ancient speleothems would be

reliable palaeoclimate proxies.



1.4 Dissertation Structure

Chapter 1 includes an overall introduction to the study, including the research question,
research rationale, and significance and aims of the research. Chapter 2 provides a detailed
background to the study, which includes a literature review. Chapter 3 details the methodology
and materials used in conducting this study. Chapter 4 provides a detailed description of the
results produced from the study. Chapter 5 discusses these results in detail and provides
interpretations for the results produced, and Chapter 6 provides overall interpretations and

conclusions. This is followed by an extensive reference list, and a series of appendices.



Chapter 2
Background

The introduction to this chapter provides a brief overview of the history of the excavations
undertaken in the Cradle of Humankind, particularly at Sterkfontein Caves, as well as an
overview of the important palaeontological and archaeological discoveries from Sterkfontein
Caves. These discoveries are described in order to reveal the palaeontological and
archaeological context of this study. This introduction (Section 2.1) is followed by a description
of the overall geological and stratigraphic context of the Sterkfontein Caves in Section 2.2,
providing detailed descriptions of the six stratigraphic members comprising the Sterkfontein
Formation, as well as the caverns and chambers located in the Sterkfontein site in Section 2.2.1.
A description of the dating of cave deposits follows this in Section 2.2.2., followed by a detailed
description of speleothem deposits in Section 2.2.3 and the overall formation of cave deposits
in Section 2.2.4. Section 2.3 provides a detailed description of Cenozoic palaeoclimates and
human evolution with regards to palaeoclimatic variations, particularly within the Cradle of
Humankind. Section 2.3.1 provides detailed descriptions of Cenozoic palaeoclimates and the
evolution of humans in Africa, particularly in southern and eastern Africa. This is followed by
an overview of the faunal and floral evolution in Africa during the Cenozoic in Section 2.3.2.
Section 2.3.3 details the Cenozoic palaeoclimate record with particular reference to the Cradle
of Humankind, and is followed by a description of human evolution with regard to
palaeoenvironments in Section 2.3.4, with particular reference to hypotheses proposed for
human evolution in the context of palaeoenvironmental change. Section 2.3.5 provides a
detailed description of speleothem deposits and the analysis thereof, including examples of
studies conducted by Ayliffe et al. (1998), Moriarty et al. (2000), Pickering et al. (2011) and
Hopley et al. (2007), using speleothems as palaeoclimate proxies. Section 2.4 describes
numerous methods used in the analysis and reconstruction of palaeoenvironments and
palaeoclimates, and details various analyses including climate analyses, carbon stable light
isotope analyses, speleothem drip water analyses, oxygen stable light isotope analyses, dust
flux analyses, as well as numerous other methods of palaeoenvironmental analysis (Sections
2.4.1t02.4.5).



2.1 Introduction

Excavation of the cave sites in the Cradle of Humankind began in the late 1890s, when
limestone miners discovered fossils in the caves and brought them to the attention of scientists
(Berger & Tobias, 1994; Curnoe, 2010; Herries et al., 2010; Pickering & Kramers, 2010). Since
then, the Cradle of Humankind has been the subject of numerous studies, including studies
undertaken on the stratigraphy, sedimentology and lithostratigraphy of the caves (Butzer, 1976;
Partridge, 1978, 1982, 2000; Clarke, 1994). These studies have resulted in the division of the
cave deposits of Sterkfontein, Swartkrans and Kromdraai into numerous members based on the
colour, grain size and calcium carbonate content of the sediments in the caves (Partridge, 1978,
1979, 1982).

The first adult Australopithecus specimen (TM1511) was discovered on 17 August 1936 at the
Sterkfontein cave site by Robert Broom (Broom, 1936; Stratford, 2011; Clarke, 2013), who
initially named it A. transvaalensis (Broom, 1936). This was changed to A. plesianthropus after
the 1938 discovery of a juvenile sympheseal fragment (Broom, 1938). An extensive number of
other Australopithecus fossil discoveries at Sterkfontein include large toothed males and
smaller toothed females (Clarke, 2013; Tobias, 1973). Robinson (1954) grouped all these
discoveries into the A. africanus species in 1954, and in 1972 he attempted to move them to
the genus Homo, which was rejected. In 1947, Robert Broom discovered an almost complete
A. africanus adult female, or possibly male skull, which was initially named Plesianthropus
transvaalensis (‘Mrs Ples’), which was later absorbed into A. africanus (Tobias & Hughes,
1977; Curnoe, 2010; Herries et al., 2010; Pickering & Kramers, 2010; Pickering et al., 2011).
In 1948, Raymond Dart discovered hominin fossils at Makapansgat, which he named
Australopithecus prometheus. Since then, numerous fossil discoveries have been attributed to
this species, as well as to the A. africanus species (Tobias, 1973; Berger & Tobias, 1996;
Clarke, 2013). Tobias and Hughes (1969) renewed excavations at Sterkfontein in 1966, and
excavations have been continually maintained to date (Tobias, 1973). During this time,
numerous other hominin fossils have been discovered at Sterkfontein, including a hominin
cranium, a maxilla with teeth as well as loose teeth, all discovered in situ (Tobias, 1973).
Ronald Clarke discovered a third almost complete Australopithecus skeleton in 1997 in the
Sterkfontein caves (Clarke, 1998). This Australopithecus skeleton is the most complete
hominin skeleton ever discovered. These hominin discoveries contributed to the overall study
and characterization of the stratigraphic layers and palaeoenvironments with regard to hominins

within the Cradle of Humankind, and particularly within the Sterkfontein Caves.
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Excavations at Sterkfontein Caves have yielded enormous faunal assemblages and the only
floral fossil remains yet found in the Cradle of Humankind (Bamford, 1999). The faunal
remains have allowed for detailed stratigraphic analysis of the host deposits, as well as
providing one of the earliest means of dating associated hominin fossil remains (Partridge,
1982; Vrba, 1982, 1995; Stratford, 2011). Fossil wood has been recovered from the Member 4
deposits in the Sterkfontein Caves (Bamford, 1999). Numerous stone tools have also been
recovered from the Sterkfontein cave site, including stone tools from the Oldowan and
Acheulean industries (Brain, 1958; Tobias, 1973; Stiles & Partridge, 1978; Clarke, 1985;
Kuman, 1994a, b, 1996, 1998). Assemblages from the Earlier Stone Age, as well as from the
Middle Stone Age have been recovered from Sterkfontein, and this has been interpreted to
show that hominins regularly visited the Sterkfontein site for tool making purposes (Reynolds
& Kibii, 2011).

2.2 Geology and Stratigraphy
2.2.1 General Geology and Stratigraphy

The caves of the Cradle of Humankind have formed within Late Archean age (2.5-2.6 Ga)
Malmani Subgroup dolomite, deposited under epeiric conditions in the intracratonic Transvaal
Basin (Button, 1973; Martini et al., 2003; Stratford, 2011) (Figure 2.1). The Malmani
Subgroup, in which the caves have formed, has been divided into five formations (Oaktree,
Monte Christo, Lyttelton, Eccles and Frisco Formations) (Eriksson & Truswell, 1974,
Eriksson et al., 2006), based on the abundance of chert present in each sedimentary unit
(Martini et al., 2003). The Sterkfontein Formation extends across the lithological boundary
between the Oaktree Formation and Monte Christo formation (Martini et al., 2003; Stratford,
2011). The sedimentary infills of the cave have recorded landscape, environment, and
hominin evolution over approximately 3 Ma (Partridge et al., 2003). Initial work on the
sediments of the Cradle of Humankind lead to the interpretation that the sediments were
deposited in a ‘layer- cake’ manner (Partridge, 1978), and comprised 6 sedimentary members
(Members 1-6; M1-M6). All faunal and hominin assemblages are currently referred to by which

member they were excavated from.
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Fig. 2.1: Map showing the regional geology surrounding the Cradle of Humankind World Heritage Site, including the

location of the Sterkfontein Caves site. Adapted from Obbes, 2000.
The basal unit of the Malmani Subgroup is the Oaktree Formation, which is 180m thick and is
characterised by very chert-poor sediments. The Monte Christo Formation overlies the Oaktree
Formation, and is a 700m thick chert-rich unit, with oolitic beds at the base of the formation.
This formation also hosts the Lincoln and Fault caves. The Sterkfontein Formation straddles
the boundary between these two formations (Martini et al., 2003; Stratford, 2011). The strata
here have a dip of about 30° north-west. A long, subvertical, silicified fault exists in the cave
system, trending North-South (Martini et al., 2003). Numerous dolerite dykes and sills have
been identified in the area around the Sterkfontein Cave system, but none occur within the cave

system itself. A dolerite sill occurs just below the cave system (Martini et al., 2003).

The Sterkfontein Cave System comprises an interconnected network of passages and channels
which formed as a result of the dissolution of host rock material along joints and fractures,
accompanied by ceiling collapse (Stratford, 2011) (Figure 2.2). These channels and passages
amount to approximately 5.23km (Martini et al., 2003). Cooke (1938) conducted the first

geological studies on the deposits at the Sterkfontein Cave System. Deposits at Sterkfontein
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were initially characterised as a single, conformable breccia (Brain, 1958), and later interpreted
as numerous distinct breccia bodies. Three disparate breccia bodies were initially recognized
by Robinson (1962), namely a pink Lower Breccia, which hosts numerous Australopithecus
fossils, a reddish-brown Middle Breccia, hosting stone tools, and a dark brown Upper Breccia,
which is the youngest deposit of the three described. Robinson (1962) also proposed that the
initial infill of material collapsed into deeper areas within the cave systems (Robinson, 1962;
Martini et al., 2003). More recent studies have proposed a model of successive sequences of
talus cone deposits, or the sedimentary infilling of separate caverns, in place of the model
of layer cake deposition comprising six sedimentary units (Partridge, 2000; Reynolds & Kibii,
2011) (Figure 2.2).
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Fig. 2.2: North-south section of Sterkfontein showing the stratigraphy and relative locations
of the 6 members From Clarke (2006).

Member 1 is a sterile deposit which formed while the cave entrances were closed or very small
(Partridge, 2000; Martini et al., 2003; Reynolds & Kibii, 2011). It is exposed on the floor of
the Silberberg Grotto, overlying a dolomitic floor and underlying Member 2 (Ogola, 2009;
Reynolds & Kibii, 2011), and is also exposed as a hanging remnant in some of the younger
chambers, such as the Name Chamber (Partridge, 2000; Martini et al., 2003; Reynolds & Kibit,
2011).
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Member 2 is exposed within the Silberberg Grotto in the Sterkfontein Cave system. It
unconformably overlies Member 1, and comprises two distinct sedimentary facies. Member 2
comprises silty sand, as well as fossiliferous breccias containing highly calcified sediments with
variably sized chert and dolomite blocks (Martini et al., 2003; Reynolds & Kibii, 2011; Stratford,
2011). A flowstone layer separates Member 1 and Member 2 in some locations. Member 2 has
also produced the most complete and oldest Australopithecus hominin skull (StW 573) in

association with its skeleton (Ogola, 2009).

The Jacovec Cavern has been inferred to be contemporaneous with Member 2 deposits
(Partridge et al., 2003), and hosts some of the deepest fossil-bearing deposits in the system,
having yielded 11 Australopithecus specimens in addition to other non-hominid fauna
(Wilkinson, 1983, 1985; Kibii, 2000; Reynolds & Kibii, 2011). The cavern comprises two
different fossil-bearing breccia deposits (Reynolds & Kibii, 2011). The older Orange Breccia
was deposited first, and following its deposition, collapsed onto the cavern floor. In situ
remnants of the Orange Breccia can be found as hanging remnants in the cavern. (Partridge et
al., 2003; Reynolds & Kibii, 2011). Following the collapse and erosion of the Orange Breccia,
the Brown Breccia was deposited as a talus cone. Partial slumping and collapse of the Brown

Breccia resulted in some mixing of the two deposits (Reynolds & Kibii, 2011).

Member 3 comprises the largest deposit within the Sterkfontein Cave System, and exhibits
localized areas of fossiliferous material (Ogola, 2009). It comprises reddish-brown clayey, silty
sand overlying a flowstone layer (Martini et al., 2003). Member 3 is exposed primarily in the
Silberberg Grotto (Martini et al., 2003) (Figure 2.3).

Member 4 is a very large deposit located towards the eastern end of the exposed breccias at the
surface of the Sterkfontein Cave system (Ogola, 2009; Pickering & Kramers, 2010) (Figure
2.3). Member 4 is subdivided into four stratigraphic beds, namely Bed A, B, C and D, which
comprise a large amount of calcified sediments (Partridge, 1978). These beds are all exposed
in the Type Site (the north-eastern part of Member 4) and in the Lower Cave within
Sterkfontein Caves (Beds A, C and D) (Reynolds & Kibii, 2011). Bed B is also exposed in the
lower levels of the ‘Extension Site’ (Ogola, 2009; Reynolds & Kibii, 2011). Both Beds B and
C have yielded Australopithecus specimens and the Sts 5 specimen ‘Mrs Ples’ was recovered
from Bed C (Partridge, 1978; Reynolds & Kibii, 2011). Member 4 has proven to be an
important deposit with regard to the recovery of Australopithecus specimens (Kibii & Clarke,
2003; Kibii, 2004; Ogola, 2009; Kibii et al., 2011; Stratford, 2011), and has also yielded the
only fossil wood from the cave site (Bamford, 1999). Recent studies have also suggested that
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Member 3 deposits may in actual fact be distal deposits of Member 4 (Pickering & Kramers,
2010; Stratford, 2011). If confirmed, the volume of Member 4 deposits would be much larger
than previously thought. It would also account for the great palaeoenvironmental variation
currently observed in Member 4, as the deposit would have accumulated over a longer period
of time (Reynolds & Kibii, 2011).

The Name Chamber comprises the Silberberg Grotto and the Milner Hall cavern, as well as
numerous interconnecting passages, and lies directly beneath Member 5 (Clarke, 1994,
Stratford et al., 2012).The Name Chamber comprises a large collapsed talus cone consisting of
two allogenic deposits, namely the Eastern and Western Talus cones (Clarke, 1994; Reynolds,
2003; Reynolds & Kibii, 2011), as well as a central deposit which includes a mixture of
Member 2 deposits hosting the StwW 573 ‘Little Foot’ fossils, Member 3 deposits, the
Australopithecus bearing Member 4 deposits, Oldowan bearing Member 5 deposits and
sediments from the western extremity of the Lincoln-Fault Cave System (Stratford, 2011,
2012). Member 1 deposits are also found here, as well as throughout the entire cave system
(Clarke, 2006). Infilling encompasses three distinct phases, namely the Ancient Brecciated
Deposit, followed by the Old Brecciated Deposit, and lastly the Younger Soft Deposit
(Straford, 2011; Stratford et al., 2012).

The Member 5 deposit rests unconformably on Member 4 (Figure 2.3), and comprises three
almost geologically uniform units of loam and rock debris (Martini et al., 2003; Stratford,
2011). The Member 5 deposits are exposed from the ‘Extension Site’ to the western end of the
Type Site (Robinson, 1962; Partridge, 1978; Reynolds & Kibii, 2011; Stratford, 2011) (Figure
2.3). These three units include the StW 53, the Member 5 East deposit and the Member 5 West
deposit (Kuman & Clarke, 2000; Ogola, 2009). These infill deposits are fossiliferous, and the
Member 5 East infill deposit hosts one of the earliest records of Oldowan industry stone tool
use in southern Africa (Reynolds & Kibii, 2011). Numerous Paranthropus robustus fossils
have also been recovered from the Member 5 East infill deposit (Reynolds & Kibii, 2011,
Stratford, 2011). The Member 5 West deposits contain stone tool artefacts from the Acheulean
industry (Kuman, 1994a, b, 1998; Reynolds & Kibii, 2011; Stratford, 2011). The StW 53 infill
deposit is also the host deposit in which the StwW 53 cranium was discovered (Hughes & Tobias,
1977).
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Fig. 2.3: Profile through a section of the Sterkfontein Caves site showing the relationships between members 4 and
5 exposed at the surface, and members 1, 2 and 3 exposed in the Silberberg Grotto and Jacovec Cavern. From
Reynolds & Kibii, 2011, redrawn after Clarke, 2006.

Member 6 represents a relatively small, unexcavated hanging remnant of the original deposit
overlying a flowstone layer capping the Member 5 West deposit (Robinson, 1962; Brain, 1981,
Kuman & Clarke, 2000; Ogola, 2009; Reynolds & Kibii, 2011). Member 6 is interpreted to
have filled in a small space between the dolomitic roof and the Member 5 breccias, prior to the
erosion of a channel situated between Member 5 East and West, in the northern area (Ogola,
2009). Following this, the channel was infilled with the Post-Member 6 infill (Kuman &
Clarke, 2000; Ogola, 2009).

The Post-Member 6 infill, or L/63 infill comprises the youngest breccia deposit exposed at the
surface of the Sterkfontein Cave System excavations (Kuman & Clarke, 2000; Reynolds &
Kibii, 2011). The Post-Member 6 infill also contains a rich assemblage of fossils, dating from
the mid to late Pleistocene (Ogola, 2009).

The Lincoln-Fault Cave system is one of the longest cave systems in the Cradle of Humankind,
measuring approximately 1 665 m (Reynolds, 2003). It is situated approximately 7 m from the
northern-most excavations of the Sterkfontein Cave System, and comprises two fossiliferous
deposits (Reynolds et al., 2007). These include a hard breccia deposit in the north (Lincoln
Cave North Deposit), and a soft, poorly calcified breccia in the south (Lincoln Cave South
Deposit), dating from the mid to late Pleistocene (Reynolds & Kibii, 2011; Reynolds, 2003).
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These two deposits roughly correlate to the Post-Member 6 infill, and extend the limit of
hominin and human occupation to less than 115 Ka (Reynolds et al., 2003, 2007; Reynolds &
Kibii, 2011).

2.2.2 Dating of Cave Stratigraphy

The dating of the various features within cave systems of the Cradle of Humankind has proven
to be difficult and contentious, due to the diverse range of dates which have been produced by
numerous different methods. Dates produced from faunal and archaeological analysis also do
not agree with dates produced from absolute dating methods. The complexity of karst deposits
seems to be partly responsible for the contention surrounding dates produced from the Cradle
of Humankind. Karst deposits result from varying processes at different temporal and spatial
scales. This includes large-scale climatic scales down to individual catchment site conditions
(Reynolds & Kibii, 2011). U-Pb and U-Th methods have recently been used to date flowstone
layers interbedded between fossilifierous deposits, in order to obtain more reliable dates for the
deposits in the Sterkfontein Cave system (Pickering & Kramers, 2010). Using these methods,
absolute date ranges have been obtained for the fossiliferous deposits. Member 2 dates range
between 2.8+0.28 Ma and 2.6+£0.30 Ma. Member 4 produced dates between 2.65+0.30 Ma and
2.01+0.05 Ma (Pickering & Kramers, 2010). The date produced from the deposits located at
the top of Member 4 (2.01+0.05 Ma) has constrained the last appearance of Australopithecus
africanus to 2 Ma (Pickering & Kramers, 2010).

Flowstones located in the Silberberg Grotto and associated with the StW573 “Little Foot fossil
have produced a U-Pb date of approximately 2.2 Ma (Pickering & Kramers, 2010; Granger et
al., 2015; Kramers & Dirks, 2017; Stratford et al., 2017). U-Th dating of some deposits within
the Sterkfontein Cave System has shown that there are substantial deposits younger than 400
Ka underlying older deposits. This shows that the stratigraphy within the cave system is more
complex than a layer cake stratigraphy (Pickering & Kramers, 2010). Recent studies into
techniques such as palaeomagnetic dating, cosmogenic nuclide dating and isotope decay may
also yield more accurate results in the future, if a combination of these techniques is used
(Partridge, 2005; Stratford, 2011). However, current individual use of these methods is fraught
with complications (Berger et al., 2002). Recent research into TIMS U-Pb dating has also
begun to yield some reliable dates (Walker et al., 2004).
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2.2.3 Speleothems

Speleothems are calcium carbonate structures which include stalagmites, stalactites and
flowstones, as shown in figure 2.4. These structures developed in the Sterkfontein Cave system
when the cave environment changed from a phreatic to a vadose system (Stratford, 2011).
Calcium carbonate precipitates from a CaCOs rich solution which filters through joints and
fractures in the host dolomitic rock, forming speleothem structures (Stratford, 2011).
Speleothems exposed to air movement may also form evaporite deposits in the form of
‘popcorn’ (Stratford, 2011) and aragonite crystals on cave walls. The amount of aragonite
present in the speleothems also relates to the concentration of magnesium in the groundwater,
which has played a part in the precipitation of the speleothems (Martini et al., 2003, Stratford,
2011).

Fig. 2.4: An example of speleothems in the form of flowstones and drip water from
the Jacovec Cavern.

The presence of elements such as uranium within speleothem deposits has also allowed these
structures (particularly flowstones) to be dated by U-series techniques (Edwards et al., 1987; Li
etal., 1989; Dorale et al., 2004; Walker et al., 2006; Pickering et al., 2006; Pickering et al.,
2010; Pickering & Kramers, 2010) Uranium series dating has proven to be useful in the dating
of speleothem deposits, as the most accurate uranium series dating is produced from calcium
carbonate bearing deposits such as speleothems, calcretes and biogenic carbonates (Schwarcz,

1992). Uranium bearing minerals generally follow numerous decay chains, involving a variety
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of radioactive isotopes which ultimately ends up in the production of stable 2°®Pb (Faure, 1986).
Uranium series dating using the U-Th decay chain is possible for speleothem deposits due to
the varying degrees of solubility of U and Th within groundwater. Uranium is more soluble in
groundwater than thorium, and this results in a separation of the two elements when speleothem
calcite deposits are precipitated from drip water (Schwarcz, 1989; Blackwell & Schwarcz,
1995). This results in speleothem deposits which contain radioactive uranium, but no thorium.
If any thorium is detected within the speleothem deposit, it can be deduced that this thorium is
a decay product from the uranium present in the speleothem deposit (Schwarcz & Latham,
1989). The ratio between 2°Th/?*U can then be used to produce ages for the sedimentary
deposits surrounding the speleothems, as the thorium produced within the speleothem is a direct
result of the radioactive decay of the in situ 23U (Schwarcz, 1992; Blackwell & Schwarcz,
1995).

Dating of speleothems using this technique however has proven to be problematic, as many
speleothems may precipitate, recrystallise, be removed and then precipitate into newly formed
fractures or fissures (Bruxelles et al., 2014). Speleothems have also been extensively used to
reconstruct palaeoenvironments for the cave deposits and water table levels (Wilkinson, 1973;
Vaks et al., 2003; Fleitmann et al., 2004; McDermott, 2004; Tan et al., 2006; Kluge et al.,
2008), as well as for recording the relative timing of deposition of sediments in the cave system.

2.2.4 Cave Formation

The formation of fossil-bearing cave deposits in the Cradle of Humankind is described as a 6-
stage process by Brain (1958, 1981). During stage one, ground water in the phreatic zone forms
a cavity in the dolomitic host rocks by dissolution of the rock along structurally weak zones
such as fractures. During stage two, the water table begins to drop due to river incision, surface
erosion or climatic changes, allowing the cavity created in stage one to enlarge, and gradually
become filled with air. During stage three, speleothems and avens start to form in the dolomitic
roof above the cavern. This cavern eventually opens up to the surface to form a cave. During
stage four, the newly formed cave is progressively filled with sediments, bones and rock debris,
which accumulate to form a talus cone. During stage five, this talus cone becomes increasingly
calcified due to calcium carbonate rich solutions dripping from the roof onto the talus cone, and
eventually forms a breccia. During stage six, the roof of the cave is eroded away and the breccias

are exposed to surface weathering (Brain, 1981).
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There are numerous complications regarding the deposition of sediments in caves.
Stratigraphic analyses as well as interpretations regarding the associations and contexts of
fossils and artefacts may become difficult and even misleading. This is due to the variability in
the structure, history and properties of the sedimentary deposits (Stratford, 2011). A lack of
understanding regarding the processes which produce the deposition of sediments, as well as
post-depositional processes affecting the deposit has led to misinterpretations of fossil deposits
(Stratford, 2011). The factors which contribute to stratigraphic complexities may be divided
into two sections. These sections include deposit formation factors, and deposit interpretation
factors (Stratford, 2011). Factors in the formation of the deposit contributing to stratigraphic
complexities include primary sedimentation of the deposit, secondary sedimentation or re-
working, and transport of sediments (Stratford, 2011). Deposit interpretation factors
contributing to stratigraphic complexities include inadequate sampling, unrecognized

stratigraphic boundaries and unrecognized depositional indicators (Stratford, 2011).

2.3 Palaeoclimate and Human Evolution

Over the past 100 million years, the Earth’s climate has undergone dramatic variations,
swinging from ‘greenhouse’ conditions during the mid-Cretaceous, to ‘ice house’ conditions
in the Late Cenozoic (Lear et al., 2000; Shackleton & Kennett, 1975; Miller et al., 1987). The
long-term cooling trend exhibited, owing to the transition from greenhouse to icehouse
conditions resulted from numerous factors. These include variations in atmospheric greenhouse
gases, particularly COz2, variations in the Earth’s albedo, and variations in ocean-atmospheric
circulation (Lear et al., 2000). Current Cenozoic paleoclimate records used to reconstruct these
climatic conditions have been obtained primarily from deep sea marine core records, and
marine sedimentation, as well as foraminifera (Elderfield & Ganssen, 2000; Lear et al., 2000;
Kos, 2001). These have been used to reconstruct global temperatures during the Cenozoic
(Chappell & Shackleton, 1986; Richards & Dorale, 2004; Bobe, 2006). Continental
sedimentation is discontinuous with regard to vertical and lateral extents, as opposed to marine
sedimentation which is relatively continuous, suggesting that marine sedimentation records

would be better for palaeoclimate analysis (Bobe, 2006).
2.3.1 Cenozoic Palaeoclimate and Human Evolution in Africa

The climate of the early Eocene (at around 50 Ma) was characterised by warm temperatures
and warm ocean waters, which provided large amounts of moisture to the atmosphere, resulting

in high precipitation (Zachos et al., 2001). This was succeeded by an increasingly arid climate
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in Africa, with decreasing marine temperatures and precipitation (Lear et al., 2000; Zachos et
al., 2001). The Eocene-Oligocene boundary (approximately 33.7 Ma) is characterised by a
dramatic decrease in marine temperatures, which is attributed to the build-up of Antarctic ice
(Lear et al., 2000; Zachos et al., 2001; Coxall et al., 2005; Bobe, 2006). The early Miocene
experienced a warming trend from 18 Ma to 14 Ma, followed by another period of global
cooling (Vrba, 1985; Lear et al., 2000; Zachos et al., 2001; Bobe, 2006). The Late Miocene is
characterised by greater rainfall seasonality, and more open environments (Street, 1981;
Traverse, 1982, 1988; Laporte & Zihlman, 1983; Vrba, 1985; Wolfe, 1985; Lear et al., 2000;
Zachos et al., 2001; Wynn, 2004; Bobe, 2006; Magill et al., 2013; Tipple, 2013). C4 vegetation
also spread during this period, evident from the analysis of carbonate palaeosols and dental
enamel (Morley & Richards, 1993; Morgan et al., 1994; Cerling et al., 1997; Wynn, 2004;
Bobe & Behrensmeyer, 2004; Bobe, 2006). This cooling trend in the late Miocene has been
tentatively attributed to the expansion of the Antarctic ice sheet (Woodruff et al., 1981; van
Zinderen Bakker & Mercer, 1986; Zachos et al., 2001; Bobe, 2006). It has also been linked to
the closing of the Indonesian Seaway, affecting the Indian Ocean sea surface temperatures and,
as a result, precipitation within Africa at the time (Cane & Molnar, 2001; Bobe, 2006). A
tentative link has also been made between this cooling and aridification trend in Africa, and
the closing of the Panama isthmus and the effects thereof on Atlantic Ocean circulation (Haug
& Tiedemann, 1998; Haug et al., 2001; Bobe, 2006). Alternatively, Trauth et al. (2009)
attributed these climate variations to variations in low-latitude solar heating, rather than that of

high latitude ice volume variations.

A reversal in this cooling trend occurred during the early Pliocene (Lear et al., 2000), with
temperatures, documented by marine oxygen isotopes, being the warmest during the last 5
million years (Wara et al., 2005). Temperatures began to cool again after 3.5 Ma (Bobe, 2006).
The marine climate record has shown that the period preceding 2.8 Ma exhibited variations in
the African climate at periodicities of 19 000 and 23 000 years, reflecting African monsoonal
variability resulting from low latitude precessional forcing of the monsoonal climate (de
Menocal, 1995; de Menocal, 2004; Tipple, 2013). Increases in climate variability, and
particularly in aridity, during the Plio-Pleistocene occurred in a step-like fashion near 2.8 Ma,
1.7 Ma and 1.0 Ma (Tiedemann et al., 1994; de Menocal, 1995; Clemens et al., 1996; de
Menocal, 2004; Bobe, 2006; Reynolds & Kibii, 2011). This step-like increase in climate
variability and aridity has been attributed to orbital eccentricity variations of the earth, and
coincides with the onset and intensification of glacial cycles at the polar regions (Ruddiman &
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Janecek, 1989; Clemens & Prell, 1991; Tiedemann et al., 1994; de Menocal, 1995; Shackleton,
1995; Clemens et al., 1996; Clarke et al., 1999; Zachos et al., 2001; de Menocal, 2004;
Fernandez & Vrba, 2006; Tipple, 2013). The period postdating 2.8 Ma has shown climate
variations at periodicities of 41 000 years. Climate variations changed again during the 1.2 Ma
middle Pleistocene transition, and continued after 1.0 Ma to 100 000 year periodicities (Clarke
et al., 1999; de Menocal, 2004; Bobe, 2006). These intervals coincide with the development of
more arid and open environments and an increase in rainfall seasonality, as well as with key
stages of early hominin evolution (de Menocal, 2004). Palaeoclimate analysis has also shown
that more arid conditions persisted in east, central and west Africa, when Atlantic sea surface
temperatures were cooler during the Pleistocene transition (de Menocal, 1995). During this
period, savannah and desert environments also spread throughout northern (Dupont & Leroy,
1995) and southern Africa (Vrba, 1974, 1975; de Menocal, 1995; de Menocal &
Bloemendal, 1995; Potts, 1998; Avery, 2001). In general, variations in African climate
during this period can be described as cycles of wet and dry conditions, with a longer shift
towards aridity with step-like shifts in the earth’s periodicity and amplitude (Burckle, 1995;
Dupont & Leroy, 1995; de Menocal, 2004; Fernandez & Vrba, 2006; Reynolds & Kibii, 2011).

These climate variations after 2.8 Ma coincide with variations in the onset and intensification
of high-latitude ice sheets and the cooling of the sub polar oceans (Shackleton et al., 1990;
Raymo et al., 1990; Shackleton, 1995; Fernandez & Vrba, 2006), and support Milankovitch
theory of glaciations driven by orbital variations (Clarke et al., 1999). These large scale shifts
in global climate are responsible for changing the ecology of landscapes, which in turn leads
to faunal adaptation and speciation pressures. This precipitates genetic selection and innovation
of fauna, including hominins (de Menocal, 2004). In general, it has been proposed that climatic
changes during the last 7 Ma have resulted in hominin speciation pressures, increases in
hominin cranial capacities, the shift to bipedality in hominins, adaptations regarding behaviour,
cultural innovations as well as wide spread geographic dispersal of hominins (Cohen et al.,
2009). The Savannah Hypothesis, which explains the evolution of hominins as a result of the
step-like intervals of cooler, more open and arid environments, proposes that this presence of
bipedality and larger brain sizes were a result of hominins residing in an open savannah
environment (Dart, 1925; Vrba, 1988; de Menocal, 1995; Bobe et al., 2002; de Menocal, 2004;
Behrensmeyer, 2006). These intervals of increased aridity also coincide with bursts of biotic

change, as described by Vrba’s (1985) turnover pulse hypothesis.
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In addition, understanding the palaeoenvironments in which hominins existed can provide
evidence for early hominin ecology, which includes predator-prey relationships, diet and

locomotive adaptations as well as speciation and extinction events (Hopley & Maslin, 2010).

2.3.2 Faunal and Floral Evolution in Africa during the Cenozoic

During the late Mesozoic to early Cenozoic, the global climate was warm, providing excellent
conditions for the propagation of woody vegetation and closed environments in eastern and
southern Africa (Bobe, 2006; Magill et al., 2013). A period of extinction of large herbivorous
mammals towards the end of the Mesozoic allowed woody vegetation to flourish without the
threat of large herbivores consuming the young vegetation and opening forests by uprooting
trees (Bobe, 2006; Magill et al., 2013). African environments were dominated by lush moist
forests boasting Cs vegetation (Bobe, 2006; Magill etal., 2013; Tipple, 2013) that characterised
the more coastal adjacent moisture-rich areas of the continent. Some of the more central, water
stressed areas were characterised by savannahs, boasting acacia vegetation (Bobe, 2006; Magill
et al., 2013). This demonstrates the heterogeneity of environments produced in Africa due to

climatic variations on different areas in the continent.

In conjunction with the changing climatic and environmental conditions in the African
continent during the Miocene, Pliocene and Pleistocene, there was an increase in the diversity
of megafauna, particularly in large herbivorous mammals, which peaked during the Pliocene,
as well as an increase in C4 vegetation approximately 5 Ma-8 Ma (de Menocal & Bloemendal,
1995; Hill, 1995; Cerling, 1997; Kingston et al., 2007). This increase in C4 vegetation is
thought to have resulted from atmospheric CO2 falling below the critical threshold for Cs
photosynthesis (Cerling, 1997), and has also been attributed to climatic variations and glacial-
interglacial cycles (Cerling, 1997). Fauna during the Pliocene in general underwent an increase
in seasonality, developing a more savannah-mosaic character (Cerling, 1997). This
diversification went hand in hand with the aridification trend, as the megafauna created and
maintained more open environments characteristic of arid climates. In particular, bovids are
seen to increase in abundance during specific stages, namely in the Late Miocene after 6 Ma,

in the Late Pliocene after 3 Ma and in the Plio-Pleistocene after 2 Ma.

The increase in bovids and other fauna at 6.5 Ma has been attributed to the spread of Cs
vegetation during this period, as well as tentatively being related to the Messinian Salinity
crisis occurring during this time period in the Mediterranean (Cerling et al., 1997; de Menocal,
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2004). The second increase in bovid populations after 3 Ma may be related to changing climate
variations occurring at around 2.8 Ma (Bobe & Eck, 2001; Bobe et al., 2002; Bobe &
Behrensmeyer, 2004; de Menocal, 2004; Bobe, 2006). The third shift in bovid populations after
2 Ma may be related to the more modern development of grassland environments in Africa at
the time (Bobe & Behrensmeyer, 2004; de Menocal, 2004). In general, fauna occupied more
open and arid environments from 2.9 Ma to 2.4 Ma, and again after 1.8 Ma (Bonnefille, 1995;
Reed, 1996; de Menocal, 2004; Behrensmeyer, 2006; Fernandez & Vrba, 2006). Flora was Cs
dominated, with C4 components on the increase from 4 Ma to 1.8 Ma, with C4 vegetation
dominating after 1.8 Ma (Bobe & Behrensmeyer, 2004; Cerling, 1992; Reed, 1996). In general,
faunal evidence from this time period has also suggested that not all environments evolved due
to climatic changes in a homogenous way, accounting for the diversity of fauna and flora across
the continent (de Menocal, 2004).

Stable carbon isotope measurements from the Plio-Pleistocene palaeosols of the Turkana Basin
in Kenya, as well as palaeoprecipitation estimates, have yielded a high resolution record of the
aridification trend in Africa during the last 4.3 Ma (Wynn, 2004). These isotope measurements
have also provided a record of increasing C4 biomass during this period (Wynn, 2004). Carbon
isotope data derived from deep sea cores has also provided valuable information on the nature
of the global carbon cycle, as well as on changes in deep-sea circulation patterns. These

changes might have either triggered, or resulted from climatic changes (Zachos et al., 2011).
2.3.3 Cenozoic Palaeoclimate Record of the Cradle of Humankind

Palaeoenvironmental analysis of the Cradle of Humankind has shown that during the Plio-
Pleistocene from 4 Ma to about 2 Ma more open, arid environments spread, while closed,
forested environments decreased (Vrba, 1985, 1988; Reynolds & Kibii, 2011). The border
between moist and arid savannah environmental conditions lay close to the Cradle of
Humankind, alongside the arid grassland savannah ecotone (Vrba, 1982; Cadman & Rayner,
1989; Avery, 2001). Faunal, floral and isotopic studies conducted within the Cradle of
Humankind have revealed that a mosaic environment existed in the area during the early to
middle Pleistocene. This mosaic environment included patches of open grasslands and
woodlands hosting Cs and C4 vegetation, as well as forested areas (Reed, 1996; Sponheimer
& Lee-Thorp, 2003; Reynolds, 2007; Reynolds & Kibii, 2011). Analysis of the Member
4 deposits in the Sterkfontein cave site has also revealed that a mosaic environment existed
during the deposition of these sediments (Kibii, 2004; Reynolds & Kibii, 2011). Habitat
reconstructions of the Cradle of Humankind indicate that the area was characterised by a



21

medium density forest interspersed with an open savannah environment (Vrba, 1985, 1988;
Benefit & McCrossin, 1990; Mckee, 1991; Clarke & Tobias, 1995; Berger & Tobias, 1996;
Reed, 1996; Potts, 1998; Reynolds & Kibii, 2011). The mean annual precipitation varied
between 310 mm and 550 mm, with a summer aridity index of 3.8-4.1. Palaeoclimate analysis
has shown that atmospheric temperatures would have been higher than today, but with a smaller

temperature range (Avery, 2001).

Flowstone and breccia successions in the Cradle of Humankind, as well as U-series dates and
stable light isotope data provide a 600 Ka record of climate variations in the area. These factors
suggest that climate variations in the area can be attributed to a strong allocyclic control, which
is a result of changes in atmospheric circulation (Ayliffe et al., 1998; Potts, 1998; Holmgren et
al., 2003). Palaeoenvironmental analysis of the Cradle of Humankind shows that in general
glacial periods were drier, with wetter interglacial periods. However, cooler temperatures
during glacial periods also implies increased evaporation and increased precipitation
(Pickering, 2007). The Cradle of Humankind experienced cycles of warm, wet recovery periods
following glacials, which are characterised by the growth of Cs vegetation. Less seasonal
precipitation, as well as higher atmospheric temperatures, and more arid conditions attributed
to interglacial periods which are dominated by C4 vegetation (Vogel, 1993; Lourens et al.,
1996). These climate variations can be attributed to orbital forcing, with precessional changes
in solar output controlling climate variations in the area, as well as glacial-interglacial cycles.
Thus, these above-mentioned cycles cannot alone account for the complex climate variations
in the Cradle of Humankind (Partridge, 2002; Pickering, 2007). After around 60 Ka, these
precessional forces decreased and atmospheric variations over Antarctica dominated variations
in African climate (Partridge etal., 1997, 2004; de Menocal, 2004).

The Cradle of Humankind has varied considerably in its appearance over the last 4 million
years, due to numerous physical factors modifying the landscape. These factors include river
incision and erosion, which degraded older African planation surfaces, and valley widening
associated with incision, which accommodated denuded sediments (Dirks & Berger, 2010).
The denudation of cover rocks resulted in the exposure of dolomitic rocks hosting the caves
(Partridge, 1973; Dirks & Berger, 2010). Tectonic factors which influenced the evolution of
the Cradle of Humankind landscape include complex interactions between numerous small
fractures and joints controlled by uplift (Dirks & Berger, 2010). A link has been tentatively
established between the uplift of the African plateau, and the climate and landscape variations.

These climate and landscape variations include the aridification trend since the Miocene and
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the development of extensive grasslands (Bobe & Behrensmeyer, 2004; Feakins et al.,
2005; Dirks & Berger, 2010). The uplift of the southern African plateau resulted in the
creation of the southern African ‘highveld’, with a characteristic climate of cool winters,
summer storms and grassland environments. This shows that the development of the
palaeoenvironment and palaeoclimate of the Cradle of Humankind are controlled by global
climate change patterns, as well as the tectonic uplift of the southern African plateau. The
caves of the Cradle of Humankind opened after the African erosion surface had degraded
and lowered by incision. Tectonically active landscapes have also been responsible for
rejuvenating the landscape at regular intervals and countering some of the negative effects
of climate change (Dirks & Berger, 2010).

A modern analogue of the palaeoenvironment present at the Sterkfontein Cave Site during the
Plio-Pleistocene can be found 200 km west and southwest of the Cradle of Humankind, with
an altitude 250 m lower than today (Dirks & Berger, 2010). All three of the above mentioned
vegetation types, namely forested areas, grasslands and woodlands, interweave in the area
South of Mafikeng (Avery, 2001; Dirks & Berger, 2010). However rainfall in this area is higher
than the precipitation expected from the palaeoenvironmental analysis of the Cradle of
Humankind (Dirks & Berger, 2010). The areas near Kuruman and Kimberley exhibit a similar
climate to the palaeoclimate deduced for the Sterkfontein Valley, where arid savannah

vegetation merges with grassland vegetation (Avery, 2001).

Palaeoclimate analyses conducted in southern Africa have also contributed to the
reconstruction of regional and local palaeoclimate. Carbon and oxygen stable light isotope
data obtained from stalagmites in the Makapansgat Valley at a high resolution have resulted
in the documentation of local climate variations in southern Africa (Holmgren et al., 2003).
Uranium dating of this stalagmite indicated that growth of the stalagmite occurred between
the Late Pleistocene and Holocene, from 24.4-12.7 Ka and 10.2-0 Ka, with a halt in growth
occurring for 2.5 Ka (Holmgren et al., 2003). Carbon and oxygen stable light isotope data from
this stalagmite indicated that a period of post-glacial warming occurred at around 17 Ka, which
was interrupted by a period of cooling, flowed by a period of warming after 13.5 Ka
(Holmgren et al., 2003). Warm conditions were documented during the Early Holocene,
followed again by warm conditions from 2.5 Ka to 1.5 Ka (Holmgren et al., 2003) (Figure
2.5).
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Fig. 2.5: Oxygen and carbon isotope date in blue and red respectively from the T8 speleothem from the

Makapansgat site (Holmgren et al., 2003).

A speleothem deposit from the Cango Caves in the Western Cape has provided a record of
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climate change for a greater part of the last 30 Ka, as depicted by figure 2.6. §180 records from

the speleothem has provided data on local temperature changes by using the isotopes present in

the confined groundwater of the Uitenhage aquifer, which is of a similar age (Talma & Vogel,

1992). These temperature data indicate that temperatures were approximately 6°C lower during

the last glacial maximum compared to today (Figure 2.6) (Talma & Vogel, 1992). Changing

vegetation patterns were also documented using the 513C values from the speleothem as

shown in the third graph in figure 1.3, showing that the period from 47 Ka to 13 Ka was

dominated more by woodlands, with increasing grassland encroachment (Talma & Vogel,

1992).
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Fig. 2.6: stable oxygen isotope variations and associated palaeotemperature variations, and stable carbon
isotope variations associated with %C, vegetation. (Talma & Vogel, 1992).

Palaeoclimate reconstructions have also been created using sediments and stratigraphic
sequences, along with  facies analysis of those sequences. Facies analysis allows for
palaeoenvironmental reconstructions by  providing information about depositional
environments (Boggs, 2001). These depositional environments are controlled by tectonics, sea
level change and climate variations (Boggs, 2001). Kos (2001) used this approach, and related
cycles of erosion and deposition of sediments within cave systems during the last interglacial
period to groundwater variations, which relates to surface environmental conditions. Brain
(1995) used the sedimentation sequence of the Member 5 deposit from Swartkrans to model
variations in climate which controlled the sedimentation of this deposit (Brain, 1995). It has
also been suggested that the degree of calcification in clastic sedimentary layers may
distinguish climate changes. Layers exhibiting no calcification have been proposed to

correlate to arid periods, or moist periods characterised by very fast sedimentation (Moriarty
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et al., 2000). Clastic layers interbedded with flowstone layers and well-calcified sediments

would provide evidence for a wetter climate (Moriarty et al., 2000).

Pollen analysis has been conducted on the Wonderkrater spring sediments in the Limpopo
Province of South Africa, and has provided valuable information on environmental changes
within the savannah biome during the late Quaternary (Scott et al., 2003). The data obtained
from the pollen samples has produced temperature and moisture patterns for the last 20 Ka,
and has documented colder conditions at around 17 Ka, with warmer conditions occurring at
around 13 Ka (Scott et al., 2003). These temperature and moisture data can be compared to the
temperature and precipitation data produced for the same period from stable oxygen isotope

analysis of speleothems.

Carbon and oxygen isotope analysis of the Tswaing Crater Lake sediments indicates that
carbonate precipitation took place under arid to semi-arid conditions, where evaporative
conditions dominated (Horstmann & Biihman, 1999). A study combining the change in the
soil sediment texture of vertical facies and an age-depth model for the lake sediments resulted
in a record of rainfall for the last 200 Ka (Partridge et al., 1997). This rainfall record reflects
the presence of nine cycles of orbital precession, and the presence of the main periodicity
at 23 Ka (Partridge et al., 1997) (Figure 2.7).
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2.3.4 Hominin Evolution with regard to Palaeoenvironments

Environmental hypotheses of African faunal evolution are generally ‘habitat specific’
hypotheses, as faunal adaptations are analysed in a specific environment (Potts, 1998, 2007).
This environment is most commonly the grassland-savannah environment, which first occurred
in Africa after the late Miocene (Cerling, 1992, 1997; de Menocal, 2004). Another hypothesis
has also been used in faunal analysis of African environments, namely the ‘variability
selection” hypothesis (Potts, 1996, 1998). This hypothesis includes African palaeoclimatic
variability patterns recorded from deep sea sediments and the importance thereof as a
mechanism for natural selection (de Menocal, 2004). These hypotheses have also been applied

to hominin evolution.

A habitat specific account of hominin evolution resulted in the development of the savannah
hypothesis. Current interpretations of this hypothesis state that evolution of African fauna,
including hominins, was attributed to the development of cooler, more arid and open
environments in a step-like manner since the late Miocene (de Menocal, 2004; Bobe &
Behrensmeyer, 2004). The shift to more arid conditions during the mid-Pliocene (3.2-2.6 Ma)
is said to have particularly favoured the evolution of fauna adapted to more arid environments.
This period has also been said to have influenced early hominin evolution and behaviour
significantly (Vrba, 1988; de Menocal, 1995, 2004; Bobe et al., 2002). A variant of the
savannah hypothesis was developed by Elisabeth VVrba (1980, 1985, 1988, 1995) based on the
first and last appearance data for bovids, namely the turnover pulse hypothesis (McKee, 2001;
de Menocal, 2004; Bobe & Behrensmeyer, 2004). This hypothesis suggested that “bursts of
biotic change’, or turnover, were initiated by significant variations in the African climate
occurring near 2.8 Ma, 1.8 Ma and 1.0 Ma (Vrba, 1988; de Menocal, 1995, 2004; Clemens et
al., 1996). An alternate hypothesis based on fossil pollen records from 3.3 Ma to 3.0 Ma, the
forest hypothesis, was developed by Rayner and others (1993). This hypothesis suggests that
closed vegetation, such as forests and woodlands, constituted the environment in which early
bipeds adapted and evolved (Rayner et al., 1993). A third hypothesis was proposed by
Blumenschine (1987), which suggests that tool-making hominins evolved in grassland-
woodland mosaic environments (Reed, 1996; de Menocal, 2004; Bobe & Behrensmeyer,
2004).

Three hypotheses have also been proposed to account for trends observed in the hominin fossil-
bearing members of the Sterkfontein Formation. The first hypothesis is the Climate Change

Hypothesis, which suggests that the observed evolutionary trends are a result of global and
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local cooling and aridification (McKee, 1991). This hypothesis also proposes that a savannah-
grasslands environment replaced an earlier environment comprising denser, more wooded
vegetation (McKee, 1991). The second hypothesis is the Taphonomy Hypothesis, which
explains changes in the representation of relative species with regard to bone accumulating
agents (McKee, 2001). The third hypothesis is the Species Interaction Hypothesis, which is a
variation of the Red Queen Hypothesis (see van Valen, 1973). This hypothesis suggests that
the dynamics of species interactions, which includes competition and commensalism, was

responsible for evolutionary changes and extinctions (McKee, 1991).

These hypotheses in general have proposed that climatic changes during the last 7 Ma have
resulted in hominin speciation pressures, rapid increases in hominin cranial capacities, the shift
to bipedality in hominins, hominin adaptations regarding behaviour, cultural innovations as

well as wide spread geographic dispersal of hominins (Cohen et al., 2009).

Understanding the palaeoenvironments in which hominins existed can provide evidence for early
hominin ecology, which includes predator-prey relationships, diet and locomotive adaptations as

well as speciation and extinction events (Hopley & Maslin, 2010).
2.3.5 Speleothem Analysis

Speleothems, which include stalagmites, stalactites and flowstones, are regarded as
informational archives of terrestrial palaeoclimates (Cruz et al., 2006; Pickering & Kramers,
2010). They provide information about past climates, vegetation, hydrology, sea-levels, water-
rock interactions, landscape evolution and tectonics, as they form in very specific conditions
(Richards & Dorale, 2003; Pickering, 2007). In recent years, speleothem research and analysis
has contributed to numerous palaeoclimate and palaeoenvironmental records during the Plio-
Pleistocene (Cruz et al., 2006). They may be useful archives of palaeoclimate information, as
they occur in numerous locations worldwide, they may be sampled at high resolutions, and
may be reliably dated using U-Pb dating techniques (Richards & Dorale, 2003). They also
allow for the construction of long duration (103-104 Ka) records (Fleitmann et al., 2004).
Accurate dating of speleothems allows these deposits to be compared to independent records
from the terrestrial environment, oceans and cryosphere, so that the pattern of speleothem
growth in response to different climatic forcing events may be investigated (Richards & Dorale,
2003).

There are numerous palaeoclimate proxies which are used when analysing speleothems for

palaeoclimate reconstructions. The presence or absence of speleothems may act as a proxy for
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palaeoclimate analysis, as the deposition of speleothems depends on a range of sufficient water
supply and soil carbon dioxide to enable the dissolution and transport of the reactants
responsible for the formation of the deposits (Richards & Dorale, 2003). The growth of
speleothem deposits may also provide insight into changes in the vadose water chemistry,
flooding events, aridity, permafrost conditions and shifts in flow routing (Richards & Dorale,
2003).

Other proxies include growth intervals within speleothem deposits, which are identified by U-
Pb dating, and are used to identify wetter versus drier or warmer versus colder climatic intervals
(Ayliffe et al., 1998; Spotl et al., 2005; Cruz et al., 2006). Alternating layers of calcite and
aragonite present within the speleothem deposits may also be used as a proxy for climate
change, as the alternating layers represent different depositional environments controlled by

climate oscillations (Melis et al., 2013).

Oxygen isotope ratios obtained from speleothems constitute another palaeoclimate proxy, and
are used to interpret variations in temperatures and precipitation properties within cave
environments (McDermott, 2004; Cruz et al., 2006) (Figure 2.8). Carbon isotope ratios are also
used as palaeoclimate proxies, and are used to interpret changes in the overlying vegetation
(Cs versus Ca vegetation) and vegetation density (Dorale et al., 1998; Baldini et al., 2008)
(Figure 2.8). Carbon isotope ratios are controlled by biogenic carbon dioxide supply from
surrounding soils, which is in turn controlled by secondary rainfall and temperature (Cruz et
al., 2006). The contribution of carbon isotopes to the speleothem deposit depends on
mechanisms controlling bedrock dissolution and carbonate precipitation within the cave system
(Cruz et al., 2006).

Annual laminae thickness may be used as another palaeoclimate proxy with regard to
speleothem analysis, and this is used as a proxy for the amount of precipitation accompanying
the formation of the speleothem deposits, as well as the mean annual temperature (Polyak &
Asmerom, 2001; Tan et al., 2003; Fleitmann et al., 2004; Cruz et al., 2006). Trace elements are
also used as a proxy, and provide information on the precipitation, vegetation and growth rate,

and may also provide seasonal information (Fleitmann et al., 2004; Cruz et al., 2006).

Additional palaeoclimate proxies used when analysing speleothems include deuterium
concentrations in speleothem fluid inclusions (Fleitmann et al., 2003), pollen and lipid
biomarkers (Cruz et al., 2006; Blythe et al., 2007). Sulphur concentrations, as well as the
concentrations of its isotopes have also been used to provide information on atmospheric
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sources and palaeo-pH (Wynn et al., 2008), and noble gases have been used as indicators of
palaeotemperatures (Kluge et al., 2008). Multiproxy studies of speleothem deposits allow for
the precise determination of climate variations (Cruz et al., 2006). In general, speleothem
deposits have been noted to grow during warm, wet interglacial periods, especially at around
128 Ka during the penultimate interglacial (Richards & Dorale, 2003). However, in desert
environments, speleothem deposits have been revealed to grow during glacial periods, which
are accompanied by an increase in effective precipitation (Ayliffe et al., 1998; Richards &
Dorale, 2003).

samples

Fig. 2.8: An example of how oxygen and carbon stable light isotope analysis of speleothem may be used to
reconstruct palaeoclimates using temperatures. Two trends appear on the graph for oxygen and carbon isotopes,
with a temperature scale on the top horizontal axis. (de Cisneros & Caballero, 2013).

Analysis of speleothems was done by Ayliffe et al. (1998), who dated speleothems at the
Naracoorte Caves using the TIMS-U series method. Ayliffe et al. (1998) argues that these
speleothems document changes in precipitation over the last 500 Ka. They were able to show
that the speleothem deposits document four different phases of growth, occurring at 20-115
Ka, 155-220 Ka, 270-300 Ka and 340-420 Ka. These phases correspond to stadials and cool
interstadials. The indicated lack of speleothem growth during the interglacials shows that these
periods were relatively arid in South Australia (Ayliffe et al., 1998).

Moriarty et al. (2000) also conducted research on the speleothems and flowstone at the
Naracoorte Caves, and interpreted the development of these deposits to have occurred in a moist

environment, with considerable vegetation outside the cave. Moriarty et al. (2000) developed
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more specific palaeoenvironmental interpretations from the flowstone forms and growth rates
(Moriarty et al., 2000).

U-Pb radiometric dates obtained from flowstone sheets interbedded between cave sediments
at the Swartkrans Cave Site have provided bracketing ages for the fossiliferous deposits
(Pickering et al., 2011). These new U-Pb dates have also allowed the developmental pattern of
the flowstones to be established. Flowstone formation events have also been recognized and
correlated across different cave sites. Overlapping flowstone formation events have been
recognized at Sterkfontein and Swartkrans at around 2.29 Ma and 1.77 Ma, and at Sterkfontein
and the Malapa cave site at around 2.02 Ma (Pickering et al., 2011). These events have
suggested that a regional control existed with regard to the nature and timing of speleothem
formational events in cave deposits, and that these flowstones could assist in the correlation of

internal and specific deposits between cave sites (Pickering et al., 2011).

Hopley et al. (2007) used high resolution oxygen and carbon stable light isotopes from two
flowstone deposits located in the hominin-bearing Makapansgat Caves to reconstruct Plio-
Pleistocene palaeoenvironments for the region. The oxygen isotope measurements reveal
variations in monsoonal precipitation intensity. The carbon isotopes reflect that during the late
Miocene/early Pliocene, the environment was dominated by Cs vegetation, while the Plio-
Pleistocene was dominated by a mixture of Cs and Ca vegetation (Hopley et al., 2007). The
carbon isotope measurements reveal that C4 vegetation expanded at around 1.7 Ma, which
Hopley et al. (2007) suggested was a response to an increase in aridity in southern Africa due

to the initiation of Walker Circulation in the Pacific Ocean (Hopley et al., 2007).

2.4 Palaeoenvironmental Analysis

2.4.1 Carbon Isotope Analysis

Carbon has two stable, naturally occurring isotopes >C and *3C, and one unstable isotope, *C.
These isotopes fractionate in a variety of processes. Two of these processes include
photosynthesis, and isotope exchange reactions between carbon compounds (Faure, 1986).
During photosynthesis, the 2C isotope is enriched, while isotope reactions between carbon
dioxide and aqueous carbonates results in the enrichment of $3C (Faure, 1986). As a result, the
abundance of *C in terrestrial carbonates varies by approximately 10% (Faure, 1986).
Photosynthesis involves the uptake of CO2 gas by green vegetation and the incorporation of

the carbon into simple sugars by way of numerous complex biochemical steps (Faure, 1986).
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The &*3C value for atmospheric carbon is greatly enriched during this process (Faure, 1986).
Vegetation which makes use of photosynthesis may be divided into three main groups based
on the chemical pathways used by each group during one stage of photosynthesis. These three
groups include Cs plants, C4 plants and CAM (Crassulacean Acid Metabolism) plants (Vogel,
1993). Cs plants make use of a photosynthetic pathway which involves only three carbons, as
well as the enzyme rubisco (Vogel, 1993; Potts, 1998). C4 plants make use of a photosynthetic
pathway which involves four carbons, and does not include rubisco (O’Leary, 1981, 1993;
Potts, 1998). In addition to this, C4 plants exhibit a different cellular arrangement compared to
Cs plants, and are able to fix carbon in low CO2 conditions (O’Leary, 1981, 1993, Vogel,
1993). This photosynthetic pathway is a modification of the Cs pathway, and is relatively
modern. Cs plants generally include monocotyledonous plants like grasses and sedges
(O’Leary, 1981, 1993; Potts, 1998). The Cs and C4 pathways result in differing degrees of
fractionation of carbon within plants, ultimately resulting in a significantly different 5'C
values for Cs and Ca4 plants (Vogel, 1993).

Cs and Ca plants may also be grouped into different climatic zones, based on their geographic
distribution (Vogel, 1993). Cs plants dominate areas which experience winter rainfall, while
C4 plants dominate areas which experience warm, arid summer rainfall (Vogel, 1993). As a
result, these climate characteristics of Cs and Ca plants, as well as the different carbon isotope

signatures of the two groups, may be used as proxy for climate change (Vogel, 1993).

Carbon isotopes may be used in the study of speleothems. Dissolved carbon from water seeping
into caves and ultimately precipitating speleothems may be derived from atmospheric carbon,
decaying organic matter or root respiration in the soil above the cave, and dissolved limestone
or dolomite lying along the flow route to the cave (Richards & Dorale, 2003). Numerous
chemical factors result in a complex system (see Richards & Dorale, 2003), where the most
useful information derived from §'3C values from speleothems relates to vegetation changes in
the area (Richards & Dorale, 2003). Variations in 53C may also relate to seasonal changes,

where the §'3C value increases during summer and decreases during winter.

Carbon isotope analyses, along with the analysis of non-vascular (bryophyte) plant fossils has
recorded atmospheric CO2 concentrations from the Mesozoic and early Cenozoic (Fletcher et
al., 2008). Carbon isotopes fractionate within terrestrial bryophytes. This fractionation depends
strongly on atmospheric CO2 during the photosynthetic uptake of carbon (Fletcher et al., 2008).
The changes recorded within these CO2 concentrations coincide with climate shifts in the

Mesozoic, and explain the presence of cold intervals which coincide with lower concentrations,
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within a greenhouse atmosphere (Fletcher et al., 2008). This method represents the terrestrial
analogue of the marine phytoplankton carbon proxy, which is used to reconstruct glacial-

interglacial CO2 changes from Pleistocene peat cores (Fletcher et al., 2008).

Stable carbon isotope measurements from the Plio-Pleistocene palaeosols of the Turkana Basin
in Kenya, as well as palaeoprecipitation estimates, have yielded a high resolution record of the
aridification trend in Africa during the last 4.3 Ma (Wynn, 2004). These isotope measurements
have also provided a record of increasing C4 biomass during this period (Wynn, 2004). Carbon
isotope data derived from deep sea cores has also provided valuable information on the nature
of the global carbon cycle, as well as on changes in deep-sea circulation patterns. These

changes might have either triggered, or resulted from climatic changes (Zachos et al., 2011).

Carbon isotope data derived from deep sea cores has also provided valuable information on the
nature of the global carbon cycle, as well as on changes in deep-sea circulation patterns. These

changes might have either triggered, or resulted from climatic changes (Zachos et al., 2011).
2.4.2 Drip Water Analysis

Drip water within cave systems is regarded as the solution from which speleothems ultimately
form, and can be seen forming on the tips of modern speleothems (Figure 2.9). The temperature
measured from the §*80 values of drip water feeding speleothem deposits usually resembles
the ambient cave temperature. These temperatures measured from the 80 values of the drip
water also include a range of temperatures which resemble the variations of the mean annual
temperature on the ground surface (Nordhoff, 2005; Mandice et al., 2013). The &80 values of
cave drip water also remain constant during the course of a year, and average the mean annual
precipitation at the ground surface (Nordhoff, 2005). Due to these factors, drip water
temperature values may be used to document long term changes in local and global climatic
variations (Mandice et al., 2013). 880 values from drip water may also provide interpretations
with regard to seasonality, as the §!80 values of meteoric precipitation which drip water values
average, change depending on seasonal temperature and precipitation changes (Nordhoff,
2005). The air and drip water temperature within a cave system is inversely proportional to the
fractionation and ultimate 50 composition within precipitated speleothem deposits
(Nordhoff, 2005). Therefore, an increase in the overall air and drip water temperature would
result in a decrease in the fractionation of oxygen isotopes between drip water and the
precipitated speleothem deposits, and result in a decrease in §'80 in precipitated speleothem
deposits (Nordhoff, 2005). In general, variations in §*30 between precipitated calcite and drip
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water are caused by numerous factors. These include changes in the 5'®0 values within ocean
water at the time, which varies according to changes in ice sheet volumes, variations in the
flow of water between the area affected by precipitation and the source of the water, and
variations in the isotopic composition as well as the quantity of rain and vadose waters (Dorale
et al., 1992; Richards & Dorale, 2003). Negative variations in 5'®0 values may be due to
variations in ocean water 5'®0 during glacial-interglacial transition periods, as well as due to
the amplification of rainfall patterns and the seasonality of rainfall (Dorale et al., 1992;
Richards & Dorale, 2003). The isotopic study of the T8 stalagmite from Makapansgat by
Holmgren et al. (2003) concluded that variations in 5'®0 values within the stalagmite represent
variations in the types of precipitation occurring in the area during the precipitation of the
stalagmite. The §'80 variations from this stalagmite have shown that lower, more depleted §*20
values may represent drier, more arid climatic conditions, and less depleted 50 values

represent wetter, warmer environments (Holmgren et al., 2003).

Fig. 2.9: Examples of drip water from flowstone deposits in the Jacovec Cavern of Sterkfontein Caves.

The degree to which drip water temperature represents the mean annual temperature on the
ground surface is dependent on numerous fractionation factors. Overall fractionation of oxygen
isotopes in drip water may be related to mass differences of the respective isotopes, where
heavier isotopes such as **0 move and react much slower compared to 0, which has a lighter
mass (Noah, 2010). This is referred to as isotopic equilibrium fractionation and generally
occurs between two different phases of a particular compound, CaCO3s (Harmon et al., 2004).

In this regard, 80O would be more enriched in speleothem carbonate than in drip water CO>
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(White, 2004). Oxygen isotopes are affected by two types of fractionation, namely equilibrium

fractionation and kinetic fractionation.

There are numerous different types of kinetic fractionation. These include evaporative cooling,
fracture flow and heat transport process, and cave air ventilation processes. Evaporative
cooling effects may significantly alter the recorded temperature of drip water with regard to
the mean temperature on the ground surface, as cooling results in more negative, depleted
oxygen isotope values and therefore lower temperatures, making temperature data from drip
water samples unreliable when comparing them to mean temperature data from the ground
surface (Cuthbert et al., 2014). Unless evaporative effects are taken into account, drip water
samples which have undergone evaporative cooling will not accurately represent the mean
annual temperature at the ground surface (Cuthbert et al., 2014). Fracture flow and heat
transport processes can result in a dramatic increase in drip water temperatures (Cuthbert et al.,
2014). Cave air ventilation processes affect drip water temperatures by changing the relative
humidity within the cave environment, which in turn controls the rate of evaporation, and
therefore the rate of cooling of the drip water. This can result in drip water temperatures which
do not represent the mean temperatures on the ground surface (Cuthbert et al., 2014). The
temperature differences between the cave interior and exterior environment may result in
corresponding pressure changes in the cave system, resulting in the movement of air from cave
entrances to the cave roof (Noah, 2010). This movement of air may result in changes in the
temperatures produced from &0 values of speleothems and drip water, and changes in

humidity, which also affects the 630 values produced (Wigley & Brown, 1976).

The amount of precipitation (Gascoyne 1992; Sundqyvist et al., 2007) and the atmospheric air
temperatures (van Beynen & Febbroriello, 2006; Sundqvist et al., 2007) also contribute to
fractionation effects with regards to 580 signatures, and are related to Rayleigh distillation,
which takes place during the course of the hydrological cycle, and within the cave system
(Noah, 2010). With regards to the cave system, Rayleigh distillation may be responsible for
kinetic fractionation of oxygen isotopes, which takes place during the removal of CO2 and
calcite of varying isotopic signatures from the drip water solution (Wynn et al., 2005). The
removal of gaseous CO2 from the drip water solution usually takes place at a constant rate in
order to preserve calcite supersaturation; however this results in the enrichment of *20 in the
drip water solution (Hendy, 1971; Noah, 2010). This may therefore result in abnormally
enriched §'80 values within drip water solutions. With regards to the hydrological cycle,

fractionation caused by Rayleigh distillation usually occurs during the evaporation or
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condensation of water (Fairchild et al., 2006), and the effects thereof are usually determined
by the amount of precipitation, leading to a gradual depletion of 80 isotopes during heavy
rainfall events (White, 2004; Noah, 2010).

These factors also contribute to variations in the fractionation of 80 during speleothem
precipitation, as the speleothem precipitates from the affected drip water (Spotl et al., 2005;
Cuthbert et al., 2014). If all of these factors are taken into account and are corrected for, the
drip water temperatures can be successfully correlated to the mean temperatures on the ground

surface.

In order for palaeoenvironmental analyses to be accurate with regards to speleothem stable
light isotope proxies, the conditions under which the speleothem originally formed must be
determined (Hendy, 1971; Ouelette, 2013). During the precipitation of speleothem deposits
from drip water, the fractionation ratio between oxygen isotopes in the drip water and deposited
speleothem is only a function of temperature if thermodynamic equilibrium within the cave
system is achieved (Hendy, 1971; Richards & Dorale, 2003; Cuthbert et al., 2014).
Thermodynamic equilibrium is usually achieved as a result of slow degassing rates, and no
presence of evaporation (Nordhoff, 2005). These conditions are usually met in environments
like the back of very deep caves, where humidity values are high and air flow is reduced
(Richards & Dorale, 2003; Nordhoff, 2005).

2.4.3 Oxygen Isotope Analysis

Oxygen has three stable, naturally occurring isotopes, °0, 'O and 80. These isotopes
fractionate between sea water, fresh water and air, as well as occurring in calcium carbonate
precipitates. This fractionation is temperature dependent, and therefore values of 520 can be
used to determine climate changes and variability, with colder climates indicated by positive
values, and warmer climates indicated by negative values (Faure, 1986; Pickering, 2007;
Zachos et al., 2011) (Figure 2.10). This use of oxygen isotopes has been applied to speleothems,
deep sea core and ice cores, which has provided palaeoclimate data when coupled with dating
techniques (Faure, 1986; Pickering, 2007; Zachos et al., 2011). Oxygen isotope analysis from
deep-sea cores has allowed precise patterns of cold and warm climatic phases during the
Quaternary to be deduced (Shackleton & Opdyke, 1973; Pickering, 2007) (Figure 2.10). Cold
phases are characterised by large amounts of atmospheric water precipitating in Polar Regions,
causing a build-up of polar ice sheets. This ice is depleted in 80 and enriched in %0 compared

to sea water, and is therefore isotopically ‘lighter’ than sea water (Potts, 1998; Pickering, 2007).
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During these cold phases, sea levels were about 130 m lower than today, as large amounts of
sea water was trapped in ice masses. As the climate warmed, this ice melted into the sea water,
therefore making the sea water isotopically ‘lighter’ than the ice sheets (Potts, 1998). These
changes were recorded in the shells formed by marine organisms, particularly those of
foraminifera. These shells were continuously deposited onto the ocean floors, ultimately
preserving a record of climate changes through the Quaternary (Chappell & Shackleton, 1986;
Potts, 1998) (Figure 2.11). Oxygen isotope analysis of these foraminifera from deep sea cores
has allowed a pattern of cold and warm phases from the Quaternary to be created and
confirmed. There is also a strong correlation between 520 and latitude, with the 5'®0 value

decreasing towards higher latitudes, as well as further inland.
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Fig. 2.10: Oxygen isotope curve for the last 900 Ka. The odd numbers represent interglacial periods,
and the even numbers represent glacial periods. From Bassinot et al., (1994).
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Fig. 2.11: Oxygen isotope curve produced from the analysis of benthic foraminifera, dating from the
Cretaceous to the Plio-Pleistocene, with interpretations (Source Unknown).

Numerous high resolution records of Quaternary climate change exist which may be used in
comparison to other records (Imbrie et al., 1984). The most common of these records which
pertain to studies conducted in the southern hemisphere include the SPECMAP record of sea
level change, and the Vostok ice core record of temperature changes (Imbrie et al., 1984;
Pickering, 2007). The SPECMAP Archive No.1 contains climate data of the past 700 Ka for
17 sediment cores which originate from the Atlantic Ocean (Imbrie et al., 1984) (Figure 2.12).
Included in these records are quantitative data documenting the species and assemblages of
planktonic fauna and flora, which reflect variations in the surface conditions of the Atlantic
Ocean, as well as data used to interpret continental ice volumes (Imbrie et al., 1984; Zachos et
al., 2011). Oxygen and carbon isotope data from the benthic and planktonic assemblages

provide additional palaeoclimate data (Imbrie et al., 1984; Lear et al., 2000). Using these
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measurements, a model of global sea level changes was created for the last 780 Ka, using
changing ice volumes during this period (Imbrie et al., 1984). The Vostok ice core record
originates from an ice sheet in east Antarctica, and provides a record of global climate change
for the last 420 Ka (Potts, 1998; Petit et al, 1999) (Figure 2.12). Four glacial-interglacial cycles
are recorded in this ice core record. These ice cores provide palaeoclimate data which ranges
from local temperatures deduced from deuterium content within the cores, precipitation rates,
moisture source conditions, wind strength, as well as the flux of aerosols of marine, terrigenous,
cosmogenic, volcanic and anthropogenic origin (Petit et al., 1999) (Figure 2.11). Oxygen
isotope analysis of these ice cores has allowed global ice volume changes, as well as ice volume
changes within the hydrological cycle, to be determined (Potts, 1998) (Figure 2.12).
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Fig. 2.12: Graphs showing climate change data from the Vostok ice core temperature change records
(Petit et al., 1999) and from the global SPECMAP record (Imbrie et al., 1984).

Oxygen isotope analysis of speleothem deposits have provided palaeoclimate data pertaining
to variations in temperatures and precipitation variations within cave environments. In a system
which has achieved isotopic equilibrium, the distribution of 80 between calcite and water
during the precipitation of the speleothem deposits is dependent on temperature (Friedmann &
O’Neil, 1977; Richards & Dorale, 2003). Variations of oxygen isotope concentrations within
ancient calcite is attributed to temperature shifts, as well as changes in the 80 of sea water,
variations in the path of water from its source to the site of precipitation, and the isotopic
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composition and volume of rain and vadose water (Richards & Dorale, 2003). Negative shifts
in 180 values are attributed to glacial-interglacial changes in ocean 20 values, as well as the
intensification of rainfall and seasonal rainfall patterns (Richards & Dorale, 2003). Long, high
resolution records of climate changes from oxygen isotope variations of speleothem deposits
may be compared to marine sediment core records, and ice core records (Figure 2.12), in order
to provide a complete, more accurate record of global climate changes (Richards & Dorale,
2003).

2.4.4 Dust Flux Analysis

Ocean dust records come about as a result of dust plumes forming over the oceans from
terrigenous material. These plumes form due to strong seasonality in rainfall, as well as a result
of the winds which carry the dust from the continents to the oceans (Potts, 1998). Dust
accumulations in ocean sediment cores therefore provide a record of changes in seasonality
and prevailing wind conditions over a considerable amount of time (Potts, 1998). These dust
cores may also provide a history of vegetation cover on the continents, as large areas of open
vegetation and desert increase the chance of erosion and transport of terrigenous material
(Potts, 1998).

The analysis of terrigenous dust flux from marine and lacustrine sediments has provided
records of trends, rhythms and events with respect to African climate during the Plio-
Pleistocene (Trauth et al., 2009). Samples used for dust flux analysis have been obtained from
marine sediments in the eastern Mediterranean Sea, the Arabian Sea, and off the coast of
subtropical West Africa, as well as from lacustrine sediments from eastern Africa (Trauth et
al., 2009). Dust flux analysis has attempted to remove inconsistencies between marine climate
variability records and terrestrial climate variability records (Behrensmeyer et al., 2006; Trauth
et al., 2009). Analysis of marine records containing Saharan dust has revealed that major steps
in faunal and hominin evolution occurred during climatic shifts towards more arid, variable
climatic conditions. This has been shown to have occurred during the onset and intensification
of high-latitude glacial cycles which occurred at around 2.8 Ma, 1.7 Ma and 1.0 Ma (de
Menocal, 1995, 2004; Trauth et al., 2009). However, dust flux analysis conducted on Plio-
Pleistocene lake sediments from eastern Africa with regard to lake level variations have
suggested that in fact these periods were dominated by wetter and more seasonal conditions
(Trauth et al., 2009). Dust records have also revealed that precessional (19 to 23 Ka) and
obliquity (41 Ka) forcing is continuous throughout the records (de Menocal, 2004; Trauth et
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al., 2009). Dust flux records also provide evidence for the modulation of precession by
eccentricity up until 5 Ma (Trauth et al., 2009). This suggests that the modulation of precession
by eccentricity has a major effect on the hydrological cycle within tropical Africa (Trauth et
al., 2009). It also suggests that that large amplitude variations in African climate are not related
to the onset and intensification of high latitude glacial cycles, as suggested by numerous other
studies (de Menocal, 1995, 2004; Trauth et al., 2009). Dust layers from glacial periods have
shown to be thicker and contain more aeolian material, than those of interglacial periods (de
Menocal, 2004).

2.4.5 Miscellaneous Palaeoclimate Analyses

The ratio between magnesium and calcium in benthic foraminiferal calcite has been used to
produce a deep sea temperature record for the past 50 Ma (Lear et al., 2000). The temperature
record produced from these data is very similar to the record produced from benthic oxygen
isotope data. In general, these data define an overall cooling trend of about 12°C of deep ocean
water, with four main cooling phases, over the past 50 Ma. They also provide estimates of

global ice volumes (Lear et al., 2000).

Micromammalian fossils from the Sterkfontein Member 5 East and Swartkrans Members 1-3
have contributed palaeoenvironmental information to the period between 2 Ma and 1 Ma, and
have allowed for palaeoenvironmental reconstructions of the Cradle of Humankind (Avery,
2001).

Large ice sheets, such as those of the Arctic or Antarctic, are also used for large scale
palaeoclimate analysis as they play an important part in amplifying, pacing, and driving global
climate change over large time periods (Potts, 1998; Clarke et al., 1999). The influence of ice
sheets on climate include changing ocean surface temperatures, ocean circulation, continental
water balance, vegetation, and albedo, all of which affect the global climate system (Clarke et
al., 1999). It has been suggested that the underlying geological substrate beneath the ice sheets
has helped modulate the response of ice sheets to insolation forcing. These responses manifest
as effects the ice sheets have on global climate, and may explain climate variability over the
past 2.5 Ma (Clarke et al., 1999).

Palaeoclimate reconstructions have also been created using sedimentation and stratigraphic
sequences, along with facies analysis of those sequences. Facies analysis allows for
palaeoenvironmental reconstructions by providing information about depositional

environments (Boggs, 2001). These depositional environments are controlled by tectonics, sea
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level change and climate variations (Boggs, 2001). Kos (2001) used this approach, and related
cycles of erosion and deposition of sediments within cave systems during the last interglacial
period to groundwater variations, which relates to surface environmental conditions. Studies
have shown that in Australia, the last glacial period is represented by a hiatus in sedimentation
and speleothem development within cave systems, and may be accompanied by erosion. This
has been related to more arid surface conditions by Kos (2001). Brain (1995) used the
sedimentation sequence of the Member 5 deposit from Swartkrans to model variations in
climate which controlled the sedimentation of this deposit (Brain, 1995). It has also been
suggested that the degree of calcification in clastic sedimentary layers may distinguish climate
changes. Layers exhibiting no calcification have been proposed to correlate to arid periods,
or moist periods characterised by very fast sedimentation (Moriarty et al., 2000). Clastic
layers interbedded with flowstone layers and well-calcified sediments would provide

evidence for a wetter climate (Moriarty et al., 2000).

Diatoms present in lake sediments are environmentally sensitive organisms, and may provide
a history of lake depth, salinity and alkalinity (Potts, 1998). These lake properties are strongly
influenced by climatic and tectonic variations, therefore a study of diatoms within the lake

sediments would allow for the reconstruction of rates of environmental changes (Potts, 1998).



44

Chapter 3
Methods and Materials

3.1 Introduction

The methodology used in collecting samples from the Sterkfontein Caves, as well as in
conducting the isotopic and climatic analyses on the samples produced is described in this
chapter. Overall, 16 modern speleothem samples were personally collected, and 328 drip water
samples were collected bi-weekly in vials over a period of 14 months by technical staff at the
Sterkfontein Caves site. The speleothem samples were personally prepared for oxygen and
carbon stable light isotope analyses which were conducted at iThemba Labs at the University
of the Witwatersrand using a Finnigan Gasbench Il. The drip water samples were sent for
oxygen isotope analyses at the Hydrogeology Research Laboratory in the School of Geoscience
at the University of Witwatersrand, where the samples were prepared for analysis and analysed
for oxygen isotopes. Hydrochemical analyses were conducted personally on the drip water
samples at a private water analysis laboratory at the Department of Archaeology, Geography
and Environmental Science at the University of the Witwatersrand, which included an analysis
of the pH and electro-conductivity of each drip water sample. Overall climatic data was
collected from within Sterkfontein Caves during the collection of the drip water samples, and
overall atmospheric climatic data was obtained from nearby weather stations. Pearson’s
product-moment correlation statistical analyses were performed on the resulting data in order
to interpret correlations and trends. The localities of each sample collected are described in this
chapter, as well as the sampling procedure, which is detailed for both the modern speleothems
and drip water. The preparation and analysis of these collected samples is then described, in
terms of laboratory stable light isotope analyses, and hydrochemical analyses performed on the
drip water samples. A detailed description of the calibration and correction used in processing
the stable light isotope results is provided, followed by a description of the statistical analyses
used to interpret the data sets with regards to correlations and trends. This is followed by a
detailed section on the analysis and interpretation of the speleothem and drip water stable light
isotope data in terms of temperature, precipitation and vegetation, as well as hydrochemical

interpretations and interpretations with respect to the modern climatic data.
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3.2 Sample Location and Sampling

3.2.1 Sample Location

The interior of the Sterkfontein Cave system was examined in terms of geology,
geomorphology and physical attributes in order to collect samples which would reflect a variety
of differing climatic and geological conditions within the cave system. Modern speleothem and
drip water samples were collected from the Silberberg Grotto, Milner Hall, Jacovec Cavern,
and two narrow antechambers (Figure 3.1). The Silberberg Grotto was selected for modern
speleothem sampling, due to the Grotto’s proximity to a main cave entrance, and due to the
direct vertical ground water flow from the ground surface into the Grotto. Milner Hall was
selected because it is exposed and subject to continual climatic variations due to its’ proximity
to tourist path, as well as being the site of the Milner Lake, a source of static ground water in
the cave system. Climatic variations would be expected along the tourist path due to disturbed
air flow currents, which could affect the humidity, atmospheric pressure and temperature
variations within the cave system along these routes (Dominguez-Villaer et al., 2010). The
Jacovec Cavern was selected due to its” high initial humidity, which promotes fewer kinetic
fractionation effects, and the large number of active flowstones in the cavern. The two
antechambers were chosen for sampling due to the isolation of these areas and the high
humidity measured in these areas. A map showing the sample locations is provided (Figure
3.1)
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Fig. 3.1: Map of Sterkfontein Caves, showing chamber locations circled in red, and samples collected from these
chambers indicated by the red arrow. The dotted line displays the outline of overlying cave chambers. Adapted from
Reynolds et al. (2003).

3.2.2 Speleothem Sampling

Sixteen modern speleothem samples were personally taken in the field from currently
precipitating flowstone layers using a chisel. Each sample measured approximately 3 mm to
10 mm in length. These speleothem samples were put into small sample bags and labelled with
a sample name, depending on the sample location. These samples were taken from various
locations within the Sterkfontein caves system, including the Silberberg Grotto, Milner Hall
lake site, Jacovec Cavern and two smaller antechambers (Figure 3.1). Each sample locality was
recorded with the Total Station using X, y and z co-ordinates measured for each sample by a
combination of an electronic theodolite and electronic distance meter. Speleothem samples are
listed in Table 3.1.
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Samples of speleothems which had recently precipitated onto the dolomite roof host rock of
the cave system were taken, as well as samples which had precipitated over older speleothems
along the cave walls (Table 3.1). Data from these three types of samples were compared in
order to ascertain how the environment onto which the speleothems precipitated and the
manner in which the speleothems precipitated affected the oxygen and carbon isotope values.
Samples were also taken from locations at different levels within the cave system as well as at
different distances from cave entrances, in order to account for the impact of variability on the
stable light isotopes of the samples with regards to humidity and sources of wind. Samples at
higher levels and closer to cave entrances would experience less humidity and greater wind
interference, which is represented by the samples collected from the Silberberg Grotto and
Milner Hall, whereas samples at deeper levels and further away from cave entrances would
experience the opposite, represented by samples collected from Antechamber 1, Antechamber
2 and the Jacovec Cavern (Table 3.1).
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Table 3.1: Description of speleothem samples and the chambers from which they were collected. Total station co-ordinates
for each sample can be found in Appendix A. Fresh calcite refers to newly precipitated speleothems/calcite. Clean calcite
refers to calcite without any dirt/impurities. Abbreviations: D-dolomite, C-calcite, B-breccia, V-ventilated, H-humidity.

Sample Chamber Sample Description Chamber Description Elevation (masl)
Name Location
SGS-1 Silberberg Fresh speleothem Well V., close to main entrance, moderate | 1462.304
Grotto H., small.
SGS-2 Silberberg Fresh speleothem Well V., close to main entrance, moderate | 1461.171
Grotto H., small.
SGS-3 Silberberg Older speleothem Well V., close to main entrance, moderate | 1462.059
Grotto H., small.
SGS-4 Silberberg Top of speleothem on | Well V., close to main entrance, moderate | 1462.502
Grotto D. H., small.
MHLS-1 | Milner Hall | Flowstone below older | Well V., access to numerous minor | 1440.092
Lake speleothem precipitated | entrances, low H., very large and exposed.
on D.
MHLS-2 | Milner Hall | Recrystallized Well V., access to numerous minor | 1440.827
Lake speleothem entrances, low H., very large and exposed.
JCS-1 Jacovec Cavern | Fresh C. from | Moderately V., small minor entrances, | 1 446.280
flowstone precipitated | high H., medium size, low roof.
onto older speleothem
JCS-2 Jacovec Cavern | Fresh C. with modern | Moderately V., small minor entrances, | 1 444.358
speleothem high H., medium size, low roof.
JCS-3 Jacovec Cavern | Fresh C. from modern | Moderately V., small minor entrances, | 1 444.255
speleothem precipitated | high H., medium size, low roof.
on D.
JCS-4 Jacovec Cavern | Fresh C. from modern | Moderately V., small minor entrances, | 1 445.990
speleothem precipitated | high H., medium size, low roof.
on older B.
AlS-1 Antechamber 1 | Clean C. from modern | Poorly V., one small minor entrance, high | 1 448.098
speleothem precipitated | H., narrow and small.
onto older B.
AlS-2 Antechamber 1 | Clean C. from modern | Poorly V., one small minor entrance, high | 1 448.199
speleothem precipitated | H., narrow and small.
onto older B.
AlS-3 Antechamber 1 | Clean C. from modern | Poorly V., one small minor entrance, high | 1 447.332
speleothem precipitated | H., narrow and small.
onto older speleothem
and B.
A2S-1 Antechamber 2 | Fresh C. from modern | Poorly V., one small minor entrance, high | 1448.727
speleothem precipitated | H., very narrow and small, high roof.
over older speleothem
A2S-2 Antechamber2 | C.  from  modern | Poorly V., one small minor entrance, high | 1443.623
speleothem precipitated | H., very narrow and small, high roof.
onto D.
A2S-3 Antechamber 2 | Fresh C. from modern | Poorly V., one small minor entrance, high | 1443.199

speleothem precipitated
over older speleothem

H., very narrow and small, high roof.

During the collection of these samples, the cave humidity, atmospheric temperature, dew point

temperature, altitude and atmospheric pressure at the sample location were also recorded using

a Kestrel 4500 Pocket Weather Tracker, in order to establish the ambient cave environment

under which the modern speleothems formed (see Appendix D). These measurements were
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collected over a period of 14 months, from June 2015 to August 2016, every two weeks. These
physical measurements were also essential in order for temperature and precipitation climatic
data to be deduced and understood correctly. Measurements scheduled to be taken as per the
bi-weekly system were not taken on 17" December 2015, 31 December 2015, and 28" April
2016.

In order for palaeoenvironmental analyses to be accurate with regards to both drip water and
speleothem stable light isotope proxies, the conditions under which the speleothem originally
formed must be determined (Hendy, 1971; Ouelette, 2013). During the precipitation of
speleothem deposits from drip water, the fractionation ratio between oxygen isotopes in the
drip water and deposited speleothem is only a function of temperature if thermodynamic
equilibrium within the cave system is achieved (Hendy, 1971; Richards & Dorale, 2003;
Cuthbert et al., 2014). Thermodynamic equilibrium is usually achieved as a result of slow
degassing rates, and no presence of evaporation (Nordhoff, 2005). These conditions are usually
met in environments like the back of very deep caves, where humidity values are high and air
flow is reduced (Richards & Dorale, 2003). Measuring the humidity, air temperature, air
pressure and dew point temperature for both the drip water and speleothem samples would

allow for the conditions under which the speleothems and drip water formed to be established.

3.2.3 Drip Water Sampling

Approximately 20 to 30 ml drip water samples were collected bi-weekly for 14 months from
July 2015 to August 2016, in pre-cleaned and pre-treated 30 ml polyethylene bottles using a
funnel, from 13 different drip water locations within the Sterkfontein cave system. These
locations include sample points in the Silberberg Grotto, Milner Hall lake site, Jacovec Cavern,
and two smaller antechambers (Table 3.2). A sample of the lake water from the Milner Hall
Lake site was also taken. Samples were collected in the same manner as was done for the
speleothem samples with respect to location, bi-weekly collection dates, and cave climatic data,
and were collected by technical staff at Sterkfontein Caves. Drip water samples collected from
Antechamber 1 and Milner Hall were the closest to the tourist path, therefore closer to the
influence of tourist activity, with samples collected from Antechamber 2 and the Jacovec
Cavern being further away from the tourist paths, and therefore further from the influence of
tourist activity. As the Sterkfontein Caves are open to tourists every day, the samples were thus
collected from all the chambers during varying, unpredictable tourist visits over the course of
the 14 month sampling period. Drip water samples are listed in Table 3.2. Samples were not
collected on 17" December 2015, 31t December 2015, and 28" April 2016.
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Table 3.2: Description of speleothem samples and the chambers from which they were collected. Fresh calcite refers to
newly precipitated speleothems/calcite. Clean calcite refers to calcite without any dirt/impurities. Total station co-ordinates
for each sample can be found in Appendix A. Abbreviations: D.W.-drip water, D-dolomite, C-calcite, B-breccia, V-
ventilated, H-humidity.

Sample Chamber Sample Description Chamber Description Elevation (masl)
Name Location

JDW-1 Jacovec Cavern | D.W. from fresh C. | Moderately V., small minor entrances, | 1 444.876
precipitated onto older | high H., medium size, low roof.
speleothem

JDW-2 Jacovec Cavern | D.W. from fresh C. | Moderately V., small minor entrances, | 1444.243
with modern | high H., medium size, low roof.
speleothem

JDW-3 Jacovec Cavern | D.W. from fresh C. | Moderately V., small minor entrances, | 1 443.868
precipitated on D. high H., medium size, low roof.

JDW-4 Jacovec Cavern | D.W. from fresh C. | Moderately V., small minor entrances, | 1443.815
precipitated on older B. | high H., medium size, low roof.

JDW-5 Jacovec Cavern | D.W. from fresh C. | Moderately V., small minor entrances, | 1444.489
precipitated on modern | high H., medium size, low roof.
speleothem

A1DW-1 | Antechamber1 | D.W. from clean C. | Poorly V., one small minor entrance, high | 1 446.660
precipitated onto older | H., narrow and small.
B.

A1DW-2 | Antechamber1 | D.W. from clean C. | Poorly V., one small minor entrance, high | 1 447.136
precipitated onto older | H., narrow and small.
B.

A1DW-3 | Antechamber1 | D.W. from clean C. | Poorly V., one small minor entrance, high | 1 444.724
precipitated onto older | H., narrow and small.
speleothem and B.

A1DW-4 | Antechamber1l | D.W. from clean C. | Poorly V., one small minor entrance, high | 1 444.355
precipitated over older | H., narrow and small.
B.

A1DW-5 | Antechamber1 | D.W. from clean C. | Poorly V., one small minor entrance, high | 1 447.088
precipitated over older | H., narrow and small.
speleothem

A2DW-1 | Antechamber2 | D.W. from fresh C. | Poorly V., one small minor entrance, high | 1443.623
precipitated over older | H., very narrow and small, high roof.
speleothem

A2DW-2 | Antechamber2 | D.W. from C. from | Poorly V., one small minor entrance, high | 1445.312
modern speleothem | H., very narrow and small, high roof.
precipitated onto D.

A2DW-3 | Antechamber2 | D.W. from fresh C. | Poorly V., one small minor entrance, high | 1441.749

from modern
speleothem precipitated
over older speleothem

H., very narrow and small, high roof.

During the collection of these samples, the drip rate, cave air humidity, cave atmospheric

pressure and temperature were also recorded using a Kestrel 4500 Pocket Weather Tracker,

using the same technique carried out when collecting the speleothem samples (see Appendix

D). These variables were measured over a period of 13 months, from July 2015 to July 2016.

Measurements were not taken on 17" December 2015, 31t December 2015, and 28" April

2016, and drip rates were not measured on 19" May 2016.
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3.2.4 Vegetation Survey

A general field survey was conducted at Sterkfontein Caves to assess the extent of the
biodiversity of the local flora around the Sterkfontein Cave site, which included a vegetation
percentage overview analysis of the different species, and to what degree Cs and C4 vegetation
were present in the area (Mogg, 1975). This was completed by noting the occurrence of Cs or
C4 or CAM plants, as well as the percentage coverage of this vegetation over the environment
above the cave system. Photographs of the overall vegetation distribution around the
Sterkfontein Caves site were taken, in order for a general visual overview of the C3 and Ca
vegetation distribution to be obtained. A reference book, ‘Important Plants of Sterkfontein’

was used in order to identify plant species and overall vegetation distribution (Mogg, 1975).

3.3 Preparation and Analysis

3.3.1 Speleothem Analysis

The 16 speleothem samples were personally prepared and analysed for oxygen and carbon
stable light isotopes at iThemba Labs at the University of the Witwatersrand (see Appendix
C). With regards to preparation, the speleothem samples were crushed into a powder, and 0.5
mg to 0.6 mg of each sample was accurately weighed out and transferred into a vial for further
stable light isotope analysis. Each sample was divided into two, resulting in a total of 32 vials.
Two in-house carbonate standards were used for this analysis, namely the CSS and MHS1
standards. The CSS in-house standard produces intermediate negative *3C and 20 values,
with a smaller range than MHS1, which produces very negative 3C values and more
positive 180 values, with a large range. 0.3 mg of each standard was measured out four times,
resulting in a total of four CSS standard vials, and four MHS1 standard vials. These two
standards were chosen as they display a large range of negative values for *3C and 20, which
allow for the accurate calibration of speleothem sample results relative to PeeDee Belemnite
(PDB) (Vaks et al., 2003; Mattey et al., 2008).

The speleothem samples were analysed using the Finnigan GasBench Il. Sample vials were
loaded into a sample tray. Slots one to nine on the sample tray were occupied by blank samples
which only contained helium. Slots 10 to 13 hosted the vials containing the standards, which
included two CSS standard vials and two MHSL1 standard vials. The rest of the samples were
then loaded into the remaining slots, with the last four slots occupied by standards again (Figure
3.2). The tray was then heated to 72°C in order to speed up the reaction that would take place
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between the carbonates and the acid with which the samples were dosed. This also reduced the
time required to reach isotopic equilibrium in each sample. In order to measure oxygen and
carbon stable light isotopes simultaneously in carbonate samples, each sample was dosed with
phosphoric acid in order to yield CO2, which reflects the isotopic value of the CO3% carbonate
ion. In order to measure carbonates for oxygen and carbon stable light isotope data, the double
needle set up was used in the GasBench, which allowed one sample to be dosed with
phosphoric acid while simultaneously measuring the oxygen and carbon stable light isotopes
of another sample (Figure 3.2). Prior to this, each sample was flushed with 100 ml of helium
for five minutes, in order to remove all air in the sample vials, and to allow for equilibration.
Following this, one needle automatically transported phosphoric acid into a sample vial, while
another needle sampled gas from the headspace of one of the sample vials (Figure 3.2). In order
for the COz2 in the sampling vials dosed with acid to equilibrate, it was necessary to wait one
hour. Samples were run twice, as the first run did not reproduce well. Raw data reproduced as
a chromatograph, and values were automatically entered into Microsoft Excel. The oxygen and
carbon stable light isotope data were analysed together and against each other in order to

establish any correlations.

Sampling Acid Dosing Sampling Acid Dosing

Fig. 3.2: Simplified diagram showing the sample vial set up in the autosampler trays, as well as the double
needle set up. (Thermo-Fischer Scientific, 2014).

3.3.2 Drip Water Analysis

328 drip water samples were sent to the Hydrogeology Research Laboratory at the School of
Geoscience at the University of Witwatersrand for oxygen stable light isotope analysis
(Appendix C), and to a water laboratory at the Department of Archaeology, Geography and
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Environmental Science at the University of the Witwatersrand for hydrochemical analyses
(Appendix F).

Oxygen stable light isotope analysis of the drip water samples was conducted using an LGR
Liquid Water Isotope Analyser model 45-EP. This equipment makes use of cavity enhanced
absorption spectrometry, where laser absorption is measured within a cavity with mirrors
boasting high reflectivity in order to generate paths of several kilometres (Aggarwal et al.,
2009). This results in the lines of laser absorption from various water molecules being clearly
separated and distinguishable, and results in an increase in measured absorption compared to
other technical systems. The results produced from this equipment display high signal to noise
ratios, and therefore precise isotopic measurements (Aggarwal et al., 2009). Overall, the
equipment consists of a laser analysis system with an internal computer, a liquid autosampler
and autosampler tray, a small membrane vacuum pump, and an intake line that passes air
through a Drierite column for the removal of moisture (Aggarwal et al., 2009). During sample
preparation, 0.75 pL of sample was injected through a PTFE septum in the autosampler using
a Hamilton microliter syringe. The autosampler injection port is heated to 46°C, in order to
vaporize the sample during injection under vacuum conditions. This vapour is then transported
down the transfer line into the mirrored laser analysis chamber. One millilitre of each standard
and sample is pipetted into a 2 ml marked glass vial placed in the autosampler tray in the correct
position, and sealed with a PTFE cap. Typically, three in-house reference materials for the
analysis of oxygen stable light isotopes in water samples are used for this analysis. In the first
position on the autosampler tray, a blank sample is placed. Position two is held by the heavy
isotope calibration reference material, position three by the light isotope calibration reference
material, and position four by the control reference material. The next five to nine positions are
then for the water samples to be placed in the autosampler tray. Positions 10 to 12 are then
again filled by the three reference materials used, followed by five of the water samples, and
then the three reference materials again, until all the water samples have been placed on the
autosampler tray. The maximum number of positions which may be occupied per run is 52,
with an extra 53" sample included, which will be de-ionised water to clean the syringe after
the sample analysis (Aggarwal et al., 2009). Before the run begins, the autosampler septum is
checked to see whether a replacement is needed, which occurs every 325 injections. Typically,
a run of 53 samples requires 318 injections. The active Drierite level in the column of the
equipment is also checked, in order to insure that there is sufficient Drierite for the run
(Aggarwal et al., 2009). The spectrum of the laser is also checked, in order to ensure that the

correct absorption spectrum and absorption peak is within the shaded area on the plot displayed
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(Aggarwal et al., 2009). After these checks, analysis of the samples in the autosampler tray is

initiated.

The standard deviation for the oxygen isotope values produced from the drip water samples
was calculated in order to determine the reliability of the results, and these oxygen isotope
results were compared to the §?H values measured from the drip water samples, and both data
sets were analysed against one another, in comparison to the Global Meteoric Water Line, in
order to assess the suitability of the isotope results for interpretation. The §°H and §'80 data
produced from each sample was used to plot the samples relative to the Global Meteoric Water
Line, calculated using the equation 5°H= 8 50 + 10%. (Craig, 1961), in order to deduce
whether the sample data followed a similar trend compared to the Global Meteoric Water Line.
A positive correlation between the sample data and Global Meteoric Water Line would indicate

the suitability of the sample data for further interpretation.
3.3.3 Hydrochemical Analysis

Hydrochemical analyses were personally conducted on the drip water samples at a laboratory
at the Department of Archaeology, Geography and Environmental Sciences, University of the
Witwatersrand. The samples underwent pH and electro-conductivity analyses using a YSI
Professional Plus hydrochemical probe (Appendix F). For pH analyses (Thermo-Fischer
Scientific, 2014), the probe was calibrated by using two Fluka pH buffer reference materials,
one with a pH of 7 at 20°C and another with a pH of 4 at 20°C. Each pH buffer was poured
into separate beakers, and the probe was dipped into each pH buffer solution for approximately
three minutes. The probe was rinsed with tap water and de-ionised water between calibrating
with each pH buffer. The probe recorded a pH of 7.13 for the first pH standard, and a pH of
4.29 for the second pH standard. After this calibration, the probe was rinsed with tap water and
finally de-ionised water again. For electro-conductivity analyses, the probe was calibrated
using a standard conductivity solution measuring 1413 uS/cm at 25°C. The conductivity
solution was poured into a 20 ml tube, and the probe was dipped into this tube for
approximately one minute. The probe produced a reading of 1446 uS/cm, due to factoring in

the ambient room temperature of 26.5°C as the conductivity is temperature dependent.

One set of drip water samples from each month for a period of 14 months (July 2015 to August
2016) was then selected, and the probe was used to measure the electro-conductivity and pH
of each sample. Some of the drip water from each sample was poured into a 20 ml tube, and
the probe was dipped into this tube for two minutes to allow for the pH reading to settle, and
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one minute for electro-conductivity. The probe and tube was rinsed with tap water and de-

ionised water after each sample analysis was complete.
3.4 Calibration and Correction

All speleothem samples were calibrated according to similar analyses performed on standards
of known isotopic composition. Two in-house standards, namely CSS and MHS1 were used
by iThemba Labs, Gauteng, in order to calibrate the data and determine correction factors.
Both of these standards are measured relative to PeeDee Belemnite (PDB) (Table 3.3). PDB
is a reference standard used particularly in palaeotemperature studies with regard to variations
in oxygen and carbon isotopes in calcite materials (Epstein et al., 1953; Craig, 1965;
Gonfiantini et al., 1995), and thus is a particularly useful reference material for the standards
used in the oxygen and carbon stable light isotope analyses conducted on the modern
speleothem samples. PDB comprises CaCOs from the rostrum of a belemnite from the
Cretaceous period, discovered in the Peedee Formation in South Carolina (Gonfiantini et.al.,
1995). The CO:2 produced from PDB by treatment with 100% phosphoric acid at 25°C is used
as the reference standard for oxygen and carbon isotope variations in calcite and aragonite, as
PDB exhibited similar ®0/®0 ratios as that of calcium carbonate precipitated in
thermodynamic equilibrium in modern ocean water at 16.5°C (Epstein et al., 1953; Craig,
1965; Gonfiantini et al., 1995). The CSS and MHS1 standards were chosen for this analysis
as they display a large range of negative values for *3C and 20, which allow for the accurate
calibration of speleothem sample results relative to PeeDee Belemnite (PDB) (Vaks et al.,
2003; Mattey et al., 2008).

The mean and standard deviation of the 3C and 0 values for each standard used was
calculated in order to calibrate samples, and to measure an error range on the sample data
respectively. The raw data produced from the stable light isotope analysis of the standards
was analysed against the expected values for carbon and oxygen stable light isotopes for the
two standards (provided by iThemba Labs, Gauteng) in Microsoft Excel, and two trend lines
were produced using these data for the oxygen and carbon isotope standards respectively,
using the equation y = 0,9963x — 0,1318 for carbon isotopes, and y = 1,0297x — 16,993
for oxygen isotopes. These trend lines were used to calibrate the data, and the equation for
these trend lines were used to correct the data produced. This was done in order to ensure that
the results produced from the oxygen and carbon stable light isotope analysis of the
speleothem samples are accurate, and so that any outlier results may be correctly identified,
and that skewing of results due to equipment drift may be explained. In order for these trend
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lines to be meaningful for the calibration of the rest of the sample results, it is necessary for

the values of the standards to cover a wide range of values (Mattey et al., 2008).

The difference between the values obtained for the measured and expected results were used
as a measure of the drift of the GasBench equipment (Thermo Electron Corporation, 2004).
Oxygen and carbon isotope values were reported in per mil (%o) relative to the PeeDee
Belemnite scale for the speleothem samples, and the oxygen isotope values will be reported

relative to Vienna Standard Mean Ocean Water (VSMOW) for the drip water samples.

Table 3.3: In-house standards used during the oxygen and carbon stable light isotope analysis of the speleothems.

Standards Relative to PDB

CSS MHS1
3¢ -6.80 -2.82
180 -8.20 -14.60

All drip water samples were also calibrated according to similar analyses performed on in-
house reference materials of known isotopic composition, provided by the Hydrogeology
Research Laboratory in the School of Geoscience, at the University of Witwatersrand (Table
3.4). Five in-house standards provided by the Hydrogeology Research Laboratory were used
in order to calibrate the data and determine correction factors. The Liquid Water Isotope
Analyser equipment automatically calibrates itself using these reference materials, and then
proceeds with the oxygen isotope analysis. The equipment produces results with a precision
of approximately 1 %o for 5°H and 0.2 %o for §*20 in liquid water samples of up to at least
1000 mg/L dissolved salt concentrations. The standards used during the analysis of the drip
water samples are tabulated in Table 3. These standards were chosen by the Hydrogeology
Research Laboratory due to the very large range of both positive and negative values for
hydrogen and oxygen. This large range allows for the accurate calibration of drip water
sample results relative to Vienna Standard Mean Ocean Water (VSMOW) (Mattey et al.,
2008). The mean and standard deviation of the hydrogen and oxygen isotope values for each
standard used was calculated in order to calibrate samples, and to measure an error range on
the sample data respectively (Mattey et al., 2008). The raw data produced from the stable light
isotope analysis of the standards was analysed against the expected values for hydrogen and

oxygen stable light isotopes for the five standards (provided by the Hydrogeology Research
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Laboratory, University of the Witwatersrand) in Microsoft Excel, and trend lines were
produced using these data for the oxygen and hydrogen isotope standards. These trend lines
were used to calibrate the data, and the equations for these trend lines were used to correct the
data produced. This was done in order to ensure that the results produced from the oxygen
and hydrogen stable light isotope analysis of the speleothem samples are accurate, and so that
any outlier results may be correctly identified, and that skewing of results due to equipment
drift may be explained. In order for these trend lines to be meaningful for the calibration of
the rest of the sample results, it is necessary for the values of the standards to cover a wide
range of values (Mattey et al, 2008). All oxygen stable light isotope data produced from the
analysis of the drip water samples was reported in per mil (%o) relative to VSMOW. VSMOW
is an oxygen and hydrogen isotope ratio primary reference water sample distributed in order
to enable the calibration of 2H/*H and 180/ ratio variations, and has an isotopic composition
very similar to the Standard Mean Ocean Water (SMOW) described by Craig (1961). The
VSMOW reference samples were produced by mixing distilled water from the Pacific Ocean
collected at a latitude of 0° and longitude of 180° with smaller amounts of additional water
samples until the desired 80/*%0 isotopic composition was obtained (Gonfiantini et al., 1995).
VSMOW is currently the main calibration reference material for hydrogen and oxygen

isotopic ratio variations in natural compounds (Gonfiantini et al., 1995).

Table 3.4: In-house standards used during the oxygen stable light isotope analysis of the drip water samples.

Columns are represented by the letter ‘C’.

Reference Materials Relative to VSMOW
Autosampler 5C 4C 3C 2C 1C
Positions
2H (%) -9.2+0.5 -51.6 £0.5 97.3 0.5 -123.7 £0.5 -154+0.5
80 (%0) -2.69+0.15 -7.94+0.15 -13.39+0.15 -16.24+0.15 19.49+0.15

In order for the oxygen stable light isotope data from the drip water samples to be referenced
to VSMOW correctly, VSMOW/VSLAP (Vienna Standard Light Antarctic Precipitation)
scaling needed to be performed. VSLAP is a water reference material for 1’0/*%0, and is
considerably depleted with regards to heavy isotopes in comparison to VSMOW. The

isotopic composition of VSLAP in comparison to VSMOW is defined by the values
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8§°H = —428.0%0, 680 = —55.50%0, which are used to fix the 8°H and %0 scales
(Gonfiantini et al., 1995). VSMOWY/VSLAP scaling is needed in order to normalize the
experimental fractionation factors of hydrogen and oxygen isotopes, and is performed using

the  equation & = ((Rsampre / Rvsmow) — 1) + Sysmow / ((Rysap — Rvsmow) /
Rysmow) (Gonfiantini etal., 1995), where R is the measured isotopic ratio of D/H (08/0%°).

In order to do this, two reference water samples of differing compositions were also included
in the analysis of the drip water samples. The scaling factor produced was 0.9946 for this
system (Hilkert & Avak, 2008).

3.5 Statistical Analyses and Correlation

All correlations, similarities and trends were statistically analysed using PAST v3.14 software.
Pearson product-moment correlation tests were performed on all data sets requiring the analysis
of correlations and trends. Tests were performed on §'80 values from the modern speleothem
and drip water samples, as well as on the temperatures calculated from the modern speleothem
and drip water samples using equation 1 and equation 2 in comparison to the measured average
monthly atmospheric temperatures. Pearson product-moment correlation tests were also
conducted on the calculated temperatures in comparison to the measured cave air temperatures
and the calculated idealised temperatures. The calculated idealised cave air temperatures and
the measured cave air temperatures were analysed together using a Chi-squared statistical test.
The drip rates were analysed using the Pearson product-moment correlation test, as well as the
monthly measured average rainfall and drip water 5'80 values versus the drip rates. The drip
water 8'80 values were also analysed in this manner in comparison to the monthly measured
average rainfall. Pearson product-moment correlation tests were also conducted for humidity

and atmospheric pressure.

The Pearson product-moment correlation test assumes a normal distribution for all data, and is
a parametric test for correlation (Hammer et al., 2001). A Shapiro-Wilk normality test was
conducted on the data sets using PAST v3.14, producing p values of <0.9 which indicates a
normal distribution of data (Hammer et al., 2001). The Pearson product-moment correlation
test produces Pearson correlation coefficient values (r), which range in value from +1to -1. A
value of O indicates no correlation between the data sets. A value greater than 0 indicates a

progressively positive correlation relationship towards +1 between data sets, and a value less
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than O indicates a progressively negative correlation relationship or inverse relationship
towards -1 between data sets. The value of r indicates the amount of variation of the data around
a calculated line of best fit for the data sets, and indicates the strength of correlation between
data sets (Table 3.5) (Hammer et al., 2001). A confidence level of 90% was used for these

statistical analyses.

Table 3.5: Classification of r values according to strength of correlation between data sets (Adapted from
Hammer et al., 2001).

Correlation Coefficient, r
Strength of Positive Negative
Correlation
Weak 0.1t00.3 -0.1t0-0.3
Intermediate 0.3t00.5 -0.3t0-0.5
Strong 0.5t 1.0 -0.51t0-1.0

The Chi-squared statistical test is a non-parametric test used to determine the independence of
two variables, and to determine significant differences between observed and expected data
sets (Hammer et al., 2001). This statistical test uses a confidence level (p) of 95%. The p value
indicates the probability of producing the observed results, when the null hypothesis is true. If
the p value is greater than the confidence level of 0.05, the null hypothesis for the test is
considered to be true, and no significant differences between data sets are noted. (Hammer et
al., 2001)

3.6 Data Analysis

3.6.1 Temperature

Oxygen stable light isotope data from the speleothem samples were analysed using Microsoft
Excel and PAST v3.14 software in order to determine general temperature trends and
correlations. The measured data were used to calculate an idealised temperature at which
these speleothems precipitated, and therefore idealised temperatures for the cave
environment over a period of 14 months (July 2015 to August 2016). This can be done by
assuming that no fractionation has occurred during the precipitation of the speleothem from
the drip water solution. Two different equations were used in the calculation of temperatures
using the oxygen stable light isotope data —the empirically determined speleothem

temperature equation
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T°C =169 — 4.2(6, — 8,,) + 0.13 (6. — 8,,)% (eql), (Epstein et al., 1953; Kim & O’Neil,
1997; Schwarcz, 2007; Lachniet, 2009; Feng et al., 2014), where T is temperature (K), &, is
oxygen isotope value from the solid calcite, and §,, is the oxygen isotope value from drip

water,

and the widely used experimentally determined speleothem temperature equation

103ma = 2.78(10°T~2) — 2.89 (eq2) (Epstein et al., 1953; Kim & O’Neil, 1997;
Schwarcz, 2007; Lachniet, 2009; Feng et al., 2014), where a is the fractionation factor and

T is temperature (K). The fractionation factor a was calculated using the equation a,_,, =

% (eg3) (Epstein et al., 1953; Coplen, 1996; Kim & O’Neil, 1997; Lachniet, 2009; Feng
water

etal., 2014).

In order to produce an idealised result assuming no fractionation, the §,,,:., Value was
calculated by simply using the speleothem stable oxygen isotope data and converting this

data to values relative to VSMOW, using the equation

580y smow = 1.03086(580,p5) + 30.86 (eq4) (Friedmann & O’Neil, 1977; Schwarcz,
2007; Lachniet, 2009; Feng et al., 2014). The results from the two temperature equations
(Appendix E) were compared to one another, and to the measured cave air temperature
measured during the collection of the speleothem samples using Pearson’s product-moment
correlation test, in order to determine which equation produces the most accurate and reliable
results. The results were then graphed for analysis of the data, in order to determine trends
and correlations within the data.

Oxygen isotopes measured from drip water samples were used in conjunction with the
oxygen isotope data measured from the speleothem samples to determine the real
temperature at which the speleothems formed, and to determine to what extent fractionation
had occurred. Outliers in the oxygen isotope data were identified and removed using two
methods. All oxygen isotope values lying outside the standard deviation of the mean were
considered outliers and removed, as these results plotted far from the local meteoric water
line, and indicate the presence of significant kinetic fractionation effects (Talma & Vogel,
1992; Fleitmann et al., 2004). Oxygen isotope values lying outside of the interquartile range
(IQR) were also considered outliers and removed from the data set. These two methods were
used simultaneously, as the standard deviation for the data and the IQR were very similar
(Table 3.6).
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Table 3.6: Statistical data for the modern drip water oxygen isotope values.

Mean -2.34719

Standard deviation 1.901663
Median -2.657103
25" Percentile (Q1) -3.543593
75" Percentile (Q3) -1.575095
Interquartile Range (IQR) (Q3-Q1) 1.968498

Equation 1 (eql) and equation 2 (eq2) were used to determine the temperature from these
oxygen isotope values (Appendix E). The oxygen isotopes from the speleothems were
measured relative to PDB, and represent d¢c, while the oxygen isotopes measured from the
drip water samples were measured relative to VSMOW and represent dw. Fractionation
factors were determined beforehand using equation 3 (eq3). The temperature data produced
using these equations over a period of 14 months (July 2015 to August 2016) were analysed
along with the idealised temperature data produced from the speleothem oxygen isotopes,
the measured cave atmospheric temperatures, and with the measured atmospheric
temperatures obtained from the weather stations. The temperature data produced was
compared to the measured atmospheric temperatures in order to determine the correlation of
variations between the two data sets. This allowed for the variations between the two data
sets to be accounted for, as temperatures calculated from the 520 values of the drip water
include a range of temperatures which should resemble the variations of the mean annual
temperature on the surface (Nordhoff, 2005; Mandice et al., 2013). This comparison also
allowed for an analysis of the level of seasonality within the two data sets, as well as the

level of openness of the cave system.

The extent of the effects of the exterior temperatures to the measured cave air temperatures,
speleothem precipitation, and hydrochemistry within the cave system was also analysed
using the comparison between the calculated temperatures, measured cave air temperatures,
and the measured atmospheric temperatures. Correlations, trends and similarities were then

drawn between the three data sets using Pearson’s product-moment test for correlation.

Fractionation factors (o) between the oxygen stable light isotope data from the speleothem

samples and the drip water samples were determined prior to temperature calculations using
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equation 3. These fractionation factors were used to assess to what extent fractionation has
played a part in the precipitation of the speleothems, and to what degree it has overprinted and

obscured the oxygen isotope signatures used in the calculation of the temperatures.

All of the temperature data sets produced were then analysed against regional modern day
records of climatic data from the Johannesburg Botanical Gardens Weather Station, and
Lanseria Weather Station, in order to assess how well these data compare to the regional
records, and whether there were any significant trends or correlations. The data sets

underwent the same statistical analyses as for the temperature data sets.

The calculated temperature data from the idealised calculations and from the calculations
incorporating the measured stable oxygen isotope values for speleothems and drip water were
then compared to annual atmospheric temperatures measured at the Johannesburg Botanical
Gardens Weather Station weather station and the Lanseria Weather Station (Figure 3.3) from
2006 to 2016. The Lanseria Weather Station is significantly closer to the Sterkfontein Caves
site, compared to the Johannesburg Botanical Gardens Weather Station (Figure 3.3), and
therefore should represent the atmospheric temperatures for Sterkfontein more accurately.
However, as the Lanseria Weather Station is not exactly at the Sterkfontein Caves site, it
may be limited by some variation between the atmospheric temperatures at Sterkfontein
deduced from the oxygen isotope values, and the measured atmospheric temperatures from
these weather stations, due to varying climatic conditions, as the variation between the two
temperature data sets may result in unreliable correlations. The Johannesburg Botanical
Gardens Weather Station should show some variation with regard to atmospheric
temperatures compared to the Lanseria Weather Station. These data sets were analysed
together using Pearson’s product-moment test for correlation in order to determine any trends
and correlations between the data sets, as was done for the initial temperature data, and
therefore to determine the accuracy of the temperatures obtained from the oxygen stable light
isotope data of the speleothems and drip water in mirroring atmospheric temperatures. This
comparison allows for the resemblance of variations between the produced temperatures and
the measured atmospheric temperatures to be analysed and accounted for, as temperatures
measured from the §'80 values of the drip water include a range of temperatures which
resemble the variations of the mean annual temperature on the surface (Nordhoff, 2005;
Mandice et al., 2013). It also allows for a comparison between the seasonality shown by the
measured atmospheric temperatures and the seasonality deduced from the calculated

temperatures. This provides insight into whether modern speleothems can be used to indicate
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modern climatic conditions, and therefore whether fossil speleothems would be reliable

indicators of palaeoclimates.

3.6.2 Precipitation

The oxygen stable light isotope data from drip water samples was used to deduce the amount
and general type of precipitation which had occurred during a period of 14 months (July 2015
to August 2016) over which the samples were collected, based on whether the oxygen isotopes
were depleted or not. The oxygen stable light isotopes from the speleothem samples were
analysed in the same manner, but on a broader time scale. These data sets were then compared
to the measured precipitation for the Cradle of Humankind for this time period obtained from
the weather stations from Krugersdorp, the Johannesburg Botanical Gardens, and Lanseria
(Figure 3.3). The Krugersdorp and Lanseria Weather Stations are significantly closer to the
Sterkfontein Caves site, with the Krugersdorp Weather Station being in closest proximity to
Sterkfontein (Figure 3.3). These weather stations should therefore represent the precipitation
for Sterkfontein more accurately, however, as they are not exactly at the Sterkfontein Caves
site, there may be limited by some variation between the precipitation at Sterkfontein
represented by the oxygen isotope values, and the measured precipitation from these weather
stations. The Johannesburg Botanical Gardens Weather Station should show some variation
with regard to precipitation amount and intensity compared to the other two stations, as this
station is limited due to its’ distance with regards to the other two, and therefore is used
comparatively only. The Krugersdorp and Johannesburg Botanical Gardens Weather Stations
provide precipitation data from 2006 to 2016, while the Lanseria Weather Station provides
precipitation data from 2011 to 2016. The precipitation data represented by the oxygen stable
light isotopes were analysed with the actual measured precipitation using Pearson’s product-
moment test for correlation, in order to determine trends and correlations, and to determine
how accurate the oxygen isotopes were in reflecting precipitation. The rate of dripping of the
drip water samples was also used as an indication of the amount of precipitation occurring
during the collection of the drip water samples. This data was compared to the oxygen stable
light isotope data using Pearson’s product-moment test for correlation, in order to determine

whether the data sets correlate with one another, and to what extent.
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Fig. 3.3: Map of South Africa, showing the location of the province of Gauteng, and a map of Gauteng
showing the locations of the three weather stations used. Map of South Africa

from http://www.towns.bookingsouthafrica.com/.

3.6.3 Vegetation

Carbon stable light isotope data produced from the analysis of the modern speleothem
samples at iThemba Labs were analysed and interpreted with regard to Cs and C4 vegetation,
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with more depleted carbon isotope values on the graph indicative of the presence of Cs
vegetation, and the more enriched values indicative of the presence of C4 vegetation. This
data was used to calculate the dominance of the vegetation types on the overlying
environment, using Talma and Vogel’s (1992) estimate of 100% C4 vegetation dominance
being represented by a value of +1.2%0, and 100% dominance of Cs vegetation being
represented by a value of -12%o.. These estimates were used to calculate percentages of C4
and Cs vegetation on the modern surface environment, from the carbon stable light isotope
data obtained from the modern speleothem samples. The results of the modern vegetation
distribution survey were compared to the percentages of C4 and C3 vegetation obtained from
the carbon stable light isotope data in Microsoft Excel, in order to establish to what degree
the vegetation information provided by the carbon stable light isotopes represented the actual

vegetation on the modern surface environment.

3.6.4 Hydrochemistry

The samples were sent to the Hydrogeology Research Laboratory in the School of Geoscience
at the University of the Witwatersrand for oxygen stable light isotope analyses. The samples
were also sent to a hydrochemical analysis laboratory at the School of Geography, Archaeology
and Environmental Studies at the University of the Witwatersrand in order to measure the pH

and electro-conductivity of the samples.

Obtaining the pH and electro-conductivity of the drip water samples is important, as it provides
information with regard to the chemistry of the drip water. pH is a measure of the concentration
of hydrogen ions within the drip water, and may be either basic (pH > 7), neutral (pH=7) or
acidic (pH<7) (Bates, 1973). A measure of the pH of the solution would provide a measure of
how acidic or basic the solution is, and allow for the calculation of basic or acidic ions within
the water solution (Bates, 1973). The electro-conductivity of the drip water is a measure of the
water’s ability to conduct electricity and is used to determine the ionic content of a solution.
This is important, as it will enable the chemistry and exact nature of the drip water to be
determined, as well as any dissolved solids within the water sample (Gray, 2004). All of these
properties will allow the conditions under which the drip water formed to be established, which

is crucial for accurate palaeoenvironmental analyses (Hendy, 1971; Ouelette, 2013).
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Chapter 4
Results

The exterior climate of the Cradle of Humankind is described in Section 4.1, displaying
precipitation and temperature data from the Lanseria, Johannesburg Botanical Gardens and
Krugersdorp weather stations, as well as the observed vegetation specifically above the
Sterkfontein Caves site. Section 4.2 provides details concerning the ambient cave climatic
conditions for the Sterkfontein Caves, which includes the measured cave air temperature,
relative humidity and atmospheric pressure. Section 4.3 describes the carbon and oxygen
isotope results with regards to the modern speleothem samples, in context of vegetation
distribution and temperatures. This is followed by Section 4.4, which describes the oxygen
stable light isotope results of the modern drip water samples in terms of raw &80 values,
temperature, fractionation and precipitation. Section 4.5 provides the results of the
hydrochemical analysis of the modern drip water samples in terms of electro-conductivity and

pH, and this is followed by a synopsis of the main results produced in Section 4.6.

4.1 Exterior Climate for the Cradle of Humankind

4.1.1 Atmospheric Temperatures

The monthly atmospheric temperatures from the Lanseria and Johannesburg Botanical Gardens
weather stations from 2011 to 2016 and from 2006 to 2016 respectively show typical seasonal
temperature cycles, which lie within a distinct range (Figures 4.1 and 4.2). This seasonal range
of temperatures increases gradually towards 2016, with average lowest and highest
temperatures increasing. This trend is the same for the temperatures from both the Lanseria and

the Botanical Gardens weather stations.
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Fig. 4.1: Temperature record from 2011 to 2016 from the Lanseria Weather Station.
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Fig. 4.2: Temperature record from 2006 to 2016 from the Johannesburg Botanical Gardens weather station.

4.1.2 Precipitation

Rainfall patterns for individual years generally follow expected yearly seasonal variations, with
early to late summer rainfall. The amount and intensity of rainfall from 2006 to 2016 from
Krugersdorp weather station and the Botanical Gardens weather station does not display any

prominent trends and remains variable on a yearly scale (Figure 4.3). The year 2010 seemed to
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receive a significantly increased amount of rainfall compared to the other years for the
Botanical Gardens, as well as the year 2011 for Krugersdorp. The Botanical Gardens saw an

increase in average rainfall from 2007 to 2010, followed by a decrease from 2011 to 2014. A
slight increase occurs again from 2015 to 2016. Krugersdorp displays a decrease in rainfall
from 2008 to 2010. There is an increase in rainfall again.in 2011, followed by a decrease from
2012 to 2013. The year 2014 saw an increase in rainfall, with a subsequent decrease in 2015
and 2016. Overall, Krugersdorp displays higher overall rainfall compared to the Johannesburg
Botanical Gardens, especially during 2007, 2011 and 2013 to 2014, and has a smaller range of
rainfall values compared to the Johannesburg Botanical Gardens weather station. This
difference between the rainfall recorded by the two stations could be due to the distance
between them (see Chapter 3, section 3.6.2). As the Krugersdorp weather station is situated
closer to the Sterkfontein Caves site, the rainfall patterns from this weather station, especially
for 2015 and 2016, should reflect the rainfall conditions at the Sterkfontein Caves site more
accurately, and may be reflected in the $*80 values produced from the modern drip water and

speleothems, as well as the drip rates measured.
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Fig. 4.3: Rainfall record from 2006 to 2016 from Krugersdorp and Johannesburg Botanical Gardens weather
stations.
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4.2 Cave Climatic Conditions

4.2.1 Measured Cave Air Temperature

The overall air temperature for the cave environment ranged from between 15.5°C to 24°C
over the course of a year. Cave air temperatures were measured during the collection of drip
water samples from the Jacovec Cavern, Antechamber 1 and Antechamber 2. Each chamber
displayed its’ own cave air temperature trend, however all three trends together displayed a
very similar range, and similar variations within that range, at different magnifications (Figure
4.4). The trends displayed for the Jacovec Cavern and Antechamber 1 produced trends that
were particularly close in similarity. There is an overall increasing trend for all three chambers
from month 1 (July 2015) to month 5 (November 2015), with some variation for Antechamber
2 in month 2 (August 2015) and month 3 (September 2015). The cave air temperatures then
decrease from approximately month 5 to month 7 (January 2016), followed by a short increase
from month 7 to month 8 (February 2016), and then a gradual decrease from month 8 until
month 13 (July 2016). A Pearson product-moment correlation test was conducted in PAST
v3.14 software (Hammer et al., 2001) on the measured cave air temperature for the three
chambers, and produced correlation values (r) of 0.66 to 0.87, showing strong positive
correlations between the three data sets. Values for p averaged 0.0068 at a 90% confidence
level (See Appendix B). These p values are within the confidence level of 90%, indicating that

the results are statistically significant and therefore may be interpreted further.
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Fig. 4.4: Line graph displaying the cave air temperature trends measured from the Jacovec Cavern,
Antechamber 1 and Antechamber 2.

Overall, the measured cave air temperatures reflect very similar trends to that displayed by the
measured average atmospheric temperatures (Figure 4.5). The measured cave air temperatures
show almost exactly the same increasing and decreasing trends, but slightly delayed compared
to that of the measured average atmospheric temperature. The measured cave air temperatures
are also consistently approximately 3°C to 4°C lower than that of the measured average
atmospheric temperatures, which is to be expected in a karst environment. Pearson product-
moment correlation tests were conducted in PAST v3.14 software (Hammer et al., 2001) on
the measured cave air temperatures for the three chambers, and the average monthly
atmospheric temperatures. A correlation value (r) of 0.19 was produced for the measured cave
air temperatures from the Jacovec Cavern and the average monthly atmospheric temperatures,
showing a weak positive correlation between the two data sets. The value for p was 0.54 at a
90% confidence level. A correlation value (r) of 0.38 was produced for the measured cave air
temperatures from Antechamber 1 and the average monthly atmospheric temperatures,
showing a weak to intermediate positive correlation between the two data sets. The value for p
was 0.20 at a 90% confidence level. A correlation value (r) of 0.41 was produced for the
measured cave air temperatures from Antechamber 2 and the average monthly atmospheric

rainfall, showing an intermediate positive correlation between the two data sets. The value for
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p was 0.16 at a 90% confidence level (See Appendix B). None of these p values however are
within the confidence level of 90%, indicating that the results are not statistically significant

and therefore may not be an accurate representation of the data.
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Fig. 4.5: Comparison of the measured cave air temperatures to the measured average atmospheric temperatures.

4.2.2 Humidity

The humidity of all three chambers remained intermediate to relatively high, ranging from 50%
to 93% (Figure 4.6). The Jacovec Cavern and Antechamber 2 display the most variable
humidity, with individual ranges of 50% to 93% and 52% to 89% respectively. This large range
may be due to the differing locations of individual samples within the chambers, as those
located deeper within the chambers produced higher individual humidity’s, and those closer
towards the entrances produced lower humidity’s. The range of humidity for Antechamber 1
remained relatively high, varying between 69% and 93%. Overall, the humidity of each
chamber increased from month 7 (December 2015) to months 10 to 11 (March to April 2016),
and then began to decrease gradually until July 2016. The Jacovec Cavern and Antechamber 2
increased sharply between month 7 and 8 (December 2015 to January 2016), whereas
Antechamber 1 increased gradually from month 5 (October 2015) up until month 10 (March

2016) (Figure 4.6). The Jacovec Cavern and Antechamber 2 also start to decrease towards
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August 2016 slightly later than that of Antechamber 1, during months 11 to 12 (May to June
2016) A Pearson product-moment correlation test was conducted in PAST v3.14 software
(Hammer et al., 2001) on the measured relative humidity for the three chambers, and produced
correlation values (r) of 0.61 to 0.82, showing strong positive correlations between the three
data sets. Values for p averaged 0.011 at a 90% confidence level (See Appendix B). These p
values are within the confidence level of 90%, indicating that the results are statistically

significant and therefore may be interpreted further.
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Fig. 4.6: Line graph displaying the humidity trends measured from the Jacovec Cavern, Antechamber 1 and
Antechamber 2.

4.2.3 Cave Atmospheric Pressure

The atmospheric pressure for all three chambers varied very slightly throughout the duration
of measurement (Figure 4.7). The range for the atmospheric pressure is 855 hPa to 867 hPa,
which is a relatively small range. Variations occurring within the measured atmospheric
pressure are mirrored by all three chambers, and are most probably influenced by smaller
climatic events occurring on the exterior environment of the cave system. The atmospheric
pressure seems to decrease slightly from July 2015 to December 2016 (fortnights 1 to 11), then
gradually increase from January 2016 to August 2016 (fortnights 12 to 26). A Pearson product-



73

moment correlation test was conducted in PAST v3.14 software (Hammer et al., 2001) on the
measured cave atmospheric pressure for the three chambers, and produced correlation values
(r) of 0.991 to 0.997, showing very strong positive correlations between the three data sets.
Values for p averaged 8.57 x 102 at a 90% confidence level (See Appendix B). These p values
are within the confidence level of 90%, indicating that the results are statistically significant

and therefore may be interpreted further.
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Fig.4.7: Line Graph showing the atmospheric pressure measured for the Jacovec Cavern, Antechamber 1 and
Antechamber 2.

4.2.4 VVegetation

A general overview of the modern vegetation which currently exists above the Sterkfontein
Caves system was conducted, in order to establish the distribution of different vegetation types
in the modern environment (Figure 4.8A, B). In general, the observed vegetation types
consisted of a large quantity of C4 grasses, as well as some shrubs, trees and herbaceous plants.
Grasses and small shrubs appeared to dominate the environment, with numerous trees
dominating a few of the cave entrances and shafts. Some CAM succulents also occur,
especially above the Jacovec Cavern area, but only in a very small percentage. The overall
percentage of observed vegetation in the environment above the Sterkfontein Caves area is
75% C4 vegetation, 24.5% Cs vegetation and 0.5% CAM vegetation. Due to the combined
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distribution of grasses, shrubs and trees, the environment can be described as a mosaic

environment comprising mostly grasslands with patches of open woodland and shrubs.

Fig. 4.8: (A) Photograph of some of the grasses and herbaceous plants present at the Sterkfontein site. (B)Overall
view of some of the typical shrubs, grasses and trees present at Sterkfontein.

4.3 Speleothem Isotopes

Carbon and oxygen stable light isotope analysis was performed on the 16 modern speleothem
samples (see Appendix C), in order to determine the degree to which Kinetic fractionation has
played a role during the precipitation of the speleothems, and to produce temperature and
vegetation data regarding the surrounding environment above the Sterkfontein Caves system.
This data was then compared to the modern environmental conditions outside Sterkfontein
Caves, in order to determine the reliability of the modern speleothems as proxies of
environmental data. Samples were collected at an altitude ranging from approximately 1441 m
to 1453 m.

Figure 4.9 shows the spread of carbon and oxygen stable light isotope results for the speleothem
samples from Sterkfontein Caves. These isotope results plot randomly and have no obvious
linear trend; therefore it appears that kinetic fractionation has not played a great role during the
precipitation of the calcium carbonate of the speleothems. This implies that kinetic
fractionation has played no part in skewing the results and producing isotope results that cannot
be used for palaeoenvironmental analysis, and that these isotope results are a fair representation
of the environmental conditions outside the cave environment.
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Fig. 4.9: 8*3C versus 80 for modern speleothem samples from the Sterkfontein Caves system.

4.3.1 Carbon Isotopes

Carbon stable light isotope analysis of speleothems provides detailed information regarding the
distribution of Cs and Ca4 vegetation from the environment above the cave system. This
distribution of vegetation is important to analyse as it reveals information regarding the climatic
conditions of the exterior environment during the precipitation of the speleothems. Lower §*3C
values indicate an environment dominated by Cs vegetation, which implies a warmer, wetter
environment, while higher §'3C values indicate an environment progressively dominated by Ca
vegetation, which implies cooler, drier overall climatic conditions. The vegetation distribution
information produced from the carbon stable light isotope analysis of modern speleothems may
also be compared to the current observed vegetation in the environment above the cave system,
and therefore provide important information with regards to the accuracy with which carbon
stable light isotope analysis of speleothems compares to the observed modern vegetation
distribution. This therefore is a measure of the reliability of speleothems as palaeoclimate

proxies.

In general, the carbon isotope results from the modern speleothem samples are within a range
of -2%o t0 2%., except for the Silberberg Grotto samples, which are significantly depleted
compared the other samples, with a range of -4.61%o to -8.95%o.. The overall average *°C value

for the modern speleothem samples is -1.61%o (Figure 4.10).
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Fig. 4.10: 8*3C values for modern speleothem samples from Sterkfontein Caves.

Each modern speleothem sampled from the Sterkfontein Caves system underwent carbon stable
light isotope analysis (see Appendix C) in order to establish the distribution of vegetation for
the modern environment above the Sterkfontein Caves system, as dictated by the stable light
isotopes. The estimation of the percentage of vegetation types for the environment above the
Sterkfontein Caves system was calculated using Talma and Vogel’s (1992) method for

calculating vegetation types using !3C values (see Chapter 3, section 3.6.3).

Figure 4.11 shows the percentage Cs and C4 vegetation per speleothem sample, with the blue
bars representing C4 vegetation, and the red bars representing Cs vegetation. C4 vegetation is
the dominant vegetation type for most of the speleothem samples with a range of 75% to 98%,
except for the SGS-1 to SGS-4 samples, which are from the Silberberg Grotto in the
Sterkfontein Caves system. The Silberberg Grotto speleothem samples display an average of
29.28% C4 vegetation, which is considerably lower than that of the other modern speleothem
samples, which have an average Ca vegetation value of 92.05%. The average percentage of C3
vegetation produced from the Silberberg Grotto speleothem samples is also considerably higher
than that of the other samples, being 63.98%. The raw §'3C values also display a very strong
positive correlation in comparison to the distribution of C4 vegetation, with a Pearson’s r value
of 1, and a very strong inverse relationship with the distribution of Cs vegetation, with a
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Pearson’s r value of -0.99. The p values for these statistical correlations were both within the

90% confidence level, indicating that the correlation is statistically significant.
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Fig. 4.11: Bar graph showing the percentage distribution of C_and C, vegetation for each speleothem sample,
calculated using the carbon isotope data from the speleothem samples.

Figure 4.12 shows the overall average percentage Cs and Ca4 vegetation for the environment
above the Sterkfontein Caves system, with C4 vegetation being the overall dominant vegetation
type at 78%. Cs vegetation comprises 22% of the environment above the Sterkfontein Caves
system. Overall, carbon isotopes are enriched, with an average of -1.61%., which according to
Talma and Vogel’s (1992) method (see Chapter 3, section 3.6.3) for calculating vegetation types
according to 5'C equates to approximately 80% Ca vegetation cover. This is also reflected by
and in agreement with the overall average C4 vegetation calculated from each speleothem
samples’ §*3C signature, which is 78% Ca vegetation as opposed to 22% C3 vegetation for the
environment above the Sterkfontein caves system. This would signify an environment with
predominantly grasses, but with a significant amount of shrubs and open woodland trees as
well. The carbon isotopes from speleothem samples taken from the Silberberg Grotto are
significantly depleted compared to the other speleothem samples, and reflect 40% to 78% C3s
vegetation, whereas all of the other speleothem samples reflect between 75% to 98% Ca4
vegetation.
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Fig. 4.12: Pie chart showing the overall average percentage distribution of C, and C, vegetation for the
environment above the Sterkfontein Caves system, deduced from the §*3C values.

The overall percentage of observed vegetation in the environment above the Sterkfontein Caves
is also in agreement with the carbon stable light isotope analysis results, which came to average
values of 78% Ca vegetation and 22% Cs vegetation, whereas the observed vegetation
exhibited 75% C4, 24.5% Cs and 0.5% CAM. Due to the overall combined distribution of
grasses, shrubs and trees, the environment can be described as a mosaic environment

comprising mostly grasslands with patches of open woodland and shrubs.

3.2 Oxygen isotopes

Oxygen stable light isotope analysis of speleothems provides information with regard to
precipitation and temperature climatic conditions present in the exterior environment during
the precipitation of these speleothems. The temperature and precipitation data produced from
oxygen stable light isotope analysis allows for detailed climatic reconstructions to be produced,
which may then be compared to the current temperature and precipitation climatic conditions
above the cave system. This may therefore provide important information with regards to the

accuracy with which oxygen stable light isotope analysis of speleothems compares to the
observed modern climatic conditions. This therefore is again a measure of the reliability of

speleothems as palaeoclimate proxies.
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Figure 4.13. displays the oxygen isotope results for the speleothem samples (see Appendix C).
Depleted, more negative oxygen isotope values reflect drier conditions with less rainfall, while
less depleted, more positive values reflect wetter conditions with an increase in warm, frequent
rainfall. The oxygen isotopes produced from the modern speleothem samples are reasonably
negative with an average of -3.6%o, signifying cooler and drier conditions during speleothem

growth.
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Fig. 4.13: 580 values from modern speleothem samples from the Sterkfontein Caves system.

Two different equations were used in order to determine and compare temperature results

produced from the speleothem oxygen isotopes. These two equations include the empirical

equation,

T°C = 16.9 — 4.2(6, — 6,,) + 0.13 (6. — 8,,)? (equation 1) (Epstein et al., 1953; Kim &
O’Neil, 1997; Schwarcz, 2007; Lachniet, 2009; Feng et al., 2014),

and the experimental equation,

103ma = 2.78(10°T~2) — 2.89 (equation 2) (Epstein et al., 1953; Kim & O’Neil, 1997;
Schwarcz, 2007; Lachniet, 2009; Feng et al., 2014).

The temperatures produced using these two equations are ideal temperatures, as no
fractionation was taken into consideration. Equation 1 produces a warm temperature trend,

whereas equation 2 produces a trend approximately 7°C cooler (Figure 4.14).
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The temperatures produced by the experimental equation were then compared to the measured
cave air temperatures within the Sterkfontein Caves system (Figure 4.14). The experimental
equation produced a range of temperatures that are fairly close in range with the measured cave
air temperatures, producing a chi-squared value of 0.503, where p = 1, with variations of 1.75°C
and 1.73°C between the idealised temperature and cave air temperature for sample JCS-2 and
JCS-1 respectively, variations of 0.66°C for sample SGS-4, 0.64°C for samples SGS-3 and
SGS-2, and 0.65°C for sample SGS-1, and variations of 2.24°C and 2.25°C for samples A1S-
2 and A1S-1 respectively.
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Fig. 4.14: Comparison of ideal temperatures produced using the empirical and experimental equations for deriving
temperatures from speleothems, and the measured air temperatures in the cave system.

4.4 Drip Water

4.4.1 Oxygen Isotopes

328 drip water samples from the Jacovec Cavern, Antechamber 1 and Antechamber 2 were
collected on a bi-monthly scale, for 14 months from July 2015 to August 2016. These samples
underwent oxygen stable light isotope analysis (see Appendix C), in order for temperature
calculations to be made with regards to these oxygen isotopes and the oxygen isotopes
produced from the speleothem samples, and for any trends with regards to precipitation to be

made by comparing the stable oxygen isotope trends to the rainfall measured in the area during
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the period of collection. All the drip water samples were analysed for oxygen stable light
isotopes and 8H, in order for a comparison to be made with regards to the global meteoric
water line to establish the validity of the data produced from the isotope analysis (Figure 4.15,
see Appendix C). 92.07% of the samples displayed §'80 values of below zero, indicating less
evaporative fractionation effects than that associated with positive 8*80 results. These few
positive results were disregarded during data analysis compilation (See Chapter 3, section
3.6.1).
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Fig. 4.15: Comparison of 5'80 data from 328 drip water samples with the global meteoric water line.

The 580 results from the drip water samples from the Jacovec Cavern display an irregular
saw-tooth pattern, and include four outlier results, (see Chapter 3, section 3.6.1) which
exhibited significantly higher §'80 values than any of the other samples, and were thus
disregarded (Figure 4.16A, B). The range of 380 values for the Jacovec Cavern is -0.14%o. to
-5.39%o0, which is a sufficiently large range of values displaying minimal flattening effects due
to kinetic fractionation. This therefore indicates that the 580 values may be assumed to

produce reliable temperatures (Kluge & Affek, 2012). The average 680 value for the Jacovec
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Cavern is -2.83%., disregarding the outlier samples. Drip water samples from JDW-3 showed
the greatest range of values from -0.14%o. t0 -5.39%., Which incorporates both the minimum
and maximum range values for the Jacovec Cavern. The most positive average originates from
the JDW-1 samples, while the most negative average originates from the JDW-4 samples. Gaps
in the 5180 trends for these samples show where no drip water was present for that particular

week.
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Fig. 4.16A, B: 580 results from the Jacovec Cavern, without the four outlier samples for 26 weeks.

The 580 results from the drip water samples from Antechamber 1 also display an irregular
saw-tooth pattern, and includes 14 outlier results, which exhibited significantly high &80
values, and were also thus disregarded (Figure 4.17A, B). The range of 520 values for
Antechamber 1 is -0.33%o t0 -4.96%0, Which is a sufficiently large range of values displaying
minimal flattening effects due to kinetic fractionation. This therefore indicates that the 50
values may be assumed to produce reliable temperatures (Kluge & Affek, 2012). The average
5180 value for Antechamber 1 is -2.77%, disregarding the outlier samples. 5'%0 values for the
A1DW-3 and A1DW-4 samples show the greatest variability, with values varying between a
range of -0.83%o t0 -4.27%o within a single month and -2.49%o to -2.62%o within a single month
as well for ALDW-3 samples. ALDW-4 samples vary between a range of -0.33%o to -4.06%o
within a single month, and -1.11%o to -1.15%. within another month. Gaps in the 5'30 trends
for these samples show where no drip water was present for that particular week. Drip water
samples from A1DW-5 show the greatest overall range, with a range of -1.00%. t0 -4.59%o.
The most positive average originates from A1DW-4 samples, which lies at -1.69%o., and the

most negative average originates from A1DW-2 samples, which lies at -3.35%o.



84

Time (Bi-weekly scale from July 2015 - August 2016)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

5180 (%o)
N

-4
-6
A = A1DW-1 =————=A]1DW-3 == A1DW-4
Time (Bi-weekly scale from July 2015 - August 2016)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
0
-2
@)
3
%=}
-4
-6
B e AIDW-2 == A1DW-5

Fig. 4.17A, B: §'80 trends for Antechamber 1 for 26 weeks. The 14 outlier samples have been disregarded.

The 880 results from the drip water samples from Antechamber 2 also display an irregular
saw-tooth pattern, which becomes less pronounced between fortnights 10 and 20 (Figure 4.18).
These §*80 results include eight outlier results, which exhibited significantly high §'80 values,
and were also thus disregarded. The range of §'®0 values for Antechamber 2 is -0.30%. to -

5.04%o, which is a sufficiently large range of values displaying minimal flattening effects due



85

to kinetic fractionation. This therefore indicates that the 5'®0 values may be assumed to
produce reliable temperatures (Kluge & Affek, 2012). The average §'80 value for Antechamber
2 is -2.59%., disregarding the outlier samples. $*80 values for all the Antechamber 2 samples
show great variability. Gaps in the §*30 trends for these samples show where no drip water was
present for that particular week. Drip water samples from A2DW-1 show the greatest range,
with a range of -0.31%o to -5.04%.. The most positive average originates from A2DW-2
samples, and the most negative average originates from A2DW-3 samples. However, the
samples from A2DW-3 are not reliable, as only four samples were produced, and two of those
four samples were outlier samples. Most of the 5180 trends for Antechamber 2 seem to decrease

significantly between weeks 10 and 20 again, from an overall average of -1.70%o t0 -2.80%o.
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Fig. 4.18: 580 results for Antechamber 2 for 26 weeks. The eight outlier samples have been disregarded.

The 580 values for the Jacovec Cavern, Antechamber 1 and Antechamber 2 were averaged,
removing all the outlier values, and single monthly average values were calculated for each
chamber (Figure 4.19). These values produce a much less pronounced saw-tooth pattern, but
still with a considerable range of -0.22%. t0 -3.92%.. All three trends show a decreasing trend
from September 2015 to approximately March/April 2016, where all three trends increase
again. The trend for Antechamber 2 decreases from July 2015, as opposed to the other two
trends, which show a sharp increase from July 2015 to September 2015. A Pearson product-
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moment correlation test was conducted in PAST v3.14 software (Hammer et al., 2001) on the
580 values for the three chambers, and produced correlation values (r) of 0.44 to 0.60, showing
intermediate to strong positive correlations between the three data sets. Values for p averaged
0.066 at a 90% confidence level (see Appendix B). These p values are within the confidence
level of 90%, indicating that the results are statistically significant and may be interpreted
further. This may also indicate a reliable correlation interpretation, and minimal fractionation

effects.
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Fig 4.19: Monthly average §'80 values for the Jacovec Cavern, Antechamber 1 and Antechamber 2.

4.4.2 Temperature

Using the §'80 monthly average values for each cavern and the corresponding speleothem §'0
results, temperatures were calculated for each month from each chamber. These temperatures
were calculated twice, using the empirical equation for calculating temperatures from
speleothems (equation 1) (Epstein et al., 1953; Kim & O’Neil, 1997; Schwarcz, 2007; Lachniet,
2009; Feng et al., 2014) and the experimental equation for calculating temperatures from
speleothems (equation 2) (Epstein et al., 1953; Kim & O’Neil, 1997; Schwarcz, 2007; Lachniet,
2009; Feng et al., 2014) (see Chapter 3, section 3.6.1). In each case, the calculated temperatures
were compared to the measured atmospheric temperatures for the period of collection of the

drip water samples.
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The average atmospheric temperatures produced from weather stations from Krugersdorp and
Johannesburg Botanical Gardens vary from 18.6°C to 29.5°C. These temperatures increase
from 19.5°C in July 2015 to 29.5°C in December 2015, and then decrease to 18.6°C in July
2016, and start increasing again from August 2016. This trend correlates well with seasonal
temperature changes, with lower temperatures representing winter and autumn months and

higher temperatures during spring and summer months.

The average monthly temperatures produced from the drip water and speleothem &80 for the
Jacovec Cavern using equation 1 reflect a similar trend, increasing from 20.03°C in July 2015
to 22.86°C in November 2015, then decreasing from 21.13°C in December 2015 to March
2016, where a short increase to 23.36°C is observed (Figure 4.20). The temperatures then
continue decreasing to 18.4°C in April 2016, and then slightly increase again shortly to 22.63°C
in June 2016, decrease slightly to 19.43°C in July 2016, and then increase significantly to
26.61°C in August 2016. The warmer seasonal period however appears not to increase as much
as the atmospheric temperatures do, and the calculated temperatures only increase slightly,
producing an overall flatter increasing and decreasing curve, with much less significant
variations as opposed to the average atmospheric measured temperatures. The calculated
temperatures seem to correspond better with the average atmospheric measured temperatures,
when these temperatures are lower. A Pearson product-moment correlation test was conducted
in PAST v3.14 software (Hammer et al., 2001) on the temperatures calculated using equation
1 for the Jacovec Cavern and the average measured atmospheric temperatures, and produced a
correlation value (r) of 0.04, showing a very weak positive correlation between the two data
sets. The value for p was 0.9 at a 90% confidence level (see Appendix B). This p value however
is not within the confidence level of 90%, indicating that the results are not statistically
significant and therefore may not be an accurate representation of the data. This could indicate
a weak correlation between the two data sets, and could also be due to kinetic fractionation

effects, resulting in unreliable statistical results.
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Fig. 4.20: Temperatures calculated from the Jacovec Cavern average 680 values using equation 1, and
compared to the average measured atmospheric temperatures.

The average monthly temperatures produced from the drip water and speleothem 520 from
Antechamber 1 using equation 1 reflect a similar trend, increasing from 23.5°C in July 2015 to
30.81°C in November 2015, then decreasing sharply to 20.78°C in December 2015 (Figure
4.21). Temperatures increase again to 28.3°C in February 2016, and then decrease again to
22.45°C in April 2016. A short increase to 26.69°C in May 2016 is observed. The temperatures
then continue decreasing to 20.95°C in August 2016, with a very slight increase and subsequent
decrease in June 2016. The warmer seasonal period appears to increase more correspondingly
(as opposed to the temperatures produced from the Jacovec Cavern) with regards to the average
measured atmospheric temperatures, producing an overall curve that seems to correspond
reasonably well to the average measured atmospheric temperatures, displaying a Pearson’s r
value of 0.65. The decrease in calculated temperatures from Antechamber 1 does not decrease
as steeply as that of the average measured atmospheric temperatures however, producing a
slight departure between the two curves from April 2016 to July 2016. The higher calculated
temperatures for Antechamber 1 correspond well with the higher average measured
atmospheric temperatures in this case. A Pearson product-moment correlation test was
conducted in PAST v3.14 software (Hammer et al., 2001) on the temperatures calculated using
equation 1 for Antechamber 1 and the average measured atmospheric temperatures, and
produced a correlation value (r) of 0.65, showing an intermediate to strong positive correlation

between the two data sets. The value for p was 0.012 at a 90% confidence level (see Appendix
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B). This p value is within the confidence level of 90%, indicating that the results are statistically
significant and may be interpreted further. This may also indicate a reliable and strong

correlation between the two data sets, and minimal fractionation effects.
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Fig, 4.21: Temperatures calculated from the Antechamber 1 average §'80 values using equation 1, and
compared to the average measured atmospheric temperatures.

The average monthly temperatures produced from the drip water and speleothem 520 from
Antechamber 2 using equation 1 reflect a similar trend, increasing from 14.8°C in August 2015
to 32.74°C in November 2015, and decreasing very slightly to 32.24°C in December 2015
(Figure 4.22). Temperatures then decrease to 24.93°C in January 2016, increase slightly to
26.04°C in March 2016, and then decrease significantly again to 15.09°C in July 2016, with a
sharp increase in May 2016 to 26.99°C, and sharp subsequent decrease. Temperatures then
increase again to 17.62°C in August 2016. The temperatures produced from Antechamber 2
drip water 5'80 values show a significant decrease in temperatures from July 2015 to August
2015, at the beginning of the graph. Other than this anomaly, the calculated temperatures from
Antechamber 2 and the average measured atmospheric temperatures seem to correspond well.
Both the cooler and warmer seasonal periods appear to increase more correspondingly (as

opposed to the temperatures produced from the Jacovec Cavern and Antechamber 1) with
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regards to the average measured atmospheric temperatures, producing an overall curve that
seems to correspond reasonably well to the average measured atmospheric temperatures. A
Pearson product-moment correlation test was conducted in PAST v3.14 software (Hammer et
al., 2001) on the temperatures calculated using equation 1 for Antechamber 2 and the average
measured atmospheric temperatures, and produced a correlation value (r) of 0.68, showing an
intermediate to strong positive correlation between the two data sets. The value for p was 0.01
at a 90% confidence level (see Appendix B). This p value is within the confidence level of
90%, indicating that the results are statistically significant and may be interpreted further. This

may also indicate a reliable correlation interpretation, and minimal fractionation effects.
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Fig. 4.22: Temperatures calculated from the Antechamber 2 average §'80 values using equation 1, and
compared to the average measured atmospheric temperatures.

A comparison of the measured cave air temperatures during the period of collection of drip
water samples to the calculated temperatures using equation 1 from each chamber shows that
the trends for each data set do correspond to a certain degree to one another (Figure 4.23). Both
the measured cave air temperatures and the calculated temperatures for the chambers display
an increasing trend from July 2015 to approximately November 2015, however the measured
cave air temperatures display a much more gradual increase as opposed to the calculated

temperatures from each chamber, which show a much steeper increase. All the trends for the

14
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respective data sets then display a decreasing trend from November 2015 to January 2016,
apart from the calculated temperatures from Antechamber 1, which start to increase again from
December 2015 to February 2016, slightly earlier than the other data trends. All the other data

trends begin to increase again from January 2016 to approximately March 2016.

The calculated temperatures from the Jacovec Cavern display a slight decrease and subsequent
increase in February 2016. From March 2016, the measured cave air temperatures show a
definite decreasing trend towards August 2016. The calculated temperatures display an overall
very gradual and very irregular decrease in overall temperatures towards August 2016, but do
not follow the exact same trend as that of the measured cave air temperatures. Overall, the data
sets display similar overall increasing and decreasing trends, but the trends of the calculated
temperatures are a lot more irregular and varied than that of the measured cave air temperature,
and display steeper increasing and decreasing curves. These calculated temperatures are also
slightly higher than that of the measured cave air temperatures, with calculated temperatures
from Antechamber 1 and Antechamber 2 being distinctly higher than that of the measured cave
air temperatures. The calculated temperatures from the Jacovec Cavern seem to reflect the

measured cave air temperatures to a better degree.

Pearson product-moment correlation tests were conducted in PAST v3.14 software (Hammer
et al., 2001) on the calculated temperatures for the three chambers and the average measured
cave air temperatures. A correlation value (r) of 0.03 was produced for the calculated
temperatures and the measured cave air temperatures from the Jacovec Cavern, showing a very
weak positive correlation between the two data sets. The value for p was 0.92 at a 90%
confidence level. A correlation value (r) of 0.44 was produced for the calculated temperatures
and the measured cave air temperatures from Antechamber 1, showing a weak to intermediate
positive correlation between the two data sets. The value for p was 0.13 at a 90% confidence
level. A correlation value (r) of 0.34 was produced for the calculated temperatures and the
measured cave air temperatures from Antechamber 2, showing a weak positive correlation
between the two data sets. The value for p was 0.25 at a 90% confidence level (see Appendix
B). None of these p values however are within the confidence level of 90%, indicating that the
results are not statistically significant and therefore may not be an accurate representation of
the data. This may also indicate unreliable and weak correlation between the data sets, and may
be due to the large range of calculated temperatures with regard to the measured cave air

temperatures, as well as the significant variation present in the calculated temperatures. This
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large range and variability could result in a weaker correlation between the calculated

temperatures and the cave air temperatures.
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Fig. 4.23: Measured cave air temperatures versus the temperatures calculated from the Jacovec Cavern,
Antechamber 1 and Antechamber 2 using equation 1.

Average monthly temperatures were produced from the drip water and speleothem 580 using
equation 2, and were compared again to the average measured atmospheric temperature. The
average monthly temperatures produced for the Jacovec Cavern using equation 2 reflect a very
flat trend compared to that of the average measured atmospheric temperatures (Figure 4.24).
Calculated temperatures increase from 11.61°C in July 2015 to 16.7°C in December 2015, with
one significant decrease to 11.03°C in November 2015 and subsequent increase to the
December 2015 temperature. The calculated temperatures then decrease to 11.02°C in January
2016, and increase again to 12.9°C in February 2016. The temperatures then decrease again to
10°C in March 2016, followed by an increase in temperatures to 17.18°C in June 2016, and
then a slight decrease again to 15.55°C in July. This trend for the calculated temperatures for
the Jacovec Cavern appears to be almost inversely proportional to the average measured

atmospheric temperatures during the warmer seasons, and all of the calculated temperatures
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are at least 2°C lower than the average measured atmospheric temperatures. The calculated
temperatures only increase slightly, producing an overall flatter increasing and decreasing
curve, with much less significant variations as opposed to the average atmospheric measured
temperatures. A Pearson product-moment correlation test was conducted in PAST v3.14
software (Hammer et al., 2001) on the temperatures calculated using equation 2 for the Jacovec
Cavern and the average measured atmospheric temperatures, and produced a correlation value
(r) of -0.32, showing a weak negative correlation between the two data sets. The value for p
was 0.29 at a 90% confidence level (see Appendix B). This p value however is not within the
confidence level of 90%, indicating that the results are not statistically significant and therefore
may not be an accurate representation of the data. This may indicate an unreliable and weak
correlation, as well the presence of fractionation effects. This statistical unreliability could also
be due to the weak inverse relationship between the two data sets, as well as a flatter trend for

the calculated temperatures from the Jacovec Cavern.
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Fig. 4.24: Temperatures calculated from the Jacovec Cavern average 380 values using equation 2, and
compared to the average measured atmospheric temperatures.

The average monthly temperatures produced for Antechamber 1 using equation 2 reflect a trend
that corresponds slightly better to the average measured atmospheric temperatures than that of
the Jacovec Cavern, but is still very irregular in comparison to the average measured

atmospheric temperatures (Figure 4.25). Calculated temperatures increase from 20.5°C in July
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2015 to 26.07°C in October 2015. Calculated temperatures then decrease to 16.86°C in
February 2016, with one increase in January 2016 to 20.9°C, and subsequent decrease. The
calculated temperatures then increase to 21.62°C in March 2016, and decrease again to 18.09°C
in May 2016. The temperatures then increase again to 22°C in June 2016, followed by a
decrease in temperatures to 19.72°C in July 2016, and then another increase to 22.07°C in
August 2016. This trend for the calculated temperatures for Antechamber 1 appears to decrease
a lot more drastically and a lot earlier during the summer to autumn months than that of the
average measured atmospheric temperatures. The calculated temperatures correspond much
better in the winter months to the average measured atmospheric temperatures, as opposed to
the temperatures calculated during the summer to autumn months. A Pearson product-moment
correlation test was conducted in PAST v3.14 software (Hammer et al., 2001) on the
temperatures calculated using equation 2 for Antechamber 1 and the average measured
atmospheric temperatures, and produced a correlation value (r) of -0.02, showing a very weak
negative correlation between the two data sets. The value for p was 0.95 at a 90% confidence
level (see Appendix B). This p value however is not within the confidence level of 90%,
indicating that the results are not statistically significant and therefore may not be an accurate
representation of the data. This may indicate an unreliable and weak correlation interpretation,
as well the presence of fractionation effects. This statistical unreliability could also be due to
inverse relationship between the two data sets.
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Fig. 4.25: Temperatures calculated from the Antechamber 1 average §'80 values using equation 2, and
compared to the average measured atmospheric temperatures.
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The average monthly temperatures produced for Antechamber 2 using equation 2 reflect a trend
that is also still very irregular in comparison to the average measured atmospheric
temperatures, with more pronounced decreases which start a lot earlier in the summer months
as opposed to the average measured atmospheric temperatures (Figure 4.26). Calculated
temperatures decrease from 27.69°C in July 2015 to 26.17°C in August 2015, as opposed to
the corresponding increase in the average measured atmospheric temperatures. Calculated
temperatures then increase to 29.3°C in September 2015, and decrease sharply to 14.42°C in
February 2016. The calculated temperatures then increase to 17.78°C in March 2016, and
decrease again to 14.18°C in April 2016. The temperatures then increase sharply again to
approximately 20°C in May 2016, and this temperature is then maintained until August 2016.
This trend for the calculated temperatures for Antechamber 2 appears to decrease a lot more
drastically and a lot earlier during the summer to autumn months than that of the average
measured atmospheric temperatures, as it did with the temperatures calculated from
Antechamber 1. The calculated temperatures do not seem to particularly correspond in any way
to the average measured atmospheric temperatures. Although some decreasing or increasing
trends do seem correspond to the average measured atmospheric temperature trend, they are
either short-lived, or much more drastic and irregular than that of the average measured
atmospheric temperature trend. A Pearson product-moment correlation test was conducted in
PAST v3.14 software (Hammer et al., 2001) on the temperatures calculated using equation 2
for Antechamber 2 and the average measured atmospheric temperatures, and produced a
correlation value (r) of -0.1, showing a very weak negative correlation between the two data
sets. The value for p was 0.72 at a 90% confidence level (see Appendix B). This p value
however is not within the confidence level of 90%, indicating that the results are not statistically
significant and therefore may not be an accurate representation of the data. This may indicate
an unreliable and weak correlation interpretation, as well the presence of fractionation effects.

This statistical unreliability could also be due to inverse relationship between the two data sets.
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Fig. 4.26: Temperatures calculated from the Antechamber 2 average §'®0 values using equation 2, and
compared to the average measured atmospheric temperatures.

A comparison of the measured cave air temperatures during the period of collection of drip
water samples to the calculated temperatures using equation 1 from each chamber shows that
the trends for each data set do correspond to a certain degree to one another (Figure 4.27). Both
the measured cave air temperatures and the calculated temperatures for the chambers display
an increasing trend from July 2015 to approximately October/November 2015, however the
measured cave air temperatures display a much more gradual increase as opposed to the
calculated temperatures from each chamber, which show a much steeper increase. All the
trends for the respective data sets then display a decreasing trend from October/November 2015
to January 2016, apart from the calculated temperatures from Antechamber 1, which show a
slight increase again and subsequent decrease in January 2016, and the calculated temperatures
for the Jacovec Cavern, which show a sharp increase and subsequent decrease in December
2015. The measured cave air temperatures increase from January 2016 to February 2016, and
then show a decreasing trend from March 2016. The calculated temperatures for Antechamber
1 show a decreasing trend until March 2016, and then display an overall increasing trend until
August 2016. The calculated temperatures from Antechamber 2 show approximately the same
overall trend as for Antechamber 1, with some occasional monthly increases and decreases in

temperatures within the overall trend. The calculated temperatures for the Jacovec Cavern show
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a very erratic trend, but a slight overall decreasing trend may be observed from December 2015
to April 2016, which is then followed by an increase towards August 2016. The calculated
temperatures display an overall very gradual and very irregular decrease in overall
temperatures towards February/March 2016, but show a much more pronounced and varied

decreasing trend as that of the measured cave air temperatures.

Overall, the data sets display similar overall increasing and decreasing trends, with the
exception of the winter months in 2016, as the measured cave air temperatures decrease, while
the calculated temperatures display an increasing trend. The trends of the calculated
temperatures are a lot more irregular and varied than that of the measured cave air temperature,
and display steeper increasing and decreasing curves. These calculated temperatures also
slightly higher than that of the measured cave air temperatures, with calculated temperatures
from Antechamber 1 and Antechamber 2 being distinctly higher than that of the measured cave
air temperatures during the late winter/spring and summer months. The calculated temperatures
seem to match those of the measured cave air temperatures better during the autumn to early

winter months.

Pearson product-moment correlation tests were conducted in PAST v3.14 software (Hammer
et al., 2001) on the calculated temperatures for the three chambers and the average measured
cave air temperatures. A correlation value (r) of -0.02 was produced for the calculated
temperatures and the measured cave air temperatures from the Jacovec Cavern, showing a very
weak negative correlation between the two data sets. The value for p was 0.94 at a 90%
confidence level. A correlation value (r) of -0.34 was produced for the calculated temperatures
and the measured cave air temperatures from Antechamber 1, showing a weak negative
correlation between the two data sets. The value for p was 0.25 at a 90% confidence level. A
correlation value (r) of -0.42 was produced for the calculated temperatures and the measured
cave air temperatures from Antechamber 2, showing a weak to intermediate negative
correlation between the two data sets. The value for p was 0.15 at a 90% confidence level (see
Appendix B). None of these p values however are within the confidence level of 90%,
indicating that the results are not statistically significant and therefore may not be an accurate
representation of the data. This may indicate an unreliable and weak correlation interpretation,
as well the presence of fractionation effects. This statistical unreliability could also be due to
the very large range and variability of the calculated temperatures with regard to the cave air

temperatures.
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Fig. 4.27: Measured cave air temperatures versus the temperatures calculated from the Jacovec Cavern,
Antechamber 1 and Antechamber 2 using equation 2.

4.4.3 Fractionation

The calculated temperatures using equation 1 from the Jacovec Cavern, Antechamber 1 and
Antechamber 2 were compared to the idealised temperatures produced also using equation 1
from the 5'80 values of the speleothem samples from the respective chambers (Figure 4.28).
These idealised temperatures did not take any fractionation into account, as opposed to the
calculated temperatures which made use of the speleothem and drip water $*80 values, which
could display fractionation effects. The calculated temperatures using equation 1 display
average values of approximately 21°C, 25°C and 24°C, which is very similar to the average
idealised temperature value, which is approximately 23°C. Variations of the calculated
temperatures from the idealised temperatures do however occur, with Antechamber 2 values
ranging 10°C higher at its highest point and 8°C lower at its lowest point than that of the
idealised temperatures. The calculated temperatures from Antechamber 2 show the greatest
variations with regards to the idealised temperatures. Calculated temperatures from
Antechamber 1 are approximately 7°C higher at its highest point and approximately 3°C lower
at its lowest point than the idealised temperatures, which also shows some variation, but to a
lower degree than that of the calculated temperatures from Antechamber 2. These calculated
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temperature variations also only occur at three very distinctive points for Antechamber 1,
whereas the variations in calculated temperatures for Antechamber 2 occur much more
regularly, at approximately six points, compared to the idealised temperatures. The calculated
temperatures for the Jacovec Cavern display variations that are only within 5°C lower and 3°C
higher than the idealised temperatures, and the calculated temperatures only occur higher than
the idealised temperatures at one point. Most of the calculated temperatures for the Jacovec
Cavern remain lower than the idealised temperatures, within an average of approximately 2°C
lower than that of the idealised temperatures. The calculated temperatures from the Jacovec
Cavern therefore are closest to the idealised temperatures, with the calculated temperatures

from Antechamber 1 coming in second, and those from Antechamber 2, third.

Overall, the calculated temperatures produced from equation 1 for the three chambers reflect
averages which very closely reflect the idealised temperatures calculated also using equation
1, and the lower calculated temperatures seem to reflect the idealised temperatures to a better
degree, with less variation. Pearson product-moment correlation tests were conducted in PAST
v3.14 software (Hammer et al., 2001) on the calculated temperatures for the three chambers
and the idealised temperatures calculated using equation 1. A correlation value (r) of 0.1 was
produced for the calculated temperatures and the calculated idealised temperatures from the
Jacovec Cavern, showing a very weak positive correlation between the two data sets. The value
for p was 0.73 at a 90% confidence level. A correlation value (r) of -0.24 was produced for the
calculated temperatures and the calculated idealised temperatures from Antechamber 1,
showing a weak negative correlation between the two data sets. The value for p was 0.4 at a
90% confidence level. None of these p values however are within the confidence level of 90%,
indicating that the statistical results are not significant and therefore may not be an accurate
representation of the data. A correlation value (r) of -0.74 was produced for the calculated
temperatures and the calculated idealised temperatures from Antechamber 2, showing a strong
negative correlation between the two data sets. The value for p was 0.0027 at a 90% confidence
level (see Appendix B). This p value is within the confidence level of 90%, indicating that the
results are statistically significant and therefore may be interpreted further. Overall, however,
the range and variability of the calculated temperatures in comparison with the calculated

idealised temperatures indicates the unreliability of these statistical correlations.
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Fig. 4.28: Comparison between the idealised temperatures calculated using equation 1, and the temperatures
calculated from the three chambers using equation 1.

The calculated temperatures using equation 2 from the Jacovec Cavern, Antechamber 1 and
Antechamber 2 were compared to the idealised temperatures produced also using equation 2
from the 50 values of the speleothem samples from the respective chambers (Figure 4.29).
These idealised temperatures did not take any fractionation into account, as opposed to the
calculated temperatures which made use of the speleothem and drip water $*20 values, which
could display fractionation effects. The calculated temperatures using equation 2 display
average values of approximately 13°C, 21.5°C and 22°C, which is approximately 2°C lower
and 7°C higher than that of the average idealised temperature value, which is approximately
15°C. Variations of the calculated temperatures from the idealised temperatures occur on a
large scale, with Antechamber 2 values ranging 14°C higher at its highest point and 1°C lower
at its lowest point than that of the idealised temperatures. The calculated temperatures from
Antechamber 2 show the greatest variations with regards to the idealised temperatures.
Calculated temperatures from Antechamber 1 are approximately 11°C higher at its highest
point and approximately 1°C higher at its lowest point than the idealised temperatures, which
also shows some variation, but to a lower degree than that of the calculated temperatures from
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Antechamber 2, especially with regards to the higher calculated temperatures. These calculated
temperature variations also occur at ten distinctive points for Antechamber 1, whereas the
variations in calculated temperatures for Antechamber 2 occur much more regularly, at
approximately 11 points, compared to the idealised temperatures. The calculated temperatures
for the Jacovec Cavern display variations that are only within 2°C higher and approximately
5°C lower than the idealised temperatures, and the calculated temperatures only occur higher
than the idealised temperatures at two points. Most of the calculated temperatures for the
Jacovec Cavern remain lower than the idealised temperatures, within an average of
approximately 2°C lower than that of the idealised temperatures. The calculated temperatures
from the Jacovec Cavern therefore are closest overall to the idealised temperatures, with the
calculated temperatures from Antechamber 1 coming in second, and those from Antechamber
2, third.

Overall, the calculated temperatures produced from equation 2 for the three chambers reflect
averages which vary significantly from the idealised temperatures calculated also using
equation 2, in comparison to the idealised temperatures calculated using equation 2 and the
equation 2 calculated temperatures. The lower calculated temperatures seem to reflect the
idealised temperatures to a better degree, with less variation in comparison to the higher
calculated temperatures. In general, the equation 1 calculated temperatures reflect the equation

1 idealised temperatures more closely than that of equation 2.

Pearson product-moment correlation tests were conducted in PAST v3.14 software (Hammer
et al., 2001) on the calculated temperatures for the three chambers and the idealised
temperatures calculated using equation 2. A correlation value (r) of -0.27 was produced for the
calculated temperatures and the calculated idealised temperatures from the Jacovec Cavern,
showing a weak negative correlation between the two data sets. The value for p was 0.37 at a
90% confidence level. A correlation value (r) of 0.22 was produced for the calculated
temperatures and the calculated idealised temperatures from Antechamber 1, showing a weak
positive correlation between the two data sets. The value for p was 0.46 at a 90% confidence
level. A correlation value (r) of 0.35 was produced for the calculated temperatures and the
calculated idealised temperatures from Antechamber 2, showing a weak to intermediate
positive correlation between the two data sets. The value for p was 0.22 at a 90% confidence
level (see Appendix B). None of these p values however are within the confidence level of
90%, indicating that the results are not statistically significant and therefore may not be an

accurate representation of the data. Overall again, the large range and variability of the
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calculated temperatures in comparison to the calculated idealised temperatures indicates the

overall unreliability of these statistical correlations and interpretations.
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Fig. 4.29: Comparison between the idealised temperatures calculated using equation 2, and the temperatures
calculated from the three chambers using equation 2.

4.4.4 Drip Rate and Precipitation

The drip rate monitored during the collection of the drip water samples shows a similar trend
for all three chambers (Figure 4.30). Antechamber 2 shows an overall much lower drip rate
than that of the other two chambers, with the Jacovec Cavern showing the highest drip rate,
and Antechamber 1 showing a slightly lower drip rate, but quite close to that of the Jacovec
Cavern. All three chambers show an increasing trend from July 2015 to September 2015,
followed by a decreasing trend from September 2015 to November 2015. The Jacovec drip rate
then settles into a steady value from November 2015 to March 2016, with one slight increase
and decrease. The drip rate increases in April 2016, then decreases in May 2016, and then
increases very sharply in June 2016. Antechamber 1 drip rates increase from November 2015
to December 2015, and then decrease gradually to February 2016. The drip rate then increases
gradually until April 2016, with a short decrease in May 2016, and a sharp increase in June
2016. The Antechamber 2 drip rates also show slight increase from November 2015 to
December 2015, and then decrease very gradually to April 2016, with a very slight increase in
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April 2016. The drip rate then decreases slightly in May 2016, and begins to increase again in
June 2016. All three data sets reflect a very similar increasing and decreasing trend, with slight
variations. The trend for Antechamber 2 is observed to be very much flatter than that of the
other two data sets. A Pearson product-moment correlation test was conducted in PAST v3.14
software (Hammer et al., 2001) on the drip rate values for the three chambers, and produced
correlation values (r) of 0.5 to 0.85, showing strong positive correlations between the three
data sets. Values for p averaged 0.036 at a 90% confidence level (see Appendix B). These p
values are within the confidence level of 90%, indicating that the results are statistically
significant and therefore may be interpreted further. This may also indicate a reliable

correlation interpretation, and minimal fractionation effects.
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Fig. 4.30: Drip Rate for Jacovec Cavern, Antechamber 1 and Antechamber 2, from July 2015 to August 2016.

The drip rate of the three chambers displays a delayed trend in comparison to the measured
precipitation for the area, where the drip rate peaks during the late winter and spring months,
while the measured average rainfall peaks in the mid-summer months, and then decreases again
(Figure 4.31). The drip rates show a much lower peak at its highest than that of the average
measured rainfall, and much less varied, more gradual trend than that of the average measured

rainfall. The Antechamber 2 drip rate trend is observed to be much flatter than that of the other
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two chambers, or that of the average measured rainfall. Pearson product-moment correlation
tests were conducted in PAST v3.14 software (Hammer et al., 2001) on the drip rates for the
three chambers and the average measured monthly rainfall. A correlation value (r) of -0.45 was
produced for the drip rates from the Jacovec Cavern and the average measured monthly rainfall,
showing an intermediate negative correlation between the two data sets. The value for p was
0.12 at a 90% confidence level. A correlation value (r) of -0.34 was produced for the drip rates
from Antechamber 1 and the average measured monthly rainfall, showing an intermediate
negative correlation between the two data sets. The value for p was 0.25 at a 90% confidence
level. A correlation value (r) of -0.14 was produced for the drip rates from Antechamber 2 and
the average measured monthly rainfall, showing a very weak negative correlation between the
two data sets. The value for p was 0.64 at a 90% confidence level (see Appendix B). None of
these p values however are within the confidence level of 90%, indicating that the results are
not statistically significant and therefore may not be an accurate representation of the data. This
however may be due to the lag effect between the average measured monthly rainfall, and the
drip rates, indicating that these correlations may not be accurate. The lag effect needs to be

considered with regard to variations in drip rate in order to obtain accurate correlations.
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Fig. 4.31: Drip rate for the Jacovec Cavern, Antechamber 1 and Antechamber 2 in comparison to the average
measured rainfall for July 2015 to August 2016.
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The drip rate trends for the Jacovec Cavern, Antechamber 1 and Antechamber 2 also seem to
reflect the average monthly &80 values for the drip water collected during which the drip rate
was measured reasonably well (Figure 4.32). The data sets all increase from July 2015 to
September 2015, and then decrease from September 2015 to November 2015 for the drip rate
trends, after which they seem to settle into an approximately constant value until February
2016, when the drip rates start to gradually increase again until August 2016. The 5'80 values
decrease from September 2015 to January 2016, after which they begin to increase in general
very gradually towards August 2016, with a sharper increase in August 2016. These trends
reflect each other well, with some variations with regards a shorter period of decrease, and a
much flatter, gradual increase towards August 2016 compared to the 680 values, with the

exception of a sharper increase towards August 2016 from April/May 2016.

Pearson product-moment correlation tests were conducted in PAST v3.14 software (Hammer
et al., 2001) on the drip rates for the three chambers and the average monthly 520 drip water
values. A correlation value (r) of 0.57 was produced for the drip rates and average monthly
5180 drip water values from the Jacovec Cavern, showing an intermediate positive correlation
between the two data sets. The value for p was 0.04 at a 90% confidence level. This p value is
within the confidence level of 90%, indicating that the statistical results are significant and
therefore may be interpreted further. A correlation value (r) of 0.26 was produced for the drip
rates and average monthly 580 drip water values from Antechamber 1, showing a weak
positive correlation between the two data sets. The value for p was 0.39 at a 90% confidence
level. A correlation value (r) of 0.2 was produced for the drip rates and average monthly 580
drip water values from Antechamber 2, showing a weak positive correlation between the two
data sets. The value for p was 0.51 at a 90% confidence level (see Appendix B). These two p
values however are not within the confidence level of 90%, indicating that the results are not
statistically significant and therefore may not be an accurate representation of the data. Overall
however, the large range between the average monthly §'80 drip water values and the drip rates
may result in statistically unreliable correlations. The different units applicable to the drip rates
and the &80 monthly values as well as the large amount of variability within data sets may

also distort the correlation results, thereby leading to statistically unreliable correlations.
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Fig. 4.32: Drip rate trends from the Jacovec Cavern, Antechamber 1 and Antechamber 2 compared to the 50
values measured from the drip water of the three chambers.

For precipitation interpretative purposes, the drip water §'80 values were also compared to the
monthly average measured rainfall from Krugersdorp, Johannesburg Botanical Gardens and
Lanseria weather stations. The drip water 5'80 results display a distinctive inverse relationship
with the rainfall measured in the area during the collection of the drip water samples. This is
observed in figure 4.33, where higher measured rainfall corresponds to a decrease in drip water
5180 values, and vice versa. Pearson product-moment correlation tests were conducted in PAST
v3.14 software (Hammer et al., 2001) on the average monthly §'80 drip water values for the
three chambers and the average monthly measured rainfall. A correlation value (r) of -0.09 was
produced for the average monthly &80 drip water values from the Jacovec Cavern and the
average monthly measured rainfall, showing a very weak negative correlation between the two
data sets. The value for p was 0.76 at a 90% confidence level. A correlation value (r) of -0.20
was produced for the average monthly 50 drip water values from Antechamber 1 and the
average monthly measured rainfall, showing a weak negative correlation between the two data
sets. The value for p was 0.48 at a 90% confidence level. A correlation value (r) of -0.39 was
produced for the average monthly §'80 drip water values from Antechamber 2 and the average
monthly measured rainfall, showing a weak to intermediate negative correlation between the

two data sets. The value for p was 0.17 at a 90% confidence level (see Appendix B). None of

Drip Rate (drips/min)
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these p values however are within the confidence level of 90%, indicating that the results are
statistically not significant and therefore may not be an accurate representation of the data. This
however may be due to the lag effect between the average measured monthly rainfall, and the
drip rates, indicating that these correlations may not be accurate. The lag effect needs to be
considered with regard to variations in drip rate in order to obtain accurate correlations. The
different units of measurement between the two data sets could also result in inaccurate

statistical correlations.
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Fig. 4.33: Average monthly measured rainfall compared to the 580 values from drip water.

4.5 Hydrochemistry

4.5.1 Electro-conductivity

In general, the electro-conductivity of the cave drip water ranged from approximately 200
puS/cm to approximately 350 puS/cm (Figure 4.34). The electro-conductivity for individual drip
water samples fluctuated between this range for the duration of the year. No clear trends can
be observed between individual sample fluctuations. The electro-conductivity between samples
within the same caverns or antechambers seemed to remain within a similar range to one
another. Antechamber 1 samples are observed to have in general a slightly higher electro-

conductivity than any of the other caverns, with an average range between 272.3 uS/cm and
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309.9 uS/cm. Samples from the Jacovec Cavern follow closely, with an average range between
249.7 uS/cm and 282.5 uS/cm. The samples from antechamber 2 have the lowest average range
of electro-conductivity values, ranging from 220.1 uS/cm to 208.1 uS/cm. The sample taken

from the Milner Lake produced a much higher electro-conductivity of 668 uS/cm.
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Fig. 4.34: Electro-conductivity results for the modern drip water samples.

4.5.2 pH

pH remained fairly constant between all the samples, ranging from approximately 7.7 to 8, with
five outlier samples (Figure 4.35). This shows that the drip water samples were leaning towards
a slightly more alkaline pH, in the range for groundwater pH (6 to 8.5). A sample from the
Milner Lake was also analysed, in order to compare the pH values, and produced a pH of 7.76,

which is slightly alkaline.
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Fig. 4.35: pH results for the modern drip water samples from Sterkfontein Caves.

4.6 Summary

The overall climatic data presented for the area surrounding Sterkfontein displays regular
seasonal trends, with average temperatures increasing slightly over the 10 year record. The
cave air temperatures, humidity and atmospheric pressure constrain the climatic conditions
within the Sterkfontein Caves environment well, and exhibit an environment with intermediate
to high humidity, and relatively stable air temperatures and pressures. The vegetation
distribution results of the carbon stable light isotope analysis correlate with the observed
distribution of vegetation on the exterior environment, exhibiting a mosaic environment with
open grasslands interspersed with shrubs and open woodland trees. The results of the oxygen
isotope analysis of the modern speleothem and drip water samples reveals a wide range of
temperatures which, to a certain degree, do exhibit relationships and similarities to the exterior
temperatures, but also demonstrate that kinetic fractionation has played a role in skewing the
results. The oxygen isotope values from the drip water samples mirror the rainfall cycles
measured by the weather stations well, and display effects of ground water residence time,
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recharge, and lag effects. The drip rate measured from the drip water samples also corresponds
very well to the oxygen isotope values and rainfall data from the weather stations. The
hydrochemistry of the drip water samples reveals electro-conductivity results which vary
within a reasonable range, and may be comparable to drip rates and atmospheric pressure, as

well as the exterior temperatures.
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Chapter 5
Discussion

5.1 Vegetation

5.1.1 Modern Speleothem Carbon Isotopes

Raw carbon isotopic signatures produced from the carbon stable light isotope analysis of the
modern speleothems reveal an enriched trend, with an average of -1.61%o. and a range of -2%.
to 2%., with the exception of the Silberberg Grotto. Depending on the route taken by the drip
water to ultimately precipitate these modern speleothems, this enrichment of 51C values in the
modern speleothems may be attributed to a combination of factors which have a significant
effect on the level of enrichment of the carbon isotope signature. These factors include; the
isotopic composition of the dissolved HCOs, the isotopic composition of the precipitated
CaCOs, kinetic fractionation present in the hydro-carbonate system within the cave, the
percentage of saturation with regards to CaCOs, the rate of exchange with gaseous phases
within the cave system, and the ultimate rate of precipitation of the speleothem (Richards &
Dorale, 2003). An increase in the percentage saturation with regards to CaCOs and the
progressive precipitation of CaCOs3 both result in enriched 5'3C values, as well as progressive
transformation of HCO3 to CO:2 and the subsequent degassing thereof (Polag et al., 2010). The
enrichment of the carbon isotopic signature of the modern speleothems therefore may reflect

the degree to which these process and factors have affected the §'°C signature.

The degassing of CO2, and subsequent precipitation of CaCOs structures may occur under
closed or open system conditions, which also ultimately influence the §*3C signal produced
from the speleothems (Hendy 1971; Dorale et al., 2002; Fairchild et al., 2006; Noah, 2010). If
the cave system is of an open nature, the solution percolating through the soil and host rocks
has access to a very large source of soil CO2 (Hendy, 1971; Noah, 2010). This ultimately
contributes to the isotopic signature of the dissolved HCOs in the cave system, and produces a
813C signature which primarily represents the soil CO2, and therefore the vegetation growing
above the cave environment (Hendy, 1971). This is the case with respect to the Sterkfontein
Caves, as this cave system is regarded as an open cave system, with respect to the locations
where the speleothem samples were collected. Due to the open nature of the cave system, the

carbon isotope results of the speleothem samples are expected to be a reflection of the §'3C
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signature primarily from soil CO2, which would provide a good indication of the distribution
of vegetation on the ground surface. In contrast, the solution percolating through a cave system
of a closed nature has a very limited source of CO2, which is degassed during entry into the
cave system (Hendy, 1971). This therefore results in the §*3C signature of the CaCOs structures
precipitated under these circumstances to represent a mixture of the soil CO2 as well as carbon
from the dissolution of the CaCOs rich host rocks (Hendy, 1971; Noah, 2010). In order to
produce reliable correlations with regards to ground surface vegetation distribution, it is
therefore preferable to collect speleothem samples for stable carbon isotopic analysis from

open caves.

Overall, the enriched §'3C values from the modern speleothems correlate well with a drier,
more arid environment dominated by Cs vegetation. Carbon stable light isotope analysis of
speleothems provides detailed information regarding the distribution of C3 and C4 vegetation
from the environment above the cave system. This distribution of vegetation is important to
analyse as it reveals information regarding the climatic conditions of the exterior environment
during the precipitation of the speleothems. The raw 5'3C values also display a very strong
positive correlation in comparison to the distribution of C4 vegetation, with a Pearson’s r value
of 1, and a very strong inverse relationship with the distribution of Cs vegetation, with a
Pearson’s r value of -0.99. The p values for these statistical correlations were both within the
90% confidence level, indicating that the correlation is statistically significant. These
correlations are also in agreement with the average approximate value of 80% C4 vegetation
cover calculated from the average raw §*3C signature, according to Talma and Vogel’s (1992)

method for calculating vegetation types and distribution.

Carbon isotopes from the modern speleothem samples produced vegetation trends with C4
vegetation dominating approximately 78% of the predicted environment above the Sterkfontein
Cave system, and C3 vegetation occupying approximately 22% of the environment above the
cave system. These distributions were calculated using Talma and VVogel’s (1992) method for
determining C4 and C3 vegetation distribution. CAM plants, such as succulents, are known to
conserve water, and therefore may vary between Cs and Ca signatures (Raven & Johnson,
1989; van der Merwe, 1982). The degree to which CAM vegetation produces either a C3 or Cs
signature is usually dependent on species, but may also be influenced by the overall local
climatic conditions, such as seasonality, temperature, rainfall and fire cycles (Proches et al.,
2006). CAM vegetation thriving in primarily hot and dry conditions has been noted to usually
produced 3:3C values in the range of C4 vegetation (Keeley & Rundel, 2003). However, CAM
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vegetation thriving in more moderate, moisture rich environments tend to display §'3C values
in the intermediate range towards Cs vegetation (Mooney et al., 1977). Due to the fact that the
CAM carbon isotopic signature is very difficult to distinguish from the C4 carbon isotopic
signature, CAM vegetation cannot be adequately estimated, and therefore has been assumed to
form a part of the C4 carbon isotopic signature, for reasons of simplicity (Zech et al., 2009).

The average carbon isotope value produced from stable light isotope analysis of the modern
speleothem samples equates to approximately 80% C4 vegetation, which is in agreement with
the overall Cs vegetation percentage dominance. These values imply a mosaic modern
environment above the Sterkfontein Caves site, dominated by grasses interspersed with larger
shrubs and open woodland trees. This environment would coincide with a slowly aridifying
modern environment, with warmer, arid seasonal summer rainfall (Vogel, 1993), where a more
Cs enriched, closed woodland environment is developing into a progressively more open,
grassland dominated environment, thereby producing a mosaic environment with both C4 and
significant amounts of Cs vegetation. A C4 dominated environment, which is implied by the
carbon isotopic signatures of the speleothems, suggests an environment controlled more by
seasonal rainfall, high radiation and more arid conditions during the growth of the C4 plants
(Vogel, 1993). These conditions have also been attributed to interglacial periods, which are

dominated by C4 vegetation (Vogel, 1993; Lourens et al., 1996).

C4 vegetation has also been documented to out-compete Cs vegetation during periods when
CO2 levels within the atmosphere are particularly low (Cerling et al., 1997). It can therefore
be assumed to a certain degree, that a dominance of C4 produced from the isotopic signatures
of modern speleothems indicates a decrease in atmospheric CO2, as well as the seasonality of
rainfall, and greater variation in temperature conditions. Smaller variations within the §*3C
values for the modern speleothem samples may also be related to seasonality, where carbon
isotope values increase during summer and decrease again during the winter (Richards &
Dorale, 2003), as well as due to the numerous factors which may affect the ultimate §°C
signature of the modern speleothem samples. These interpretations are consistent with other
faunal, floral and isotopic studies conducted within the Cradle of Humankind, which also
revealed that a mosaic environment existed in the area during the early to middle Pleistocene,
which included patches of open grasslands and woodlands hosting both Cs and C4 vegetation,

revealing an aridifying environment where Cs vegetation was slowly beginning to dominate
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over Cs3 vegetation (Reed, 1996; Sponheimer & Lee-Thorp, 2003; Reynolds, 2007; Reynolds
& Kibii, 2011).

The analysis of the Member 4 deposits in the Sterkfontein cave site also revealed that a mosaic
environment existed during the deposition of these sediments (Bamford, 1999; Kibii, 2004;
Reynolds & Kibii, 2011), and habitat reconstructions of the Sterkfontein Valley are also
consistent with a mosaic environment interpretation, indicating that the area was characterised
by a medium density forest interspersed with an open savannah environment (Vrba, 1985,
1988; Benefit & McCrossin, 1990; Mckee, 1991; Clarke & Tobias, 1995; Berger & Tobias,
1996; Reed, 1996; Potts, 1998; Bamford, 1999; Reynolds & Kibii, 2011). These results and
interpretations correlate well with the enriched §*C values from the modern speleothems,
which indicate a drier, more arid environment dominated by Cas vegetation, and are also
consistent with the average approximate value of 80% C4 vegetation cover calculated from the

average raw §'3C signature.

The carbon isotope data obtained from the Silberberg Grotto however were severely depleted
in comparison to the rest of the modern speleothem carbon isotope results, with a range of -
4.61%o t0 -8.95%0, and displaying values of 40%-78% Cs vegetation. This implies an area
particularly more concentrated in C3 woodland trees and shrubs above the cave system, near
the Silberberg Grotto. This can possibly be explained by the fact that the Silberberg Grotto is
in close proximity to a major entrance to the cave system. Groups of trees characteristically
mark the entrances and shafts into cave systems in the Cradle of Humankind, and these trees
may have influenced the C3 dominated carbon isotope values for samples from the Silberberg
Grotto. Percolating meteoric water through the karst system may have also influenced the
significant concentration of carbon isotopes producing Cs values, as descending meteoric water
near the Silberberg Grotto is constrained in the area by numerous faults, joints and channels
(Martini et al., 2003), and the Grotto lies quite close to the surface, where direct vertical water
seepage may have affected the carbon isotope values of the precipitated speleothems (Partridge,
1978). The Silberberg Grotto also lies directly next to a swallow hole, where surface water may
very easily percolate downwards towards the Grotto (Pickering et al., 2011), and provide a
direct route for carbon isotopes to be transported from the surface to the precipitating
speleothems within the Silberberg Grotto (Holland et al., 2010). This shows how the
geomorphology and resulting hydrological systems within the karst environment may also play

a role in skewing any carbon isotopic signatures produced from the speleothem samples.
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Meteoric water flowing through soil from areas concentrated in trees and shrubs may have also
influenced the Silberberg Grotto samples significantly. In order to precipitate and grow,
speleothems need an increase in effective precipitation (Ayliffe et al., 1998), which holds true
for Cs vegetation as well (Vogel, 1993), therefore it would make sense for the Silberberg Grotto
to hold a predominately Cs signature, as there are no actively dripping modern speleothems
within this chamber at the moment. The correlation between the significantly depleted, C3 §**C
signature from the Silberberg Grotto and the current environmental conditions and vegetation
cover directly influencing the signature of the !3C values again indicates the reliability of
using 8C trends from modern speleothems to determine current vegetation type and
distribution on the overlying surface, as this depleted trend accurately represents the current

vegetation existing specifically above the Silberberg Grotto.

5.1.2 Observed Vegetation

The current vegetation observed above the Sterkfontein Caves system exhibits approximately
75% C4 vegetation consisting of numerous grasses and particular small shrubs, 24.5% Cs
vegetation consisting of woodland trees, shrubs and small herbaceous plants, and
approximately 0.5% CAM vegetation, in the form of a few succulents occurring particularly
above the Jacovec Cavern area (Figure 5.1). These observed approximate percentages are in
agreement with the percentages calculated using the modern speleothem carbon isotopes and
this displays a consistency between the vegetation results obtained from the carbon isotopes of
the modern speleothem samples, and the current observed vegetation that exists above the
Sterkfontein Caves system (Figure 5.1). The observed vegetation also included a clustering of
trees and shrubs around the entrances of the Sterkfontein Cave system, which supports the
possibility that the proximity of the Silberberg Grotto to one of the cave entrances could have
influenced the significance of the Cs value from the modern speleothem carbon isotopes
(Figure 5.1). The strong correlation between the observed vegetation currently existing above
the Sterkfontein Caves system and the overall Cs and C4 vegetation distribution calculated
from the 8°C values from the modern speleothems substantiate the use of §3C trends from

speleothems as paleoclimate proxies for vegetation type and distribution.
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Fig. 5.1: Diagram showing the vegetation cover in relation to the cave chambers. Adapted from Reynolds
et al. (2003).

5.1.3 Overall Vegetation Distribution

Overall, the carbon isotope vegetation data produced from the modern speleothems coincides
very well with the observed vegetation currently existing above the cave environment, and
therefore substantiates the reliability of environmental analysis using speleothems due to the
similarity of the two results. This however also indicates that certain conditions need to be met
in order for the carbon isotopic signature to accurately reflect the vegetation distribution on the

ground surface.

The carbon isotope results from the modern speleothem samples at Sterkfontein display an
environment dominated by Ca, but intertwined with Cs vegetation distribution. This is in
agreement with the actual observed vegetation distribution of the surface environment above
the Sterkfontein Caves system. The strong positive correlation obtained from the Pearson
product-moment test also confirms that this relationship is statistically significant. This
correlation substantiates the overall reliability of using 63C values from speleothems as proxies
from vegetation type and distribution, and consequently as palaeoclimate proxies, due to the
implication of certain environmental and climatic conditions as a result of the distribution and

type of vegetation indicated on the ground surface by the §*3C trends.
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5.2 Temperature

5.2.1 Modern Speleothem Oxygen Isotopes

The oxygen isotopes produced from the modern speleothem samples are reasonably negative
with an average of -3.6%o, signifying overall long term cooler temperatures and drier conditions
during speleothem growth, with seasonal rainfall. Temperatures deduced from the oxygen
stable light isotope analysis of the modern speleothem samples reveal a very variable saw tooth
pattern, with more depleted, negative oxygen isotope values reflecting drier periods with less
rainfall, while less depleted, more positive values reflecting wetter conditions with an increase

in warm, frequent rainfall.

There is variation in the spread of oxygen isotopes but the majority of the oxygen isotopes
reflect more depleted values, therefore a general cooler, drier trend. Oxygen isotope values
from modern speleothem samples from the Jacovec Cavern are slightly more enriched
compared to the other modern speleothem samples in other caverns. This could be due to the
fact that the Jacovec Cavern is more isolated from cave entrances or shafts, and the presence
of a broad range of humidities compared to other areas within the cave system. With respect to
the Milner Hall Lake modern speleothem samples, these samples are exposed to a number of
air flow passages from various nearby cave shafts and entrances, exposing the speleothems to
more evaporative overall conditions, thereby explaining the much more depleted oxygen
isotope values produced by these samples. These variations in the oxygen isotope values from
particular caverns therefore reflect current short term climatic and environmental variations
between different chambers within the cave system at a local scale, therefore indicating the
reliability of the oxygen isotopes produced from the analysis of the modern speleothems to
reflect current climatic and environmental conditions within the cave system. These short term
palaeoclimatic variations within the chambers may therefore also be inferred reliably using

ancient speleothems.

Different conditions on which the speleothems were precipitated seemed to have differing
effects on the values of the oxygen isotopes produced. Speleothem samples precipitated over
older dolomite host rocks, as is the case with samples JCS-3 and MHLS-1, did not produce
similar oxygen isotope results, showing no correlations within the data sets, and therefore no

visible relationship.

Silberberg Grotto samples all precipitated over older speleothem. Samples SGS-1 and SGS-3
show much more depleted oxygen isotope values compared to samples SGS-2 and SGS-4.
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Sample SGS-2 was collected directly below sample SGS-4, and shows a much more enriched
oxygen isotope value compared to sample SGS-4. This might be a result of the movement of
oxygen isotopes within drip water towards the bottom of the flow of the speleothem, thereby
resulting in an enrichment of oxygen isotopes in comparison to a sample taken higher up in the

flow.

Speleothem samples from Antechamber 1 and 2 were mostly precipitated over a combination
of older speleothem material and older breccia. This may explain the fairly uniform trend in

oxygen isotope values between these samples, only varying by approximately 0.7%o.

In general, the slight oxygen isotope variations due to chemically different flow paths through
the host rocks did not significantly alter the idealised temperatures produced, as the graph
produced from the calculated temperatures displayed a smooth, linear trend. As no fractionation
was taken into account in the calculation of these temperatures, it could be assumed that some
variations in 80 results could be due to differing formation conditions of the modern
speleothem samples. These differing formation conditions would therefore have possibly
affected the fractionation present in the samples to a certain degree. This can be seen when
temperatures are calculated using oxygen isotopes from both the modern speleothem samples
and the drip water samples, as well as in the statistical correlations produced from these
calculated temperatures. If any drip water or speleothem samples had been collected from
aragonite sources, this would have significantly influenced the §'80 values produced, and a
different equation would have been used to calculated temperatures, specific to aragonitic

speleothems.

Idealised temperatures for the environment above the Sterkfontein Caves system were
calculated using two different equations for calculating temperatures from speleothem samples,
namely the experimental equation and the empirical equation. During the calculation of these
temperatures it was assumed that fractionation did not play a role in affecting the oxygen
isotopes from the modern speleothem samples. Therefore, it can be assumed that the cave air
temperatures are similar in value to the calculated idealised temperatures using the speleothem
samples. The use of these idealised temperatures and their comparison to the measured cave
air temperatures allows for the amount fractionation that has occurred during the precipitation
of the speleothem samples to be deduced, and therefore for possible methods to be obtained in
order to work around this fractionation. When the calculated idealised temperatures were
compared to the actual cave air temperatures, it was found that the idealised temperatures

calculated from the experimental equation were much closer in value to the measured air
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temperatures within the cave system than that of the idealised temperatures calculated using
the empirical equation. These idealised temperatures calculated using the experimental
equation could thus better predict air temperatures outside the cave environment. This could
be due to the experimental nature of the calculation, which would more closely represent

natural conditions of speleothem growth and precipitation.

The idealised temperatures calculated from the modern speleothem samples compared to the
measured cave air temperature observed when the speleothems were collected show a close
range of only approximately 2°C between the two data sets, but do show some large variations
with regard to range, with some data set points being very closely situated, and other
approximately 2°C apart. These variations could possibly be due to seasonal atmospheric
temperature variations, or large climatic events on a local scale. The average cave air
temperature is only 0.66°C higher than the idealised temperatures. This slight difference
between the average cave air temperature and the idealised temperatures may also reflect the
reliability of the modern speleothems as proxies for the current atmospheric temperatures, as
this difference could possibly be due to the fact that fractionation was not taken into
consideration for calculating the idealised temperatures, and possibly due to the relatively high
humidity and low cave ventilation effects. This would therefore indicate that the modern
speleothems would be reliable sources of temperature data. The idealised temperatures
produced from the speleothem samples were then compared to the cave air temperature and the
average atmospheric air temperature for the latter half of June 2015 (June 15" to June 30™)
(Figure 5.2) in order to determine how close the relationship was between the three data sets.
The cave air temperature varies around the atmospheric air temperature, with an average of
16.52°C, only 0.2°C less than that of the atmospheric air temperature, while the idealised
temperatures from the experimental equation produce values slightly less than that of the
atmospheric air temperature, but only by 0.89°C. Again this difference could be due to the fact
that no fractionation or interference was taken into account, the effects of variations in humidity
from intermediate to relatively high values, as well the fact that these idealised temperatures
could possibly represent the average of a much greater range of atmospheric air temperatures
than that of just June 2015 in combination with any smaller climatic events which may have
been in effect during the precipitation of the speleothems. Variations between the average
atmospheric temperatures, the idealised calculated temperatures and the cave air temperatures,
however, indicate that significant kinetic fractionation effects have played a role in skewing
the calculated temperatures from both equations. This occurs to a lesser degree in the narrower,

smaller antechambers than in the Jacovec Cavern, which is quite large. This is due to higher
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overall humidity in the antechambers, especially Antechamber 1, in comparison to the Jacovec
Cavern, which displayed the greatest range of variations in humidity. To this extent, the
idealised temperatures may indicate that the modern speleothems would be a reliable source of
current temperature data, as the differences between the idealised temperatures and the cave
air temperatures and atmospheric air temperatures do not differ by a significant degree, and

may be explained by fractionation and climatic effects present in the cave system.
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Fig. 5.2: Comparison of the idealised temperatures produced from the modern speleothem samples using the
experimental equation for calculating temperature from speleothems, the measure cave air temperature and the
average atmospheric air temperature during the period in which the samples were taken and cave air temperature
measured.

5.2.2 Drip Water Oxygen Isotopes

The 580 values produced from the drip water samples collected from July 2015 to August
2016 reflect an irregular saw-tooth pattern of predominately negative, depleted oxygen isotope
values. This is particularly observed during December 2015 to August 2016, during which
there is a pronounced decrease in $*80 values, which increase gradually towards August 2016.
This decrease is reflected by both the cave air temperature and relative humidity measured
within the cave system. These depleted 510 values represent progressively cooler and drier
conditions, which corresponds to a certain degree to the seasons in which the 820 values
decrease, which includes late summer, autumn and winter months. This correlation between

the 5'80 trends and seasonal variations indicates the reliability of the §'80 trends from the drip
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water and speleothem samples to produce accurate climatic data. The §'80 values also display
a large range of values; possibly indicating that very little flattening of the 580 trends has

occurred as a result of evaporative or kinetic fractionation.

The 380 values produced from the drip water samples may have been affected by numerous
local, regional and temporal scale factors, resulting in variations within the 80 signatures (see
Chapter 2, section 2.4.2). These variations may be attributed to fractionation effects, which
indicate physical or chemical processes which have resulted in variations in the isotopic ratios
of a phase or compound (Noah, 2010) (see Chapter 2, section 2.4.2). Kinetic fractionation plays
a very important role in the interpretation of !0 values from speleothems and drip water, due
to the fact that this process results in the irreversible enrichment of 20 isotopes in the isotopic
signature (White, 2004). Further effects of kinetic fractionation are bound to steps within the
hydrological cycle (Noah, 2010). Variations within the §'0 values produced from the drip
water samples may therefore by attributed to kinetic fractionation effects, and may account for

any abnormally enriched 580 outlier samples.

The amount of precipitation and the atmospheric air temperatures may also have contributed
to fractionation effects with regards to the §'®0 signatures produced from the drip water
samples, and are related to Rayleigh distillation, which takes place during the course of the
hydrological cycle, and within the cave system (Noah, 2010) (see Chapter 2, section 2.4.2). In
order to preserve calcite supersaturation, gaseous CO2 is removed at a constant rate from the
drip water solution. However, this results in the enrichment of 80 in the drip water solution,
and may therefore account for the abnormally enriched §'®0 values produced from the drip
water samples. With regards to the hydrological cycle, fractionation caused by Rayleigh
distillation usually occurs during the evaporation or condensation of water (Fairchild et al.,
2006), and the effects thereof are usually determined by the amount of precipitation, leading to
a gradual depletion of 80 isotopes in the drip water samples during heavy rainfall events
(White, 2004; Noah, 2010). This may be observed in the §*30 trends produced from the analysis
of the modern drip water and speleothem samples, and as a result, variations within the trends

produced may be attributed to fractionation effects taking place in the cave environment.

Fractionation of &80 isotopes may also occur in the event that water accumulates and
subsequently evaporates before entering the cave system (Harmon et al., 2004; van Beynen &
Febbroriello, 2006). Cave air ventilation and low humidity may also result in kinetic
fractionation (Wigley & Brown, 1976), caused by the evaporation of cave drip water (van
Beynen & Febbroriello, 2006; Mattey et al., 2008). In general, low humidity of 25% to 70%
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enhance the evaporation of drip water, and leads to increased kinetic fractionation (Noah,
2010). This effect may be observed in the §'80 values produced from cave chambers which
experienced lower overall humidity, such as in Antechamber 2. Kinetic fractionation effects
can be observed in the §'80 values produced from the drip water samples from Antechamber
2, as the values are either abnormally enriched or depleted, indicating the presence of
significant kinetic fractionation effects. Overall, these fractionation effects have a significant
effect on the 680 trends produced from drip water and speleothems, and influence the climatic
information produced by analysing the 520 values. It is therefore important to understand these
effects, in order to accurately interpret climatic data produced from the analysis of 5'80 trends
from drip water and speleothems samples, as well as the statistical correlations exhibited

between these climatic data.

The 26 outlier samples, which were significantly more positive than the other 520 values may
possibly be explained by fractionation effects related to fracture flow and heat transport
processes, as well as general kinetic fractionation associated with higher ambient temperatures,
which all significantly increase the 5'80 values, resulting in significantly higher calculated
temperatures, which do not accurately represent the current climatic conditions (Cuthbert et al.,
2014). These fractionation effects may also include large variations in cave air ventilation,
which alters the pCO: for the respective chambers, particularly close to chamber entrances,
and in chambers close to ventilation shafts or the main tourist routes within the Sterkfontein
Cave system. This may therefore significantly alter the $*0 values produced from the drip
water samples from these chambers. Evaporation in high humidity chambers may also result
in an enrichment in §'80 values in the remaining drip water for speleothems, and therefore
result in higher calculated temperatures (Lachniet, 2009). A slower drip rate could also indicate
a longer residence time of the drip water on the speleothem, and therefore increase the 830
values produced from the drip water, and ultimately increase the temperatures produced. This
can possibly be seen with temperatures produced from Antechamber 2 samples, which include
numerous outliers with the highest calculated temperatures, as well as some of the slowest drip
rates within the cave system. The rate of degassing of CO2 from drip water from the modern
speleothems used may also alter the §*80 values, and in some cases may result in abnormally
high temperatures calculated from the speleothem and drip water 580 values, where an
abnormal enrichment of 80 isotopes has occurred during rapid CO2 degassing. There is also
the possibility that these outliers could have come about due to varied §*®0 values from drip
water produced from a mix of water from differing origins and hydrological sources, as well

as a mix of waters of differing ages.
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The measured relative humidity and air pressure within the cave environment also exhibited
climatic conditions within the cave system conducive to very little evaporative effects, and as
a result potentially climatically reliable §*0 values. As a result, it may be assumed thus far
that the 5'80 values produced from the modern drip water and speleothem samples would
produce reliable climate data with respect to temperature and precipitation. This would indicate

that overall, speleothems are reliable palaeoclimate proxies.

A comparison between the calculated idealised temperatures, the measured cave air
temperatures and measured atmospheric air temperatures all produced similar trends and
values. This relationship may be explained by the fact that the oxygen isotopes produced from
the drip water samples feeding the modern speleothem deposits may produce temperatures
which resemble the ambient cave temperature, as well as a range of temperatures which
resemble variations of the mean annual temperature on the surface above the cave environment
(Nordhoff, 2005; Mandice et al., 2013) (see Chapter 2, section 2.4.2). The correlation between
the raw oxygen isotope trends produced from the modern drip water samples and seasonal
variations observed from measured atmospheric temperatures and precipitation indicate that
the oxygen isotopes from the drip water samples may provide insight with regard to seasonality.
This may also be due to the fact that the oxygen isotope values of meteoric precipitation,
represented by the average drip water oxygen isotope values, vary depending on seasonal

changes in temperature and precipitation (Nordhoff, 2005).

The temperatures calculated from the analysis of the oxygen stable light isotopes of drip water
samples are dependent on numerous factors (see Chapter 2, section 2.4.2). These factors
influence the degree to which the temperatures produced from the §'80 values from the drip
water samples represent modern atmospheric temperatures, and therefore the reliability of the
drip water samples as climate proxies. These include evaporative cooling, fracture flow and
heat transport process, and cave air ventilation processes (Cuthbert et al., 2014). The effect of
evaporative cooling can be seen in abnormally low temperatures produced from the drip water
and speleothem &80 trends in comparison to other temperatures from the same chamber, at the
same time period. This may be due to the fact that cooling effects result in more negative,
depleted oxygen isotope values, and therefore lower overall calculated temperatures. This
makes the temperature data calculated from the drip water samples unreliable when comparing
them to the mean temperature data from the ground surface (Cuthbert et al., 2014). Recording
the humidity, cave air pressure and corresponding cave ventilation may assist in determining

the degree to which evaporative cooling has played a role in altering the 5'80 signatures, as



124

chambers with lower humidities such as Antechamber 2 would result in more depleted &80
signatures. This would therefore account for the abnormally low temperatures calculated from
the drip water samples from Antechamber 2. Fracture flow and heat transport process may also
be observed in the temperatures produced from the drip water and speleothem 520 trends
which are abnormally high. These processes may also be accompanied by higher humidity
would indicate the presence of less evaporative effects. Recording these environmental factors
may also assist in determining which chambers to sample, in order to produce the most accurate

climate data from 880 trends.

Temperatures produced from the drip water and speleothem §'80 trends, which were lower
than normal may have been produced by the §'®0 values from samples located closer to
chamber entrances, especially in chambers such as Antechamber 1, which are close to very
large, main chambers or ventilation shafts, and thus more susceptible to cave air ventilation
effects. These effects may alter the drip water temperatures by changing the relative humidity
within the cave environment, which in turn controls the rate of evaporation, and therefore the
rate of cooling of the drip water. This can result in drip water temperatures which are much
lower due to a larger concentration of more negative, depleted oxygen isotope values, and
therefore the temperatures produced would not represent the mean temperatures on the ground
surface (Cuthbert et al., 2014). Cave air ventilation variations may also be related to
temperature fluctuations between the cave interior and the exterior environment (Mattey et al.,
2008; Noah, 2010), but these have the greatest effect in areas closest to cave entrances
(Fairchild et al., 2006) (see Chapter 2, section 2.4.3). This may also account for large variations
in the calculated temperatures from chambers and drip water samples located closest to

chamber entrances or cave shafts.

The temperatures calculated using both the drip water §'80 values and the speleothem &80
values were calculated using two equations, namely the empirical equation for calculating
temperatures from speleothems (equation 1) and the experimental equation for calculating
temperatures from speleothems (equation 2). The experimental equation (equation 2) leads to
values which are 0.3%. to 0.8%. higher than those produced from the empirical equation
(equation 1), and this is thought to provide a better indication of equilibrium fractionation
within the speleothem calcite-drip water system as compared to the results produced from the
empirical equation (Wackerbath et al., 2012). Values produced from the experimental equation
have also been observed to produce more consistent results with respect to measured values,

and as a result, values produced from the experimental equation are regarded as the best
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representation of the fractionation occurring between isotopes during the precipitation of
calcite in natural cave environments (McDermott et al., 2005). However, as the experimental
equation cannot apply all fractionation effects and variations to the 580 values obtained, it
should be used with some caution (Wackerbath et al., 2012). The empirical equation (equation
1) has a temperature range of 5° to 15°C, and produces more accurate temperatures from drip
water and speleothems precipitated under cooler conditions, whereas equation 2 has a
temperature range of 5° to 30°C, producing more accurate temperatures from drip water and
speleothems precipitated under warmer conditions, as well as encompassing a greater range of
temperatures than that of equation 1. The experimental equation however has in the past seen
to produce temperatures that are too low compared to the measured atmospheric air
temperature, by approximately 4°C. However, in order to produce the most accurate results, an
examination of the cave environmental conditions needs to be taken into account, and the
equations applied on this basis (Demeny et al., 2010). Earlier empirical equations however
have been observed to reflect temperatures closer to that of the measured atmospheric
temperatures, partly due to the fact that these equations made use of mixed calcite-aragonite
mineralogies. These equations however may also not accurately reflect data taken from calcite

speleothems, due to the inclusion of aragonite mineralogies (McDermott et al., 2006).

The temperatures produced from July 2015 to August 2016 using equation 1 displayed similar
trends and temperatures to that of the average measured atmospheric temperatures, with the
exception of the temperatures produced from the Jacovec Cavern, which displayed significant
variation from the atmospheric temperatures during periods when the atmospheric
temperatures were at their warmest. The significant decrease of the calculated temperatures
from the Jacovec Cavern during higher seasonal atmospheric temperatures may also be
interpreted as a result of evaporative cooling and less kinetic fractionation due to higher
ambient temperatures and higher humidity, producing more negative, depleted &30 values,
and cooler calculated temperatures (Nordhoff, 2005; Cuthbert et al., 2014). These fractionation
effects may also include large variations in cave air ventilation, which alters the pCO: for the
respective chambers, therefore significantly altering the 580 values produced from the drip
water samples from these chambers and consequently the temperatures calculated from these
oxygen isotopes. A slower rate of degassing of CO2 from drip water from the modern
speleothems may also have altered the §'80 values from the Jacovec Cavern, producing lower
temperatures than expected. All of these factors may also have affected the statistical

correlation between the measured temperatures and the calculated temperatures.
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This decrease in §!20 values and subsequent decrease in calculated temperatures may also be
a result of global glacial-interglacial changes in ocean oxygen isotope values (Richards &
Dorale, 2003). The 580 values obtained from speleothems and drip water are affected by local
meteoric precipitation 580 values, which in turn is affected by ocean water 5'80 values as
meteoric water is derived from oceanic water, as demonstrated by the hydrological cycle
(Schwarzc, 2007). Therefore, any variations in the §*80 values of oceanic water as a result of
global climatic events such as changes in ice volumes due to glacial or interglacial climatic
periods may ultimately also affect the 580 values of local meteoric precipitation. This would
result in these global glacial-interglacial induced variations in oceanic &%0 values being
ultimately reflected in the 50 values produced from speleothems and drip water (Schwarzc,
2007).

As equation 1 is best used in environments with lower ambient temperatures, it may be assumed
that the resemblance of the calculated temperatures from Antechamber 1, Antechamber 2 and

the Jacovec Cavern to the atmospheric temperatures may be due to this fact.

The temperatures produced using equation 1 from Antechamber 1 and Antechamber 2 show
considerably higher temperatures than that of the ambient cave air temperature, while the
calculated temperatures from the Jacovec Cavern seem to represent the ambient cave
temperatures to a better degree. This could be due to kinetic fractionation effects, as well as
cave air ventilation effects which alters the chambers’ pCO2 values, and consequently, the 530
values produced from the drip water samples. This would affect the ultimate temperatures
produced from the 580 drip water values. Rapid degassing of CO:z in the drip water from
Antechamber 1 and 2 may also account for calculated temperatures higher than that of the cave
air temperatures. These factors may also have affected the statistical correlations produced
between the measured atmospheric temperatures, the cave air temperatures, and the calculated

temperatures.

Overall, all three calculated data trends display similar overall increasing and decreasing trends
to that of the ambient cave air temperature, but the trends of the calculated temperatures are a
lot more irregular and varied than that of the measured cave air temperature, and display steeper
increasing and decreasing curves. This indicates the presence of kinetic fractionation effects,
which may be responsible for variations within 50 values from the drip water and speleothem
samples, and as a result, the calculated temperatures. The variations within the calculated
temperature trends may be attributed to evaporative cooling, variations in cave air ventilation,

and variations in humidity, with lower humidity being associated with an increase in 80
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values, and higher humidity with a decrease in 80 (Noah, 2010), during which the calculated

temperatures would decrease with respect to the ambient cave air temperature.

A decrease in 880 values and subsequent decrease in calculated temperatures may also be a
result of global glacial-interglacial changes in ocean oxygen isotope values, as any variations
in the 580 values of oceanic water as a result of global climatic events may ultimately also
affect the 580 values of local meteoric precipitation (Richards & Dorale, 2003). Significant
increases in temperature or significantly higher temperatures than that of the ambient cave air
temperature may be explained by fracture flow and heat transport processes, which may
significantly increase the calculated temperatures from drip water §'80, or by fractionation
effects and variations in humidity, which are usually inversely proportional to the ambient
temperatures (Nordhoff, 2005). These effects however may also represent variations in
changing cave climatic conditions, which would not be as prominently displayed in the
measured cave air temperatures. As a result of this, the fact that these small variations are
evident in the temperatures calculated from the drip water and speleothem samples but do not
significantly alter the overall trends in comparison to the cave air temperatures reveals that the
speleothems may produce reliable temperatures, and may be considered reliable
palaeotemperature proxies. The overall resemblance of the cave air temperature to a certain
degree is in accordance with the expected relationship between the calculated temperatures
from the drip water and speleothem §'80, and the ambient cave air temperature (Nordhoff,
2005).

The equation 1 calculated temperatures from the speleothem and drip water 5'0 values were
also compared to the standard increase in deduced temperatures with calcite using calcite-water
fractionation factors (1000Ina) (Kim & O’Neil, 1997; Lachniet, 2009). The calculated
temperatures produce fractionation values below that of the average values for calcite-water
fractionation, exhibiting 1000Ina fractionation factors 1 unit higher than that of the standard
fractionation factors for calcite-water. This reveals the definite presence of kinetic fractionation
effects present in the 880 isotopic signature for the drip water samples, and this would account
for the variations observed in the calculated temperature trends (Kim & O’Neil, 1997; Lachniet,
2009). This could be a result of evaporation effects during the flow or collection of the drip
water samples, as well as variations in cave ventilation, which result in variations in
evaporative conditions, and variations in humidity, which also affect the evaporation of the

water.
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The temperatures produced from July 2015 to August 2016 using equation 2 do not display
very similar trends and temperatures to that of the average measured atmospheric temperatures,
and instead display significant variation from the atmospheric temperatures during periods
when the atmospheric temperatures were at their warmest. During cooler periods, the
calculated temperatures seem to represent the atmospheric temperatures to a much greater
degree. As equation 2 is best used in environments with much higher ambient temperatures, it
may be assumed that the dissimilarity of the calculated temperatures from Antechamber 1,
Antechamber 2 and the Jacovec Cavern to the atmospheric temperatures may be due to this
fact. The significant variations of the calculated temperatures from the three chambers during
higher atmospheric temperatures may be interpreted as a result of evaporative cooling and less
Kinetic fractionation due to higher ambient temperatures and higher humidity, producing more
negative, depleted 5180 values, and cooler calculated temperatures (Nordhoff, 2005; Cuthbert
et al., 2014). Variations in cave air ventilation may also alter the pCO: of the cave chambers,
which may lead to variations in the §'80 values produced from the drip water samples, and as
a result, altered calculated temperature values. Slower degassing of CO2 within the drip water
samples during these periods may also result in depleted §'®0 values, and as a result, cooler
calculated temperatures as compared to the cave air temperatures and atmospheric air
temperatures. Faster drip rates during this period may also be responsible for a decrease in §*0
values, and thus lower calculated temperatures. This correlates well with the drip rates
measured, as faster drip rates are associated with increased precipitation, meteoric water flow,
and groundwater recharge, characteristic of warmer seasonal periods, taking a lag period into
account. A decrease in §'®0 values and subsequent decrease in calculated temperatures may
also be a result of global glacial-interglacial changes in ocean oxygen isotope values, as any
variations in the &80 values of oceanic water as a result of global climatic events may
ultimately also affect the 5180 values of local meteoric precipitation (Richards & Dorale, 2003).
These fractionation effects associated with variations in the calculated temperatures may have
become more pronounced in the calculating of the temperatures from drip water from the three
chambers using equation 2. As equilibrium fractionation effects are inversely proportional to
the atmospheric air temperatures, it would therefore be possible for the temperatures calculated
from the drip water samples and speleothem samples to decrease during an increase in
atmospheric temperatures, due to a decrease in evaporative and kinetic fractionation, and to
increase during a decrease in atmospheric temperatures, due to an increase in evaporative and
kinetic fractionation (Nordhoff, 2005). The calculated temperatures from the three chambers

resemble this inversely proportional relationship very well with regards to equation 2. Taking
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this system into account along with the fractionation effects responsible for variations in the
calculated temperatures, the calculated temperatures overall may be correlated well with the
atmospheric air temperatures, exhibiting the reliability of using speleothems as

palaeotemperature proxies.

The temperatures produced using equation 2 show much higher temperatures than that of the
ambient cave air temperatures during the late winter to early summer months, and show more
of an inverse relationship with regards to the ambient cave air temperature during this period.
Kinetic fractionation effects may be responsible for this variation, as well as cave air ventilation
effects which alters the chambers’ pCO2 values, and consequently, the 5180 values produced
from the drip water samples. This would affect the ultimate temperatures produced from the
5180 drip water values. Rapid degassing of CO:2 in the drip water from Antechamber 1 and 2
may also account for calculated temperatures higher than that of the cave air temperatures.
Higher humidity during this period could also affect the value of the calculated temperatures.
However, from approximately December 2015/January 2016, the calculated temperature trends
from equation 2 resemble the ambient cave air temperatures quite well, as well as matching the
overall increasing trend in ambient cave air temperatures during this period. The calculated
temperatures for the Jacovec Cavern however remain consistently much lower than the ambient
cave air temperatures, and this may signify the influence of evaporative cooling effects, as well
as cave air ventilation effects, rapid degassing of CO2 from drip water, and slower drip rates.
They do however resemble the overall trend of the ambient cave temperatures towards the end
of the sampling period. This shows that overall, the calculated temperatures do resemble the
cave air temperature trends to a certain degree, but significant fractionation factors need to be
taken into consideration, particularly the inverse relationship between evaporative and kinetic
fractionation and air temperatures, as these factors would affect the strength of the statistical

correlation between the two data sets.

The equation 2 calculated temperatures from the speleothem and drip water §'80 values were
also compared to the standard increase in deduced temperatures with calcite using calcite-water
fractionation factors (1000Ina) (Kim & O’Neil, 1997; Lachniet, 2009). As with equation 1, the
calculated temperatures produced values below that of the calcite-water fractionation values,
exhibiting 1000Ina fractionation factors generally higher than that of the standard fractionation
factors for calcite-water. This reveals the definite presence of kinetic fractionation effects
present in the $*80 isotopic signature for the drip water samples and this could account for the

variations observed in the calculated temperature trends (Kim & O’Neil, 1997; Lachniet, 2009).
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This could be a result of evaporation effects during the flow or collection of the drip water
samples, as well as variations in cave ventilation, which result in variations in evaporative

conditions, and variations in humidity, which also affect the evaporation of the water.

The temperatures calculated from the Jacovec Cavern, Antechamber 1 and Antechamber 2
using equation 1 were compared to the idealised temperatures produced also using equation 1,
and were found to average these idealised temperatures very well. Variations of the calculated
temperatures with respect to the idealised temperatures may be explained by numerous factors,
including evaporative cooling effects which may be responsible for a decrease in calculated
temperatures below the idealised temperatures, as well as short periods of intensified rainfall
and seasonal rainfall patterns which may also result in a decrease in calculated temperatures
with regards to the idealised temperatures (Richards & Dorale, 2003). Significant increases in
the calculated temperatures with regards to the idealised temperatures may be a result of
fracture flow and heat transport processes through the cave system affecting the path of flow
of the drip water samples, as well as exterior temperature changes, and variations in humidity
and cave air ventilation, which may also vary the calculated temperatures. However, most of
these variations do not range further than approximately 3°C from the idealised temperatures,
with the exception of some large variations in temperatures calculated from Antechamber 2,
and one or two variations from Antechamber 1. The calculated temperatures from the Jacovec
Cavern remain approximately 2°C lower than that of the idealised temperatures, which may be
a result of significant and constant evaporative cooling effects. Overall, the close resemblance
of these calculated temperatures to the idealised temperatures indicates that the temperatures
calculated from the drip water and speleothem samples are reliable, and that speleothems in

general in these cave climatic conditions are reliable palaeotemperature proxies.

The temperatures calculated from the Jacovec Cavern, Antechamber 1 and Antechamber 2
using equation 2 were also compared to the idealised temperatures produced using equation 2,
and did not resemble the idealised temperatures from equation 2 as well as the equation 1
calculated temperatures resembled the equation 1 idealised temperatures. The temperature
trends for the three chambers only match the idealised temperatures once they have decreased
to their minimum temperature range. This might indicate that these idealised temperatures
calculated using equation 2 only represent the ideal lowest temperature for the calculated
temperatures. These calculated temperatures also seem to be greatly affected by exterior
temperature variations, and show an inversely proportional relationship in comparison to the

measured atmospheric temperatures. This could therefore explain the degree of variation in the
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calculated temperatures with regard to the equation 2 idealised temperatures. As with the
equation 1 calculated and idealised temperatures, the equation 2 calculated temperatures for
the Jacovec Cavern consistently remain below the idealised temperatures, which again may be
a result of significant and constant evaporative cooling effects. With regards to the correlation
between the temperatures calculated using equation 2 and the idealised temperatures calculated
using equation 2, the inverse relationship between fractionation effects and resulting
temperatures needs to be taken into consideration before the reliability of the calculated
temperatures and the strength of statistical correlations between temperature data sets may be
assessed. When taken into account, these calculated temperatures do correlate well with the
atmospheric air temperatures to a certain degree, indicating their reliability, however they do

not reflect a correlation as reliable as that of the temperatures calculated using equation 1.

Overall, it can be said that the temperatures calculated using equation 1, the empirical equation,
represent current temperature conditions to a better degree as compared to the temperatures
calculated using equation 2 (the experimental equation). This may be due to a narrower range
of temperatures represented by the empirical equation, which fits in with the range of
atmospheric and cave air temperatures obtained for the Sterkfontein Caves system. It also may
represent the overall mineralogy of the speleothems to a better extent that that of the
experimental equation. The empirical equation may also have produced more reliable
temperatures by taking more fractionation effects into account, and taking into account the
variation produced by these effects. This would result in a temperature trend which closely
resembles the cave air and atmospheric temperatures, with smaller variations within the trend

accounting for fractionation effects.

5.3 Precipitation

5.3.1 Modern Speleothems

Oxygen isotopes produced from the modern speleothem samples do not reveal much with
regards to the precipitation conditions outside the cave environment, as the values are stand-
alone values and do not produce a trend which can be used to interpret precipitation. However,
changes in humidity may reflect somewhat on the precipitation conditions during the formation
of the speleothems and collection of the drip water samples, and slight changes in the humidity
may indicate wetter conditions or drier conditions with regards to precipitation. These

variations in humidity within the cave system seem to be related to seasonality with regards to
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wetter or drier conditions, with lower relative humidity during June 2015 to September 2015,

and a subsequent increase in humidity from September 2015 to April 2016.

5.3.2 Drip Water

Variations of §'80 in the drip water samples may be related to temporal variations of 520 in
precipitation, which may be affected by latitude, atmospheric temperatures and wind effects
(van Beynen & Febbroriello, 2006), as well as due to the mixing of water from differing sources
and of differing ages. Latitudinal effects are related to differential heating of the earth’s
surface, where increasing latitude results in progressively lower temperatures and lower
relative humidity, and as a result, higher evaporation rates. This is due to the fact that the angle
at which solar radiation strikes the earth decreases with increasing latitude. This effect results
in precipitation which is progressively more depleted in 580 with increasing latitude (Noah,
2010). As a result of this effect, precipitation in northern South Africa is less depleted in 580
than rainfall at higher latitudes, as South Africa occupies the lower portion of the mid-latitudes.
In contrast to latitudinal effects, winds are produced by pressure variations linked to insolation
(Noah, 2010). As a result of this, low pressure climatic systems which develop due to warm air
that is rising, usually produce precipitation which is depleted with respect to 20 (Noah, 2010).
With regards to atmospheric temperatures, precipitation which forms in warmer climates is
usually enriched in 180 values, as opposed to cooler climates (Craig, 1961; White, 2004). This
again results in less depleted, more enriched overall 50 values in rainfall in South Africa, as
a result of a warmer climate. These enriched 520 values for South African precipitation may
affect the §*80 values produced from drip water and speleothems, as drip water 580 is greatly

influenced by the 520 values of meteoric precipitation.

The drip rate measured during the collection of the drip water samples showed a distinctive
trend in drip rate for all three chambers, where high drip rates were observed to increase from
July, with a maximum in August until October, where drip rates started to decreases. This trend
of drip rate is very similar to the trend for precipitation from Krugersdorp, however the drip
water rates peak in the late winter to spring months, which seems to correspond to rainfall that
occurred approximately four to six months prior to the collection of the drip water, in the mid-
summer months, displaying a typical lag effect (Cruz et al., 2005; Mattey et al., 2008; Lachniet,
2009). This lag effect may be due to the residence time of meteoric water feeding the karst
environment, with rainfall 830 effects only reaching the cave drip waters four to six months
after the event, due to the residence time of the groundwater containing water from that

particular rainfall event. It may also be attributed to the mixing of water of differing origins
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and ages in the karst system. The presence of this lag effect within the drip rate measurements
provides evidence for the reliability of these drip rates representing the precipitation occurrence
and variations for the Sterkfontein Caves area. Small variations in drip rate may be attributed
to small climatic events within the area, such as short bursts of intense rainfall. Heavy rainfall
events may be responsible for short increases in drip rate, followed by sudden decreases as the
drip rate returns to base levels soon after the conclusion of the rainfall event. This spiking in
response to rainfall events seems to occur independently of any seasonality (Smith et al., 2015).
These variations reflected in the drip rates measured from the Sterkfontein Caves system
provides evidence for the drip rates as proxies for modern precipitation occurrence, amount

and variations.

Groundwater recharge to the Sterkfontein karst environment is only approximately 15% with
regards to precipitation in the area (Martini et al., 2003), due to high evapo-transpiration rates.
This slow recharge rate responsible for the significant lag effect displayed by the drip water
5180 values and drip rates may be accounted for by fracture flow of meteoric water within the
karst system, as well as diffuse seepage flow (Lachniet, 2009). This slow recharge rate suggests
that climatic studies conducted within the Sterkfontein Caves system with regards to
speleothems would better represent longer term climatic events than short term events
(Lachniet, 2009).

The drip rate trends for the Jacovec Cavern, Antechamber 1 and Antechamber 2 seem to reflect
the average monthly 380 values for the drip water collected during which the drip rate was
measured reasonably well (see figure 4.26). These trends reflect each other well, with some
variations with regards a shorter period of decrease, and a much flatter, gradual increase
towards August 2016 compared to the 580 values. This indicates only a small amount of
kinetic fractionation present, as the §*80 values and the drip rate match reasonably well with

one another.

Positive variations in drip water 580 may be related to evaporative effects in caverns with low
relative humidity and low air ventilation, which results in a concentration of 80 within the drip
water (Lachniet, 2009). The humidity trends for the Jacovec Cavern, Antechamber 1 and
Antechamber 2 remain relatively high throughout the year however, and the drip water 5'0
values reflect the relative humidity trends of the Jacovec Cavern and Antechamber 2, with
overall increasing and decreasing trends in humidity being reflected by the 580 results. The

humidity for Antechamber 1 stays approximately constant, increasing during September 2015
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to April 2016, as do the other two chambers. The variations in humidity can be accounted for

by various climatic events.

Overall negative variations in drip water 5'0 values may be attributed to variations in the
ocean water 580 during glacial-interglacial transition periods, which affect 20 values in
meteoric precipitation and as a result, affect the §'®0 values of drip water resulting from
meteoric precipitation. Negative variations may also be attributed to the amplification of
rainfall patterns, and the seasonality of rainfall (Richards & Dorale, 2003). This reflection of
rainfall seasonality within the 5'80 drip water trends indicates the accuracy of the 580 values
in representing current precipitation conditions, and may indicate that speleothem drip water
5180 values may produce reliable interpretations with regards to precipitation events and
intensity, as well as resulting climatic interpretations. A study of the isotopic signature of the
T8 stalagmite from Makapansgat by Holmgren et.al. (2003) also concluded that variations
within the 880 signature of the stalagmite represent variations in the different types of
precipitation occurring within that area during the precipitation of the stalagmite. In this case,
lower, more depleted 50 values may have represented drier, increasingly arid overall long
term climatic conditions, and more enriched 50 values may have represented overall long
term wetter, warmer environments (Holmgren et al., 2003). This has also been observed in the
580 wvalues of the drip water and speleothem samples, as these precipitation event
interpretations coincide with climatic and temperature data deduced from the §'80 values. With
regard to temperature interpretations, it has also been concluded that depleted 50 values
represent cooler, drier conditions, while enriched §'®0 values represent warmer, wetter
conditions. This may be reflected in the §'80 trends with respect to drip rate and ultimately
precipitation events and intensity as well. Variations within the drip water 520 trends are a
result of variations in the frequency between persistent mid-altitude rainfall events, and intense
convective higher altitude precipitation events (Holmgren et al., 2003), and the variations in
the drip water 5180 trends may thus be interpreted accordingly. Higher altitude precipitation
events, which increase in frequency during dry summers (Harrison, 1986), are characterised by
more depleted 580 values in the drip water §'80 trends (Rozanski et al., 1993). Northern
summer rainfall areas in southern Africa are characterised by drier and more arid conditions,
due to the expansion of the atmospheric circumpolar vortex towards the equator (Tyson, 1986;
Tyson & Preston-Whyte, 2000). The expansion of the tropical circulation towards the poles,
accompanied by a contraction of the atmospheric vortex produces the opposite result, and is
associated with warmer and wetter climates (Tyson, 1986; Tyson & Preston-Whyte, 2000).

Due to this, Holmgren et al. (2003) interpreted lower, more depleted 5180 values to represent
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drier periods with a decrease in average annual rainfall, in comparison to wetter years which
are characterised by an increase in heavy precipitation events, as well as in the amount of
rainfall produced in a single event. These interpretations may also be extended to the 580
trends produced from the drip water samples with regards to precipitation events and intensity,
and coincide with interpretations made regarding cooler and drier conditions associated with
depleted 520 values, and warmer, wetter conditions associated with enriched §*20 values with
respect to the temperatures calculated from the drip water and speleothem 520 values. As a
result, it is evident that the correlation between the temperature and precipitation information
produced from the drip water and speleothem &0 values reliably represent current

environmental and climatic conditions and variations.

In general, any flatness in the curve of the !0 trend for the drip water may be a result of the
passage of meteoric water through the host rocks, mixing of meteoric water and groundwater,
and the residence time of the groundwater above the cave system. During this time, the original
580 signal produced from the rainfall may be varied or removed completely. Talma and Vogel
(1992) attributed the flatness of the oxygen isotope trend produced from the Cango Caves
stalagmite to this factor. This may also account for some flatter portions of the §'80 trend from
the drip water samples from Sterkfontein Caves, however the overall trend does not display a

great deal of flatness.

The drip water 580 values display a very distinctive inverse relationship with regards to the
average monthly measured rainfall, where decreases in 580 values are accompanied by
increases in the average monthly rainfall. This inverse relationship however may be due to the
fact that the 5'80 values of the drip water are representing rainfall periods four to six months
prior to the displayed 830 values, which is also observed when comparing the drip rate to the
average monthly measured rainfall. This inverse relationship between drip water 5'80 values
and average monthly rainfall may however also be explained by the amount effect, which is
characterised by higher §*30 values being correlated with lower rainfall patterns, and vice versa
(Fleitmann et al., 2004; Lachniet et al., 2004; Lachniet, 2009; Scholl et.al., 2009). This effect
is more common in tropical areas, where the drip water 580 values would increase due to the
evaporation of drip water during periods of lower rainfall or slow infiltration rates, in a similar
manner described by the amount effect (Fleitmann et al., 2004; Lachniet et al., 2004; Lachniet,
2009). The 5'80 drip waters measured from Sterkfontein Caves may represent this amount
effect to a certain degree, but variably, as the overall climate is not tropical. Evaporation effects

within the Sterkfontein Caves system may result in a decrease in 80 values during high
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temperature or high humidity events associated with high rainfall, due to the high humidity
within the cave system. Due to these factors and potential interpretations, the interpretation
observed by Holmgren et al. (2003) may also to a certain, more long term extent be applicable
to the 5'80 results from the modern speleothem and drip water samples from the Sterkfontein

Caves.

Variations between rainfall recorded at the different weather stations may also have affected
correlations between the §*80 values of the drip water samples in the Sterkfontein Caves system
and the measured rainfall from the weather stations. Differences between the rainfall trends
recorded by the two stations have possibly been attributed to the distance between them (see
Chapter 3, section 3.6.1). As the Krugersdorp weather station is situated closer to the
Sterkfontein Caves site, the rainfall patterns from this weather station, especially for 2015 and
2016, should reflect the rainfall conditions at the Sterkfontein Caves site more accurately, and
may be reflected in the §'80 values produced from the modern drip water and speleothems, as
well as the drip rates measured. However, differences in altitude between the weather stations
and the cave site may account for variations between the drip water 5'80 values and the
recorded rainfall at the weather stations. Wind effects may also have varied the frequency and
intensity of precipitation events between the weather stations and the cave site, due to the
distance between them. This in turn may have resulted in variations in correlations between the
5180 values produced from the drip water samples, and the rainfall trends produced from the
weather stations. Due to the distance between the weather stations and the Sterkfontein Caves
site, the climatic data produced by the weather stations might be an average trend which would
be more useful in determining longer term variations in climate, and as a result, might not
reflect smaller climatic variations exhibited by variations in the §'80 values and drip rates of
the drip water samples. The location of the weather stations with regards to the surrounding
environment would also be at prime locations to capture weather data with minimal influences,
whereas numerous influences such as wind activity, human activity and the influence of
surrounding low-lying vegetation and topography might affect the climatic conditions
experienced by the Sterkfontein Cave site. These effects may therefore be represented to a
certain degree by the 580 signatures of the speleothems and drip water within the cave system.
Overall, these factors may account for the variability between the recorded precipitation and
temperature data from the weather stations, and the ultimate climatic data produced from the

speleothem and drip water &80 trends.
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Overall, the correlation between the 580 values from the drip water samples, the drip rate and
the average precipitation for the area is very good, providing evidence that the §'80 values
from the drip water samples are reliable indicators of current precipitation conditions, and

therefore would be reliable palaeoprecipitation proxies.

5.4 Hydrochemistry

5.4.1 Electro-conductivity

Three major trends occur within the electro-conductivity results of the drip water samples.
Samples from Antechamber 1 occupy the highest range of electro-conductivity values, the
Jacovec Cavern occupy the middle range of values, and Antechamber 2 occupy the lowest
range of values. The electro-conductivity value for the Milner Lake sample was significantly
higher than any of the other samples, signifying a higher concentration of ions and total
dissolved solids within the lake water. As this lake is static (Martini et al., 2003), an enrichment
of ions and total dissolved solids (Smith et al., 2015) would be expected, as these ions and
solids are not being transported in a flow of water from the lake, and instead collect and pool

within the lake.

The electro-conductivity of drip water within karst environments is assumed to be controlled
by the air pressure of carbon dioxide (pCO2) within the soil gas and the processes
accompanying dissolution of the bedrock (Smith et al., 2015). Electro-conductivity values may
vary from different drip locations, based on the ground water residence time within a nearby
aquifer (Miorandi et al., 2010; Sherwin & Baldini, 2011; Smith et al., 2015), the extent of
groundwater mixing within the aquifer (Genty & Deflandre, 1998), as well as any prior calcite
precipitation which may have occurred (Fairchild et al., 2000; Fairchild et al., 2006; Sherwin
& Baldini, 2011). Numerous studies in the past have noted strong relationships between the
speleothem drip rate and the electro-conductivity of the drip water, which has been attributed
to the associated karst hydrology. Negative relationships between electro-conductivity and drip
rate have been noted by Borsato (1997) and Miorandi et al. (2010) in reference to Ernesto Cave
in Italy, as well as in Crag Cave in Ireland during the summer season, which was described by
Sherwin and Baldini (2011). In the Ernesto Cave in ltaly, it was discovered that under dry
conditions associated with low drip rates, the electro-conductivity of the drips produced was
seen to increase. This was attributed to increased karst water residence time, as well as
enhanced bedrock dissolution (Borsato, 1997; Miorandi et al., 2010). During periods of
increased moisture and drip rates, the electro-conductivity values were observed to decrease
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rapidly, which was attributed to the possible dilution of karst water (Miorandi et al., 2010;
Sherwin & Baldini, 2011; Smith et al., 2015). This can be seen to a certain degree with regards
to the drip rate for the Jacovec Cavern samples, Antechamber 1 samples, and Antechamber 2
samples, and the electro-conductivity of these samples. This relationship only seems to be
slightly proportional, however it is still noticeable in the data trends. This may to a certain
degree indicate the reliability of the electro-conductivity of the drip water samples in
representing current cave conditions. However, the opposite result has also been observed by
Genty and Deflandre, (1998) and Fernandez-Cortes et al. (2007), where electro-conductivity
values were observed to increase during periods of enhanced hydraulic pressure, and therefore
during periods of increased drip rates. These results have been explained by the activation and
drainage of a second, high electro-conductivity aquifer in the karst system due to the storage

of water within micro-fissures in the aquifer (Smith et al., 2015).

Electro-conductivity of drip water has however very rarely been discussed on a sub-seasonal
scale in terms of carbonate saturation states aided and produced by the cave air pCO2 (Sherwin
& Baldini, 2011; Smith et al., 2015). The degassing of carbon dioxide from drip water produced
from karst water entering the cave system is driven by the cave air pCO2 (Spotl et al., 2005;
Baldini et al., 2008; Tremaine et al., 2011; Wong et al., 2011). As the cave air pCO: increases,
it decreases the normal rate of carbon dioxide degassing from drip water, and therefore
constrains the supersaturation of water flowing through the karst system (Smith et al., 2015).
This in turn therefore constrains the potential for calcium carbonate precipitation, and thereby
increases the electro-conductivity values in the drip water (Sherwin & Baldini, 2011; Smith et
al., 2015). However, this control has been observed to be secondary in nature to the
hydrological mechanism, and mainly operates during winter (Sherwin & Baldini, 2011; Smith
etal., 2015).

As electro-conductivity may be related to changes in pCO2 within the cave, and therefore may
also be affected by cave ventilation (Smith et al., 2015), this may suggest that the differing
trends observed with regards to electro-conductivity for the three chambers may be attributed
to changes in cave air ventilation (Sherwin & Baldini, 2011). Changes in external pressures
and temperatures result in a corresponding change in pressure and air density and thus, as a
result, ventilation within the cave, as air enters the cave system in differing ventilation patterns
in order to balance with external pressure changes. This may also in turn be related to short
term changes in temperature associated with decreases or increases in external pressure. If

external temperatures fall below the average temperature measured within the cave system, air
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from the outside environment with a low pCO: enters the cave system, and increases the
deposition of speleothem carbonate, and thereby reduced the electro-conductivity values
measured within the resulting drip water samples (Sherwin & Baldini, 2011; Smith et al., 2015).
When the external air pressure decreases, it results in a similar decreases within the cave air
pressure, which increases the drawdown of air into the cave system, thereby increasing the
pCO:2 within the cave system and resultantly, the electro-conductivity values of the drip water
samples (Sherwin & Baldini, 2011; Smith et al., 2015). Comparing the electro-conductivity of
the three chambers within the Sterkfontein Caves system to variations in the external air
temperature with regards to the average cave air temperature, only the Jacovec Cavern and
Antechamber 1 show a slight trend with decreasing electro-conductivity when exterior
temperatures decrease below the average cave air temperature. Antechamber 2 only shows a
sharp peak in electro-conductivity from June 2015 to August 2015, and then decreases and
maintains an overall flat trend for the rest of the year. Comparing the three chambers to one
another however, it would suggest then that Antechamber 1 has the highest ventilation and
pCO: of the three chambers, with Jacovec Cavern having a slightly lower pCO2 and cave
ventilation, and antechamber 2 having the lowest pCO2 and cave ventilation. This, however, is
in contrast to the observed ventilation of the three chambers. As the observed trends between
decreasing exterior temperatures and electro-conductivity is only very slight, it may be
assumed that this is not a reliable measure of air ventilation within the three chambers with
respect to electro-conductivity. This is in keeping with the fact that there is very little
statistically significant correlation between the exterior temperatures and interior cave
temperatures (see Chapter 4), indicating that the exterior temperatures had a minimal effect on
the hydrochemistry within the cave system. In addition, the slight trends observed here may
have been affected by the constant movement of people along the tourist path within
Sterkfontein Caves. This would affect Antechamber 1 the greatest, as Antechamber 1 is closest

to, and has to the best access to the tourist path within the cave system.

Smaller variations within each chamber’s range of electro-conductivity values may be
attributed to small climatic changes occurring exterior to the cave environment, and the
resulting pressure and ventilation variations being recorded within the electro-conductivity
values from the drip water samples. Reduced electro-conductivity values within each range
may suggest a decrease in external air temperatures, and vice versa. This gives an indication of
the climate dynamics of the environment outside the cave system, recorded within the drip

water produced from the modern speleothems.
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The total range of electro-conductivity values produced display typical values associated with
ground water permeating cave systems, and indicates no significant intrusions by any group of
specific ions (Smith et al., 2015). The three differing trends may also indicate differing levels
of total dissolved solids, which may be affected by the path of the drip water through the host

rocks, and the CO2 diffusion to and from the water.

Slight correlation between atmospheric cave pressure and electro-conductivity does exist, but
it does not seem strong enough to state that the results are related to one another, especially not
for the lower electro-conductivity trends. This may be due to the fact that the cave air pressure

remained almost constant for the entire sampling period.

5.4.2 pH

The overall pH across all the samples remained fairly constant, only varying slightly between
7.7 and 8. Five samples produced outlier results, but these samples still produced similar
results, with their pH ranging between 7.3 and 7.7. The sample from the Milner Lake also
produced a pH within the range of 7.7 and 8, corresponding to the values produced by the other
samples. This sample is representative of the ambient groundwater present in the Sterkfontein
Caves system. These pH results display a slightly alkaline trend, which is very typical of most
groundwater pH. The fact that there is only slight variation within the pH of the drip water
samples and the Milner Lake sample shows that the drip water samples have retained the pH
derived from the groundwater system which feeds the drip water collection points. This
indicates the reliability of the drip water samples for further climatic analysis, as it
demonstrates that very little exterior influences have affected the drip water samples. The
groundwater system feeding into the Sterkfontein Caves system has been found to be slightly
alkaline due to the dolomitic, karst-dominated terrain through which the water flows. (Hobbs,
2011)

The overall variation in the pH of the samples may reflect climatic changes, with pH increasing
during periods of low cave air CO2 concentrations and low pCOz2, and vice versa. This has
implications for calcite saturation values, as these values follow a similar trend with respect to
the measured pH and cave air CO2 (Wang et al., 2015). These variations in the pH may also
therefore reflect changing climatic conditions in the cave system with regards to cave pCO:2
and cave air ventilation, which in turn reflect climatic conditions and events in the exterior
environment (Wang et al., 2015). A definite relationship exists between the pH produced from
the drip water samples and the measured atmospheric pressure, with pH values increasing with
atmospheric pressure, and vice versa. This reveals the climatic controls on the pH of the drip
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water samples, particularly with regard to the cave pCO2 and cave air CO2 values, which can
be interpreted with regard to temperature and precipitation variations in the exterior
environment. This correlation again reveals the reliability of the drip water samples in
representing current cave climatic conditions accurately with respect to the hydrochemical
composition of the drip water. A comparison of the pH values of the drip water samples, the
atmospheric pressure in the cave system and the measured cave air temperatures shows a very
definite inverse relationship, with pH and atmospheric pressure increasing during a period of
decreasing cave air temperatures. This reveals the manner in which the pH values of the drip
water samples may vary seasonally, and therefore reflect subsequent climatic variations on the

exterior environment reliably.

Overall, the hydrochemical composition and analysis of the drip water samples indicates the
reliability of using drip water and speleothems as paleoclimate proxies, as the hydrochemistry
indicates very little exterior influence on the drip water samples, and thus implies that the
climatic data produced from the analysis of the drip water samples would prove to be accurate

with regards to current climatic conditions.
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Chapter 6
Conclusions

6.1 Modern Environment

The overall current observed vegetation above the Sterkfontein Caves system was replicated
by the 5'3C vegetation trends calculated from the modern speleothem samples. Both data sets
reflected an environment dominated by C4 vegetation in the form of numerous grass species
and particular small shrub-like species, with a smaller distribution of Cs vegetation, consisting
of woodland trees, large shrubs and small herbaceous plants. A small percentage of CAM
vegetation was observed for the current environment above the Sterkfontein Caves system, but
could not be accurately determined through the §'C analyses because the CAM carbon isotopic
signature is very difficult to distinguish from the Ca carbon isotopic signature. The CAM
signature was therefore assumed to form part of the Cs signature calculated from the §'°C
values of the modern speleothems, which was slightly higher than the observed vegetation. The
unexpectedly low 8*3C values deduced from speleothem samples from the Silberberg Grotto
may be explained in reference to the current environment above the Silberberg Grotto and the
location of the Grotto with regards to the cave entrance, and therefore displays a greater
resolution of the speleothem §*3C with regard to the calculated vegetation in comparison to the

current modern distribution of vegetation above the Sterkfontein Caves system.

Carbon isotope systems however, are complex to interpret, due to numerous factors which
influence isotope values. The soil, roof rocks and host rocks through which the meteoric water
flows to form drip water affects its’ carbon isotope value. Therefore, the Cs and C4 values
obtained from the carbon isotopes and the interpretations associated with them should be

treated cautiously and not as absolute values.

The distribution of vegetation deduced from both the §*3C values and the observed vegetation
above the Sterkfontein Caves system both imply a mosaic environment dominated by grasses
interspersed with larger shrubs and open woodland trees. Overall, the carbon isotope vegetation
data produced from the modern speleothems coincides with the observed vegetation currently
existing above the cave environment. This study substantiates the reliability of environmental

analysis using speleothems.
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The temperatures produced from the analysis of the §'80 values from the modern speleothem
samples and the corresponding drip water samples show great variation with respect to the
equation used to calculate the temperatures, and in comparison to the measured atmospheric
air temperatures for the area, the measured cave air temperatures, to a lesser degree, and the
idealised temperatures calculated from the speleothem 820, without taking fractionation into
consideration. The temperatures produced using the empirical equation (equation 1) displayed
much better direct correlation to the measured atmospheric temperatures and measured cave
air temperatures than that of the temperatures produced using the experimental equation
(equation 2). However, these temperatures did show variations, particularly during periods of
higher atmospheric temperatures, which is indicative of evaporative cooling effects affecting
the §*80 signature of the drip water samples (see chapter 5). The temperatures calculated using
the experimental equation (equation 2) display an almost inversely proportional relationship to
the measured atmospheric temperatures, with calculated temperatures reflecting the measured
atmospheric temperatures better during cooler atmospheric temperatures. As equilibrium
fractionation usually also displays an inverse relationship to temperature, this relationship
between the temperatures calculated using equation 2 and the measured atmospheric
temperatures may be a result of equilibrium fractionation. In this regard, it may be better to
compare the measured atmospheric temperatures to a combination of calculated temperatures
using both equations, which could constrain the data better in terms of relationships between
the calculated temperatures and measured atmospheric temperatures being reflected more
accurately. This theory should be tested further however with a larger data pool sampled over
a longer period of time in order to increase the resolution of the data, which would assist in

ascertaining its’ validity.

The overall variations that are present between the calculated temperature data, the measured
atmospheric temperature, the measured cave temperatures and the idealised temperatures
reveal that significant kinetic fractionation effects have played a role in skewing the calculated
temperatures from both the empirical and experimental equations. This occurs to a lesser
degree in the narrower, smaller antechambers than in the Jacovec Cavern, which is quite large.
This may be due to higher overall humidity in the antechambers, especially Antechamber 1, in
comparison to the Jacovec Cavern, which displayed the greatest range of variations in
humidity. Cave air ventilation also played a role in encouraging evaporative fractionation
effects, as more air flow through the chambers would result in further fractionation of the 520
values produced from the drip water samples. As Sterkfontein Caves is frequently visited by

tourists, which pass close by these chambers, it may have affected the cave air ventilation and
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therefore the fractionation processes affected the drip water and consequently speleothem §*20
signatures. The calculated temperatures and equilibrium fractionation factors from the three
chambers compared to the expected temperatures and corresponding equilibrium fractionation
factors for calcite showed the calculated temperatures to correspond to higher equilibrium
fractionation factors overall, again exhibiting skewness resulting from kinetic fractionation
effects. Due to these factors, the overall temperatures produced from the analysis of the 580
values from the modern speleothem and drip water samples are not reliable estimations of the
current atmospheric temperature trends, and should be treated with caution. The overall trends
displayed by the calculated temperatures however may reflect similar or related trends in the

short term measured atmospheric temperature data.

Overall however, the 5180 trends without further analysis displayed more depleted values,
with an average of -3.6%o, signifying cooler, drier and more arid climatic conditions, which is
also exhibited by the §'3C trends.

The &80 values from the modern drip water samples and the drip rate measured during the
collection of the drip water samples correspond well with one another, reflecting the same
general trends during the period of drip water collection. Small variations in 50 values
compared to the drip rates may be a result of slight Kinetic fractionation, but not enough to
offset any of the trends. Both data sets exhibit a lag period of approximately 4 to 6 months in
relation to the average monthly rainfall for the area. This coincides well with the residence time
of meteoric water flowing into the Sterkfontein Caves system, and the low recharge rate of
groundwater into the karst environment (Martini et al., 2013). Another interpretation of the
relationship between the drip rates and §'80 values, and the average measured rainfall is that it
may represent an inverse relationship with the average monthly rainfall, due to the *amount
effect’. However, as this effect is most common in tropical environments, it is assumed that the
drip water 5'80 values and the drip rate represent a lag effect with regards to the monthly
average rainfall, as there is more evidence to support this theory. Variations in the §'80 values
may be assumed to represent short periods of intense rainfall or other climatic events, or due
to evaporative effects associated with high temperatures, high humidity, and high rainfall. Due
to these factors, lower, more depleted 5'80 values of the drip water have been interpreted to
represent drier periods with a decrease in average annual rainfall, in comparison to higher,
more enriched 8'0 values which have been interpreted to represent wetter periods,
characterised by an increase in heavy precipitation events, as well as in the amount of rainfall

produced in a single event.
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The hydrochemistry of the Sterkfontein Caves system seems to be linked with climatic
conditions within the cave system, as well as to the exterior climate. Variations in electro-
conductivity of drip water has been related to drip rates, where faster drip rates are accompanied
by lower electro-conductivities and vice versa (see chapter 5). This, in turn, may be related to
precipitation events, as the drip rates reflect local monthly rainfall events, despite a lag period.
The electro-conductivity therefore may be analysed in terms of precipitation, and in this case
reveals trends that match with increasing or decreasing drip rates, and as a result, increasing
and decreasing periods of rainfall. As a result, electro-conductivity values from drip water may
provide valuable insight as to the degree to which precipitation has affected the cave system,
and how well it has been represented by the drip water samples. However, as the relationship
between drip rates and the electro-conductivity of the drip water samples only displays a slight
relationship, other factors have also been taken into account, which may explain the variations
in the drip water electro-conductivity to a better degree. The electro-conductivity of the drip
water samples has also been related to variations in air ventilation, which are controlled by
changing pCOz2 conditions within the cave system as a result of changes in external pressures
and temperatures. As external air pressure decreases, it results in similar decreases within the
cave air pressure, which increases the drawdown of air into the cave, thereby increasing the
pCO:2 within the cave system and consequently, the electro-conductivity values of the drip
water samples. In this way, the electro-conductivity values from the drip water samples may
be able to provide insight into pressure and temperature changes occur in the exterior
environment, and therefore provide clues as to the current climatic conditions. This relationship
however is only exhibited to a small degree in the electro-conductivity values from the drip
water samples. Overall however, the differing electro-conductivity trends for the three
chambers provide insight as to the differing conditions with regards to air ventilation, which is
important to understand when sampling speleothems and drip water affected by the least

amount of kinetic fractionation.

The pH values produced from the drip water samples all remain within a small range that
reflects the pH measured of the groundwater within the cave system. Variations within the pH
values may reflect changing CO2 and pCO: conditions within the cave system (see chapter 5),
and therefore subsequent variations in climatic factors such as the exterior pressure systems,
which may affect cave pCO2 and CO:2 conditions, as well as the saturation of calcite during the
precipitation of speleothems. The pH values also display an inverse relationship with regard to
the measured cave air temperature, which reveals the extent to which the pH values may

represent changing climatic conditions on the exterior environment. These small variations in
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the drip water pH therefore may also add insight as to the overall exterior climatic conditions,

as well as to the saturation of calcite with regard to the precipitation of speleothems.

6.2 Implications for Palaeo-environmental Analysis

The corresponding vegetation distribution reflected by the calculated §'3C values from the
modern speleothem samples and the current observed vegetation distribution display the
reliability of using carbon isotope signatures from speleothems from the Sterkfontein Caves
system in reconstructing the distribution of vegetation in the exterior environment. It can
therefore be assumed to a certain degree that using the §*3C values of ancient speleothems as
environmental proxies for vegetation distribution during the period of precipitation of the
speleothems would be reliable. The carbon isotope system with regards to speleothem
precipitation is very complex due to the numerous factors which may influence the §'3C
signature. Speleothem samples need to be selected and sampled very carefully in order to avoid
any fractionation which might have influenced the §'°C signature during precipitation of the
speleothems (see chapter 5). With regard to this, it is suggested that the interpretations
associated with the 8*3C analysis of the speleothems be treated cautiously, and placed in context
with regard to the length of sampling period and sampling localities within the cave system.
Overall however, these values do provide reliable estimates with regard to the overlying

vegetation at the Sterkfontein Caves.

The temperatures calculated from the 580 values of the modern speleothem and corresponding
drip water samples display trends which may be related to the measured atmospheric
temperatures to a certain degree, however the Kinetic fractionation which has skewed the
calculated temperature results may have affected the temperatures to such a degree that climatic
interpretations based on the calculated temperatures would not be accurate. The trends
displayed by the calculated temperatures may be used in the future in reconstructing long term
palaeo-temperatures from ancient speleothems, but should be used with caution. In general, in
order to fully determine the reliability of these calculated temperatures, a greater resolution
with regards to sampling over a longer period of time should be used. Overall, the §'80 values
from the modern speleothem and drip water samples both display aridifying trends, as is
displayed by the §*3C trends from the modern speleothem samples, and these trends may be
used to establish general climatic patterns from speleothem and drip water samples as

palaeoclimate proxies.
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The drip water §'80 trends and the drip rate trends seem to reflect the average monthly rainfall
well, exhibiting a lag period between rainfall events and the results thereof on the §'80 values
and drip rates. This lag period, as previously mentioned, has been attributed to groundwater
residence time and recharge period. Due to this, drip water 5'0 values and drip rate may be
used to establish general short term rainfall patterns for palaeoclimatic reconstructions to a
certain degree, however it is recommended to collect a higher resolution of §'80 and drip rate

data before this can be confidently assumed.

The hydrochemistry results produced from the drip water samples show definite relationships
with regard to variations in the cave climate, and therefore may be reliably used (especially
with regard to the pH values produced from the drip water samples) in deducing climatic
conditions within the cave system and consequently the exterior environment. These
hydrochemistry results reveal the reliability of the speleothems and drip water in the
Sterkfontein Caves system to replicate current environmental conditions above the cave

environment to a certain degree.

Ideally, using speleothems and drip water samples to provide palaeoclimate reconstructions
should be performed at a higher resolution, which can be achieved by sampling over a longer
period with regards to the collection of drip water and monitoring of drip rate and climatic data.
This would produce a larger pool of data to be analysed, and therefore trends may be more
accurately interpreted with regards to the modern environment. This would result in data of a
higher resolution, which would produce more accurate analyses. This is particularly important
for samples collected at Sterkfontein Caves, as samples analysed from this cave system would
produce more reliable long term palaeoclimatic interpretations, as opposed to the short term
results produced by this study. The location of samples should also be chosen very carefully,
as a unique set of climatic conditions within the cave system are conducive to producing &80
trends from speleothems and drip water which have been influenced the least by kinetic
fractionation. Closed cave systems with high humidity and little cave air ventilation influence
should be prioritised as prime locations for speleothem and drip water sampling to take place,
especially for longer term studies. Drip water which displays the shortest flow time from source

to collection should ideally be chosen for sampling.

The use of speleothems and drip water as palaeoclimate proxies may produce reliable
reconstructions, but should be used with caution due to the complex interplay of factors which
affect the precipitation of speleothems from drip water, and which may affect the 580 values

through kinetic fractionation.
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Overall, the modern speleothem and drip water samples reflect the modern environment well
with regards to vegetation and precipitation, and these interpretations are supported by previous
studies in the area (see chapter 5). The hydrochemistry of the drip water samples provides
insight into general climatic trends in the current exterior environment, and reflects the overall
reliability of the cave system in replicating climatic conditions on the environment above the
cave system. The temperatures calculated from the modern speleothem and drip water samples
do reflect relationships and similarities to the short term, measured atmospheric temperatures
and the measured cave air temperatures. These interpretations and conclusions suggest that the
speleothems in the Sterkfontein Caves system may be reliable palaeoclimate proxies, with
respect to vegetation and precipitation, and may provide reliable short term relationships with

regards to modern temperatures.

Future research with regard to the reliability of speleothems as palaeoclimate proxies could
possibly include a longer period of sampling and data collection with respect to the cave
climatic conditions, as well as sampling from a larger range of speleothem specimens, which
could include a more diverse range of formation conditions. A more detailed examination of
the hydrochemical aspects of the cave system and the manner in which this influences oxygen
and carbon isotopic signatures in the drip water and speleothems may also be pursued. Cave
systems with differing cave climatic conditions could also be examined to determine the effects
thereof on the isotopic signature of drip water and speleothem samples, and therefore the
environmental and climatic data produced from the drip water and speleothems, as opposed to
the outside environment. Cave systems occupied by a larger abundance of organisms such as
bats may also be examined with respect to the effects organisms may have on CO:
concentrations, humidity and pH, and how this may, in turn, effect speleothem and drip water
isotopic signatures. A weather station set up at Sterkfontein Caves, or any particular cave
system that is being studied would provide the best replication of current climatic data directly
related to the cave system area, therefore ensuring the accuracy and reliability of results. For a
comparative function, artificially precipitating calcium carbonate under ideal or replicated
circumstances may provide additional data and insight into the precipitation mechanisms
involved which constrain the isotopic signatures of drip water and speleothems. This would
allow for severe kinetic fractionation effects in natural speleothems to be identified and further

constrained.

The aims of this study were to ascertain the reliability of speleothems in representing

precipitation, temperature and vegetation data with regard to the modern environment and
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climate, and thus to ascertain whether speleothems would be reliable palaeoclimate proxies for
future studies. These aims were achieved, as the modern climatic and environmental data
produced by the carbon and oxygen isotope analysis of modern speleothems and drip water
correlates to a certain degree with the vegetation, precipitation and temperature data with
regard to the modern environment. This therefore ascertains the reliability of speleothems as

palaeoclimate proxies.
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Appendix A

Speleothem Sample Total Station Co-ordinates

Sample Name X-co-ordinate (m) Y-co-ordinate (m) Z-co-ordinate (m)
JCS-1 2 878 782,552 -73 573,270 1 446,280
JCS-2 2 878 783,683 -73 574,253 1 444,358
JCS-3 2878 783,671 -73 574,193 1 444,255
JCS-4 2 878 780,330 -73 562,818 1 445,990
MHLS-1 2 878 781,868 -73 458,769 1 440,092
MHLS-2 2 878 781,377 -73 459,024 1 440,827
SGS-1 2 878 796,000 -73 528,000 1462,304
SGS-2 2 878 796,000 -73 527,000 1461,171
SGS-3 2 878 796,000 -73 528,100 1462,059
SGS-4 2 878 796,000 -73 528,000 1462,502
AlS-1 2 878 766,731 -73 500,164 1 448,098
AlS-2 2 878 766,877 -73 499,399 1 448,199
AlS-3 2 878 766,857 -73 492,455 1 447,332
A2S-1 2 878 809,000 -73 397,700 1448,727
A2S-2 2 878 810,000 -73 413,900 1443,623
A2S-3 2 878 808,000 -73 412,100 1443,199

Drip Water Sample Total Station Co-ordinates

Sample Name X-co-ordinate (m) Y-co-ordinate (m) Z-co-ordinate (m)
JDW-1 2878 778,192 -73 563,782 1444876
JDW-2 2 878 780,449 -73571,813 1 444,243
JDW-3 2 878 784,125 -73 574,219 1 443,868
JDW-4 2 878 784,435 -73 573,767 1 443,815
JDW-5 2 878 780,476 -73 567,137 1 444,489
A1DW-1 2 878 766,225 -73 500,020 1 446,660
A1DW-2 2 878 766,061 -73 496,226 1447,136
A1DW-3 2 878 766,890 -73 490,854 1444724
AlDW-4 2 878 766,925 -73 489,855 1 444,355
A1DW-5 2 878 766,166 -73 496,017 1 447,088
A2DW-1 2 878 808,000 -73 405.300 1443,623
A2DW-2 2 878 807,000 -73 405.900 1445,312
A2DW-3 2 878 808,000 -73412.100 1441,749




Appendix B

Statistics

1. Pearson’s product-moment correlation test

Statistic values are represented in the bottom left hand corner of the tables, p values are
represented on the top right hand corner of the tables.

Measured Cave Air Temperatures (see Chapter 4, fig. 4.4)

Cave Air Cave Air Cave Air
Temperature Temperature Temperature
Jacovec Antechamber 1 Antechamber 2

Cave Air 0,00010628 0,014161

Temperature

Jacovec

Cave Air 0,87097 0,0061047

Temperature

Antechamber 1

Cave Air 0,65967 0,71413

Temperature

Antechamber 2

Measured Cave Air Temperatures versus Average Measured Air Temperatures (see Chapter

4, fig. 4.5)

Cave Air
Temperature
Jacovec

Cave Air
Temperature
Antechamber 1

Cave Air
Temperature
Antechamber 2

Measured Air
temperatures
Averages

Cave Air
Temperature
Jacovec

0,00010628

0,014161

0,53995

Cave Air
Temperature
Antechamber 1

0,87097

0,0061047

0,20496

Cave Air
Temperature
Antechamber 2

0,65967

0,71413

0,16085

Measured Air
temperatures
Averages

0,18735

0,37638

0,4129




Measured Average Cave Humidity (see Chapter 4, fig. 4.6)

Jacovec Average Antechamber 1 Antechamber 2
Humidity Average Humidity Average Humidity
Jacovec Average 0,0060685 0,00059508
Humidity
Antechamber 1 0,71448 0,026801
Average Humidity
Antechamber 2 0,82018 0,61013
Average Humidity

Measured Average Cave Atmospheric Pressure (see Chapter 4, fig. 4.7)

Jacovec Cavern Antechamber 1 Antechamber 2
Jacovec Cavern 5,9064E-28 2,4858E-22
Antechamber 1 0,99686 8,5692E-24
Antechamber 2 0,99075 0,99302

Vegetation Distribution (see Chapter 4, fig. 4.11)

d13C Percentage C4 (%) | Percentage C3 (%)
813C 4,3124E-54 1,0645E-15
Percentage C4 (%) 1 1,0679E-15
Percentage C3 (%) -0,99545 -0,99545

50 Monthly Average Values (see Chapter 4, fig. 4.19)

Antechamber 1

Antechamber 2

Jacovec Cavern

Monthly Averages Monthly Average Monthly Average
Antechamber 1 0,11739 0,023117
Monthly Averages
Antechamber 2 0,43784 0,058637
Monthly Average
Jacovec Cavern 0,60066 0,51648
Monthly Average

Jacovec Cavern Equation 1 Temperatures versus Monthly Average Temperatures (see

Chapter 4, fig.4.20)

Calculated Temperature
(Equation 1)

Average Measured
Atmospheric Temperature

Calculated Temperature
(Equation 1)

0,9023

Average Measured

Atmospheric Temperature

0,039785




Antechamber 1 Equation 1 Temperatures versus Monthly Average Temperatures (see

Chapter 4, fig. 4.21)

Calculated Temperature
(Equation 1)

Average Measured
Atmospheric Temperature

Calculated Temperature
(Equation 1)

0,012144

Average Measured
Atmospheric Temperature

0,64835

Antechamber 2 Equation 1 Temperatures versus Monthly Average Temperatures (see

Chapter 4, fig. 4.22)

Calculated Temperature
(Equation 1)

Average Measured
Atmospheric Temperature

Calculated Temperature
(Equation 1)

0,010942

Average Measured
Atmospheric Temperature

0,67755

Cave Air Temperatures versus Equation 1 Calculated Temperatures (see Chapter 4, fig. 4.23)

Cave Air | Cave Air Cave Air | Jacovec Antechamber | Antechamber
Temp Temp Temp Temp 1 Temp 2 Temp
Jacovec | Antechamber | Antecham
1 ber 2
Cave Air 0,00010628 0,014161 | 0,91584 0,60213 0,28262
Temperature
Jacovec
Cave Air 0,87097 0,0061047 | 0,71831 0,1278 0,24591
Temperature
Antechamber 1
Cave Air 0,65967 | 0,71413 0,28481 0,1675 0,25477
Temperature
Antechamber 2
Jacovec 0,032586 | -0,11091 0,32105 0,94712 0,86814
Temperature
Antechamber 1 | 0,15976 | 0,44476 0,40701 0,019548 0,25429
Temperature
Antechamber 2 | 0,32244 | 0,34664 0,34062 -0,048903 | 0,32668
Temperature




Jacovec Cavern Equation 2 Temperatures versus Average Monthly Temperatures (see

Chapter 4, fig. 4.24)

Average Measured
Atmospheric Temperature

Jacovec Cavern Calculated
Temperature

Average Measured
Atmospheric Temperature

0,28528

Jacovec Cavern Calculated
Temperature

-0,32076

Antechamber 1 Equation 2 Temperatures versus Average Monthly Temperatures (see

Chapter 4, fig. 4.25)

Average Measured
Atmospheric Temperature

Antechamber 1 Calculated
Temperature

Average Measured
Atmospheric Temperature

0,95253

Antechamber 1 Calculated
Temperature

-0,017545

Antechamber 2 Equation 2 Temperatures versus Average Monthly Temperatures (see

Chapter 4, fig. 4.26)

Average Measured
Atmospheric Temperature

Antechamber 2 Calculated
Temperature

Average Measured
Atmospheric Temperature

0,71678

Antechamber 2 Calculated
Temperature

-0,10662

Cave Air Temperatures versus Equation 2 Calculated Temperatures (see Chapter 4, fig. 4.27)

Cave Air | Cave Air Cave Air Jacovec | Antechamber | Antechamber
Temp Temp Temp Temp 1 Temp 2 Temp
Jacovec Antechamber | Antechamber
1 2
Cave Air 0,00010628 | 0,014161 0,93961 | 0,11237 0,069888
Temperature
Jacovec
Cave Air 0,87097 0,0061047 0,60145 | 0,25353 0,12344
Temperature
Antechamber
1
Cave Air 0,65967 0,71413 0,53788 | 0,34828 0,15055
Temperature
Antechamber
2




Jacovec
Temperature

-0,023365

-0,16005

-0,18829

0,7839

0,40391

Antechamber
1
Temperature

-0,46154

-0,34145

-0,28329

0,084432

0,0028703

Antechamber
2
Temperatures

-0,51783

-0,44937

-0,42232

0,2532 0,73281

Idealised Temperatures Equation 1 versus Equation 1 Calculated Temperatures (see chapter

4, fig. 4.28)
Equation 1 Jacovec Antechamber 1 | Antechamber 2
Idealised Temperature Temperature Temperature
Temperature

Equation 1 0,7325 0,39659 0,002673

Idealised

Temperature

Jacovec 0,10049 0,94712 0,86814

Temperature

Antechamber 1 | -0,23625 0,019548 0,25429

Temperature

Antechamber 2 | -0,73633 -0,048903 0,32668

Temperature

Idealised Temperatures Equation 2 versus Equation 2 Calculated Temperatures (see Chapter

4,1ig.4.29)
Idealised Jacovec Antechamber 1 | Antechamber 2
Temperature Temperature Temperature Temperatures
Equation 2

Idealised 0,36595 0,45697 0,22379

Temperature

Equation 2

Jacovec -0,27348 0,7839 0,40391

Temperature

Antechamber 1 | 0,21662 0,084432 0,0028703

Temperature

Antechamber 2 | 0,34726 0,2532 0,73281

Temperatures




Drip Rates (see Chapter 4, fig. 4.30)

Jacovec Drip Rate Antechamber 1 Drip | Antechamber 2 Drip
Rate Rate
Jacovec Drip Rate 0,00021403 0,018021
Antechamber 1 Drip | 0,85246 0,089102
Rate
Antechamber 2 Drip | 0,64189 0,49009
Rate

Drip Rates versus Average Monthly Rainfall (see Chapter 4, fig. 4.31)

Jacovec Drip Antechamber 1 | Antechamber 2 | Average
Rate Drip Rate Drip Rate Measured
Rainfall
Jacovec Drip 0,00021403 0,018021 0,11977
Rate
Antechamber 1 | 0,85246 0,089102 0,24969
Drip Rate
Antechamber 2 | 0,64189 0,49009 0,64338
Drip Rate
Average -0,45332 -0,34406 -0,14207
Measured
Rainfall
Drip Rates versus 580 Monthly Averages (see Chapter 4, fig. 4.32)
Jacovec | Antechamber | Antechamber | Antechamber | Antechamber | Jacovec
Drip 1 Drip Rate | 2 Drip Rate | 1 Monthly 2 Monthly Cavern
Rate Averages Average Monthly
Average
Jacovec Drip 0,00021403 | 0,018021 0,099086 0,096056 0,04324
Rate
Antechamber | 0,85246 0,089102 0,38833 0,19245 0,050371
1 Drip Rate
Antechamber | 0,64189 | 0,49009 0,27199 0,50752 0,12636
2 Drip Rate
Antechamber | 0,47728 | 0,26139 0,32925 0,052284 0,0020552
1 Monthly
Averages
Antechamber | 0,48107 | 0,38618 0,20227 0,52802 0,032281
2 Monthly
Average
Jacovec 0,56715 | 0,5522 0,44627 0,74888 0,57279
Cavern
Monthly
Average




50 Monthly Averages versus Average Monthly Rainfall (see Chapter 4. Fig. 4.33)

Antechamber | Antechamber | Jacovec Cavern | Average
1 Monthly 2 Monthly Monthly Measured
Averages Average Average Rainfall

Antechamber 0,052284 0,0020552 0,48067

1 Monthly

Averages

Antechamber | 0,52802 0,032281 0,16646

2 Monthly

Average

Jacovec 0,74888 0,57279 0,76204

Cavern

Monthly

Average

Average -0,20562 -0,39134 -0,089072

Measured

Rainfall

Measured Drip Water Electro-Conductivity versus Drip Rate (see Chapter 5, section 4.1)

Jacovec | Antechamb | Antecham | Jacovec | Antechamber | Antechamber
Drip er 1 Drip ber 2 Drip 1 2
Rate Rate Rate
Jacovec Drip 0,00021403 | 0,018021 |0,44718 | 0,26301 0,66431
Rate
Antechamber | 0,85246 0,089102 | 0,4884 0,3255 0,61899
1 Drip Rate
Antechamber | 0,64189 | 0,49009 0,81554 | 0,63133 0,57189
2 Drip Rate
Jacovec -0,23124 | -0,21127 -0,071858 0,19371 0,70193
Antechamber | -0,33512 | -0,29636 -0,14719 | 0,36935 0,72884
1
Antechamber | 0,13325 | 0,15247 -0,17302 -0,11244 | -0,10191
2

Measured Drip Water Electro-Conductivity versus Average Measured Air Temperatures (see

Chapter 5, section 4.1)

Jacovec Antechamber 1 | Antechamber 2 | Ave Measured
Temps
Jacovec 0,19371 0,70193 0,3267
Antechamber 1 | 0,36935 0,72884 0,73138
Antechamber 2 | -0,11244 -0,10191 0,92862
Ave Measured -0,28311 -0,10092 0,0264
Temps




Measured Drip Water Electro-Conductivity versus Measured Average Cave Atmospheric

Pressure (see Chapter 5, section 4.1)

Jacovec | Antechamber | Antechamber | Jacovec | Antechamber | Antechamber
Atmos 1 Atmos 2 Atmos EC 1EC 2EC
Pressure | Pressure Pressure
Jacovec Atmos 3,5557E-13 | 1,2074E-10 | 0,092332 | 0,069836 0,69323
Pressure
Antechamber 1 | 0,99645 1,0989E-11 | 0,11747 | 0,086466 0,76158
Atmos
Pressure
Antechamber 2 | 0,98973 | 0,99337 0,13316 | 0,096402 0,66606
Atmos
Pressure
Jacovec EC 0,48584 | 0,45583 0,43926 0,19371 0,70193
Antechamber 1 | 0,51792 | 0,49363 0,48064 0,36935 0,72884
EC
Antechamber 2 | -0,12122 | -0,093373 -0,13252 -0,11244 | -0,10191
EC

Measured Cave Atmospheric Pressure versus Measured Drip Water pH (see Chapter 5,

section 4.2)
Jacovec pH | Antechamber | Antechamber | Jacovec | Antechamber | Antechamber
1 pH 2 pH 1 2
Jacovec pH 0,0074262 0,041723 0,75504 | 0,69598 0,68189
Antechamber 1 | 0,68024 0,0044033 0,63812 | 0,63287 0,58636
pH
Antechamber 2 | 0,54968 0,71048 0,31837 | 0,37687 0,34447
pH
Jacovec -0,096008 | 0,1443 0,30056 3,5557E-13 | 1,2074E-10
Antechamber 1 | -0,12008 0,14653 0,26753 0,99645 1,0989E-11
Antechamber 2 | -0,12591 0,16664 0,28545 0,98973 | 0,99337




Appendix C
Oxygen and Carbon Stable light Isotope Results

Speleothem Samples

Laboratory Sample di*C d*o d**C Average d'®0 Average
Number Identification (%0) (%0) (%0) (%o)
ESI 001 la MHLS-1 +1,02 -3,96 1,05 -3,90
ESI 001 1b MHLS-1 +1,07 -3,85
ESI 002 2a MHLS-2 +0,05 -5,05 0,03 -5,06
ESI 002 2b MHLS-2 +0,01 -5,07
ESI 003 3a JCS-4 -0,75 -2,21 -0,76 -2,21
ESI 003 3b JCS-4 -0,77 -2,22
ESI 004 4a JCS-2 -1,81 -2,67 -1,76 -2,63
ESI 004 4b JCS-2 -1,71 -2,58
ESI 005 5a JCS-1 -0,70 -3,07 -0,75 -3,12
ESI 005 5b JCS-1 -0,80 -3,17
ESI 006 6a JCS-3 -2,01 -2,41 -2,00 -2,43
ESI 006 6b JCS-3 -1,99 -2,45
ESI 007 Ta SGS-3 -4,58 -3,82 -4,61 -3,83
ESI 007 7b SGS-3 -4,65 -3,84
ESI 008 8a SGS-4 -7,92 -2,78 -7,92 -2,73
ESI 008 8b SGS-4 -7,92 -2,68
ESI 009 9a SGS-2 -7,43 -2,23 -7,50 -2,27
ESI 009 9b SGS-2 -7,56 -2,31
ESI 010 10a SGS-1 -8,99 -3,98 -8,95 -3,93
ESI 010 10b SGS-1 -8,91 -3,87
ESI 011 1lla A2S-1 +0,67 -4,14 0,70 -4,08
ESI 011 11b A2S-1 +0,73 -4,02
ESI 012 12a A2S-2 +0,83 -3,83 0,82 -3,85
ESI 012 12b A2S-2 +0,82 -3,87
ESI 013 13a A2S-3 +0,82 -4,58 0,87 -4,53
ESI 013 13b A2S-3 +0,91 -4,48
ESI 014 14a AIS-3 +0,81 -4,60 0,89 -4,59
ESI 014 14b AIS-3 +0,96 -4,59
ESI 015 15a AlS-2 +1,15 -4,22 1,52 -4,16
ESI 015 15b AIS-2 +1,90 -4,10
ESI 016 16a AlS-1 +2,62 -4,62 2,63 -4,60
ESI 016 16b AlS-1 +2,64 -4,57




Drip Water Samples

+2H 0 180 + 180

Sample Name 62H (%o) | StDev (%0) StDev

A1DW-1 -17,7 0,29 -3,68 0,11
A1DW-3 -8,5 0,29 -3,76 0,09
JDW-3 -11,9 0,32 -3,25 0,04
JDW-2 -16,8 0,67 -3,33 0,10
A2DW-2 12,5 0,82 4,04 0,19
JDW-4 -18,8 0,87 -4,01 0,10
A2DW-1 -4,2 0,43 -0,68 0,06
JDW-5 -13,6 0,49 -3,31 0,06
A1DW-5 -15,5 0,25 -3,00 0,04
A1DW-2 -14,4 0,31 -3,29 0,04
JDW-1 -11,4 1,16 -3,13 0,10
JDW-1 17-09-15 -12,8 0,28 -2,89 0,04
A1DW-2 17-09-15 -3,2 0,28 1,61 0,26
JDW-4 17-09-15 -14,4 0,36 -1,88 0,07
JDW-2 17-09-15 -16,0 0,33 -3,26 0,03
JDW-3 17-09-15 -13,9 0,24 -3,06 0,14
A1DW-3 17-09-15 -0,5 0,46 -1,71 0,07
A1DW-4 17-09-15 11 0,10 -1,12 0,03
A1DW-5 17-09-15 -17,5 0,72 -3,46 0,16
A2DW-1 17-09-15 4,6 0,42 -1,12 0,06
A1DW-1 17-09-15 -17,4 1,91 -3,33 0,13
JDW-5 17-09-15 -10,6 0,26 -1,60 0,06
A2DW-2 17-09-15 10,7 1,11 -0,38 0,19
A2DW-1 14-07-16 -4,2 0,58 -1,95 0,05
A1DW-5 14-07-16 -20,9 0,45 -3,00 0,01
A1DW-3 14-07-16 0,0 0,67 -1,02 0,07
JDW-2 14-07-16 -19,7 0,26 -3,85 0,09
JDW-3 14-07-16 -14,2 0,39 -2,62 0,04
A1DW-2 14-07-16 -18,1 0,45 -2,82 0,08
JDW-5 14-07-16 -13,4 0,32 -2,41 0,06
JDW-4 14-07-16 -24,0 2,75 -3,84 0,21
A1DW-4 14-07-16 -0,1 0,59 -0,62 0,14
JDW-1 14-07-16 -4,2 0,18 -1,20 0,05
A2DW-2 14-07-16 -12,6 0,18 -2,66 0,08
A1DW-1 14-07-16 -10,3 0,37 -2,10 0,12
A1DW-4 19-05-16 11,8 0,61 3,22 0,14
A1DW-1 19-05-16 -12,2 0,88 -2,75 0,18
A2DW-2 19-05-16 -1,9 0,44 0,17 0,13
JDW-2 19-05-16 -16,9 0,38 -2,73 0,11
JDW-4 19-05-16 -11,6 0,17 -2,35 0,06
JDW-1 19-05-16 -22,0 4,00 -3,55 0,38
A1DW-2 19-05-16 -19,9 0,28 -3,97 0,07




A1DW-5 19-05-16 -4,8 0,58 -2,11 0,17
JDW-3 19-05-16 2,3 0,33 -0,94 0,11
A1DW-3 19-05-16 -11.4 0,49 -2,79 0,08
Al1DW-4 19-05-16 -9,5 0,23 -2,63 0,07
A2DW-1 19-05-16 -19,5 0,46 -3,52 0,06
A1DW-2 20-08-15 -6,8 0,19 -2,16 0,14
JDW-3 20-08-15 -16,0 0,33 -2,65 0,12
JDW-2 20-08-15 -13,0 0,23 -2,29 0,10
JDW-5 20-08-15 -2,8 0,28 -2,05 0,06
A1DW-3 20-08-15 -21,4 0,09 -4,27 0,03
JDW-4 20-08-15 -16,6 0,73 -3,75 0,06
A2DW-1 20-08-15 -8,7 0,17 0,72 0,12
A1DW-5 20-08-15 1,8 0,26 -1,53 0,07
Al1DW-1 20-08-15 -12,5 0,38 -2,03 0,03
JDW-1 20-08-15 -1,0 0,26 -1,71 0,04
Al1DW-4 20-08-15 114 0,47 -0,34 0,04
A2DW-2 20-08-15 -3,8 0,40 -2,19 0,06
A2DW-1 25-08-16 -4,2 0,80 -2,22 0,09
A1DW-3 25-08-16 20,9 1,86 1,06 0,21
A2DW-3 25-08-16 -18,0 0,41 -3,80 0,06
JDW-5 25-08-16 -14,2 0,35 -3,24 0,07
A2DW-2 25-08-16 -3,0 0,28 -0,72 0,04
A1DW-5 25-08-16 -12,8 0,43 -2,91 0,04
Al1DW-1 25-08-16 -23,2 0,95 -4,29 0,10
JDW-4 25-08-16 -21,9 0,21 -4,23 0,07
JDW-2 25-08-16 -0,3 0,15 -0,66 0,12
JDW-3 25-08-16 -3,2 0,22 -0,60 0,08
A1DW-2 25-08-16 7,7 0,35 0,57 0,21
JDW-1 25-08-16 -18,0 2,07 -2,45 0,31
JDW-2 17-03-16 -10,9 0,11 -2,77 0,09
A2DW-1 17-03-16 -17,7 0,33 -2,64 0,08
JDW-4 17-03-16 -8,6 0,17 -2,41 0,01
Al1DW-3 17-03-16 -18,2 0,20 -3,42 0,12
A1DW-5 17-03-16 -17,0 0,21 -3,06 0,12
A1DW-2 17-03-16 -10,4 0,18 -2,62 0,14
A2DW-2 17-03-16 -19,9 0,53 -3,25 0,18
A1DW-1 17-03-16 -13,0 0,33 -2,21 0,18
JDW-5 17-03-16 -11,2 0,12 -2,33 0,04
JDW-3 17-03-16 -9,7 3,15 -1,82 0,23
JDW-1 17-03-16 -2,9 0,36 -1,37 0,07
A1DW-3 07-01-16 -13.1 0,36 -2,74 0,06
JDW-1 07-01-16 -16,9 0,34 -2,46 0,06
JDW-4 07-01-16 -211 0,21 -3,67 0,08
JDW-2 07-01-16 4,6 0,65 2,04 0,14




A2DW-2 07-01-16 -19,3 0,76 -3,68 0,14
Al1DW-1 07-01-16 -10,6 0,25 -2,55 0,02
JDW-5 07-01-16 -5,2 0,44 -2,22 0,06
A2DW-1 07-01-16 -11,7 0,26 -2,65 0,03
JDW-3 07-01-16 -19,4 3,43 -3,52 0,34
A1DW-5 07-01-16 -16,7 0,22 -3,26 0,07
Al1DW-2 07-01-16 -4,4 0,15 -1,97 0,06
Al1DW-4 07-01-16 -21,4 0,58 -4,06 0,18
JDW-2 04-08-16 -19,0 0,33 -2,16 0,09
Al1DW-2 04-08-16 -13,2 0,10 -2,70 0,07
A2DW-2 04-08-16 -17,8 0,26 -3,21 0,07
JDW-5 04-08-16 -17,5 0,34 -3,46 0,06
JDW-3 04-08-16 -23,4 0,12 -4,00 0,05
JDW-4 04-08-16 -19,6 0,47 -2,38 0,08
A1DW-5 04-08-16 7,3 0,43 0,78 0,05
JDW-1 04-08-16 -14,0 0,63 -2,01 0,03
A1DW-1 04-08-16 -3,5 0,39 -1,46 0,05
A2DW-1 04-08-16 -27,9 0,76 -5,04 0,12
Al1DW-2 31-03-16 -22.3 0,26 -4,39 0,11
JDW-2 31-03-16 -14,7 0,28 -3,16 0,09
JDW-5 31-03-16 -1,8 0,34 -1,52 0,10
A1DW-3 31-03-16 -215 041 -4,30 0,05
JDW-4 31-03-16 -12,1 0,26 -3,12 0,09
JDW-3 31-03-16 -27,0 0,40 -5,13 0,10
A1DW-5 31-03-16 -21,7 0,60 -4,48 0,03
Al1DW-1 31-03-16 -12,3 0,27 -3,27 0,05
A2DW-1 31-03-16 -15,7 0,23 -3,69 0,02
A2DW-2 31-03-16 -19,8 0,16 -4,33 0,05
JDW-1 31-03-16 -17,4 0,33 -2,72 0,08
A2DW-2 03-09-15 17,2 0,80 1,21 0,08
Al1DW-2 03-09-15 15,7 0,16 2,29 0,04
A2DW-1 03-09-15 55 0,29 -0,84 0,11
A1DW-3 03-09-15 6,1 0,29 -0,83 0,05
A1DW-1 03-09-15 -20,6 0,82 -4,47 0,08
A1DW-5 03-09-15 0,9 2,41 -1,00 0,21
JDW-1 03-09-15 22,9 0,80 10,39 0,26
JDW-2 03-09-15 4,3 0,59 -0,85 0,24
Al1DW-4 03-09-15 -3,5 0,64 0,63 0,11
JDW-5 03-09-15 -6,5 0,30 -1,74 0,06
JDW-3 03-09-15 -25,6 0,49 -5,39 0,08
JDW-4 03-09-15 -20,8 0,18 -4,43 0,07
A1DW-4 02-06-16 11,1 0,41 0,77 0,04
JDW-3 02-06-16 4,3 0,19 -0,69 0,08
JDW-1 02-06-16 -7,0 0,33 -2,40 0,05




JDW-5 02-06-16 -2,9 0,18 -0,51 0,04
JDW-4 02-06-16 -18,0 0,57 -3,46 0,14
A2DW-1 02-06-16 -3,2 0,39 -1,36 0,05
JDW-2 02-06-16 -11,2 0,25 -1,36 0,04
A1DW-5 02-06-16 -17.3 0,13 -2,21 0,14
A2DW-2 02-06-16 -12,3 0,10 -2,43 0,12
Al1DW-1 02-06-16 -6,4 0,29 -0,67 0,07
A1DW-2 02-06-16 -20,6 0,27 -4,38 0,05
A1DW-3 02-06-16 14,2 0,87 1,26 0,13
Al1DW-4 10-12-15 19 0,36 -1,66 0,10
A2DW-2 10-12-15 5,6 0,46 -1,65 0,12
A2DW-1 10-12-15 -0,4 0,46 -2,14 0,09
A1DW-510-12-15 -19,7 0,67 -4,59 0,04
JDW-1 10-12-15 -10,0 0,30 -2,36 0,22
A1DW-3 10-12-15 -16,1 0,23 -3,46 0,10
JDW-2 10-12-15 -19,0 0,34 -4,35 0,09
A1DW-110-12-15 -17,7 0,11 -4,38 0,06
JDW-5 10-12-15 -11,0 0,09 -3,27 0,11
JDW-3 10-12-15 -8,2 0,18 -2,78 0,18
A1DW-2 10-12-15 -18,4 0,34 -3,85 0,10
JDW-4 22-01-16 -17,9 0,44 -4,15 0,06
JDW-5 22-01-16 -10,8 0,15 -3,24 0,11
A1DW-1 22-01-16 -18,5 1,00 -4,48 0,12
JDW-2 22-01-16 -18,6 0,29 -4,53 0,07
A1DW-3 22-01-16 -7,3 0,17 -3,41 0,08
JDW-3 22-01-16 -15,7 0,25 -4,14 0,05
A2DW-2 22-01-16 -6,9 1,33 -3,75 0,17
A2DW-3 22-01-16 -2,9 2,05 -2,03 0,15
A2DW-1 22-01-16 -9,9 0,27 -4,16 0,06
A1DW-5 22-01-16 -15,5 0,27 -4,45 0,06
AlDW-2 22-01-16 -16,8 0,27 -4,57 0,07
A1DW-2 05-05-16 -18,4 0,11 -3,74 0,06
A2DW-1 05-05-16 -6,5 0,22 -2,96 0,05
Al1DW-1 05-05-16 -12,5 0,54 -2,48 0,11
A2DW-2 05-05-16 -15,0 0,16 -4,41 0,06
JDW-1 05-05-16 -13,3 0,17 -4,21 0,07
JDW-4 05-05-16 -12,8 0,06 -2,52 0,06
Al1DW-4 05-05-16 6,1 0,40 -0,80 0,10
JDW-2 05-05-16 -17,7 0,55 -4,24 0,05
JDW-3 05-05-16 -4,8 0,30 -3,15 0,05
A1DW-5 05-05-16 -20,7 0,42 -4,31 0,08
JDW-5 05-05-16 -10,3 0,38 -3,56 0,03
A1DW-3 05-05-16 -0,5 2,56 -2,07 0,19
JDW-3 30-06-16 4,8 0,35 -0,91 0,06




A1DW-1 30-06-16 -8,3 0,42 -2,72 0,07
ADW-4 30-06-16 -10,8 0,17 -1,20 0,05
A1DW-4 30-06-16 0,2 0,27 -1,82 0,03
JDW-2 30-06-16 -12,8 0,34 -2,33 0,06
A1DW-3 30-06-16 59 0,93 -1,09 0,19
JDW-1 30-06-16 2,3 1,23 -0,94 0,10
A2DW-2 30-06-16 -2,5 0,13 -1,41 0,03
JDW-5 30-06-16 -11,0 0,20 -3,06 0,03
A2DW-1 30-06-16 -4,4 0,95 -2,51 0,10
A1DW-5 30-06-16 -21,6 0,48 -4,15 0,03
A1DW-2 30-06-16 -16,4 0,10 -2,89 0,04
A2DW-1 18-02-16 -10,5 0,25 -3,33 0,17
A2DW-2 18-02-16 -10,0 0,18 -3,28 0,10
JDW-2 18-02-16 -21,4 2,89 -3,99 0,18
JDW-3 18-02-16 -10,2 0,18 -3,04 0,07
JDW-1 18-02-16 -6,2 0,20 -1,65 0,12
JDW-4 18-02-16 -15,9 0,36 -2,98 0,07
JDW-5 18-02-16 -11,4 0,05 -3,23 0,06
Al1DW-2 18-02-16 -11,2 0,12 -2,23 0,03
A1DW-4 18-02-16 -8,5 0,48 -2,89 0,07
Al1DW-1 18-02-16 -18,2 0,29 -3,87 0,07
Al1DW-5 18-02-16 -12,5 0,09 -2,32 0,08
JDW-5 03-03-16 -12,6 0,17 -2,61 0,10
Al1DW-4 03-03-16 -10,2 0,18 -3,00 0,06
A2DW-1 03-03-16 -9,4 0,05 -3,11 0,08
JDW-3 03-03-16 -16,7 0,15 -3,71 0,18
A1DW-2 03-03-16 -15,3 0,04 -3,29 0,04
JDW-4 03-03-16 -19,2 0,25 -4,12 0,08
A1DW-1 03-03-16 -20,9 0,29 -4,18 0,04
JDW-2 03-03-16 -15,5 0,14 -2,12 0,06
A1DW-5 03-03-16 -17,6 0,17 -3,70 0,06
JDW-1 03-03-16 -17,6 0,14 -3,17 0,10
A2DW-2 03-03-16 -11,8 0,19 -3,49 0,05
A1DW-1 14-04-16 -20,7 0,32 -4,17 0,07
A2DW-1 14-04-16 -14,8 0,13 -3,43 0,05
JDW-5 14-04-16 -14,3 0,69 -3,40 0,09
A1DW-5 14-04-16 -24,0 0,37 -4,15 0,15
JDW-1 14-04-16 -17,0 0,20 -3,67 0,10
JDW-3 14-04-16 -11,9 0,22 -3,11 0,11
A1DW-2 14-04-16 -254 0,33 -4,96 0,08
JDW-2 14-04-16- -21,2 0,13 -4,37 0,08
A1DW-2 14-04-16 -15,8 0,11 -3,39 0,06
JDW-4 14-04-16 -20,5 0,17 -4,29 0,09
A1DW-1 15-10-15 -10,3 0,88 -2,78 0,05




A1DW-3 15-10-15 0,5 0,23 -1,61 0,09
JDW-3 15-10-15 -11,1 0,35 -3,26 0,04
A2DW-2 15-10-15 9,4 0,63 -0,92 0,20
JDW-4 15-10-15 -13,1 0,67 -3,02 0,12
JDW-2 15-10-15 -16,2 0,26 -2,96 0,06
A1DW-5 15-10-15 -13,5 0,10 -3,29 0,06
Al1DW-2 15-10-15 -12,5 0,34 -3,57 0,06
JDW-5 15-10-15 -8,2 0,54 -1,26 0,18
A2DW-1 15-10-15 0,1 0,22 -1,97 0,05
JDW-1 15-10-15 18 0,22 -1,22 0,06
A1DW-4 15-10-15 -0,4 0,17 -2,03 0,05
JDW-3 15-06-16 6,1 0,11 -0,14 0,04
A2DW-2 15-06-16 -13,4 0,51 -3,44 0,04
JDW-1 15-06-16 -13,9 0,11 -3,40 0,06
A1DW-1 15-06-16 -11,5 1,85 -2,77 0,16
A1DW-2 15-06-16 -25,3 0,37 -4,67 0,04
JDW-2 15-06-16 -20,9 0,15 -4,19 0,06
JDW-5 15-06-16 -13,3 0,19 -3,19 0,08
Al1DW-5 15-06-16 -19.3 0,28 -3,59 0,03
JDW-4 15-06-16 -22,7 0,12 -4,87 0,05
Al1DW-4 15-06-16 9,3 0,74 2,74 0,18
A2DW-1 15-06-16 -10,1 0,88 -3,11 0,10
AlDW-2 26-11-15 -12,3 0,64 -3,24 0,13
A1DW-2 26-11-15 74 1,12 -1,58 0,15
A1DW-3 26-11-15 0,5 0,25 -2,15 0,01
JDW-1 26-11-15 4,2 0,16 -0,75 0,08
A1DW-1 26-11-15 -17,6 0,61 -3,96 0,10
JDW-1 26-11-15 -5,0 0,44 -2,23 0,23
JDW-5 26-11-15 -3,9 0,09 -1,36 0,12
A2DW-1 26-11-15 3,5 0,24 -1,81 0,05
A1DW-5 26-11-15 -15,8 2,52 -3,63 0,26
A1DW-4 26-11-15 2,9 0,40 -0,33 0,06
JDW-4 26-11-15 -13,8 0,41 -3,23 0,10
JDW-3 26-11-15 -10,4 0,33 -2,87 0,06
A2DW-2 29-10-15 7,7 0,34 -0,30 0,11
Al1DW-1 29-10-15 -13,8 0,17 -3,33 0,04
JDW-5 29-10-15 -10,8 0,07 -2,23 0,12
JDW-1 29-10-15 -10,0 0,14 -1,99 0,09
Al1DW-4 29-10-15 0,2 0,18 -1,20 0,07
A1DW-3 29-10-15 7,1 0,11 1,16 0,08
JDW-2 29-10-15 2,1 0,17 0,32 0,04
A1DW-5 29-10-15 -9,9 0,39 -0,43 0,05
JDW-3 29-10-15 -10,5 0,59 -2,42 0,10
JDW-4 29-10-15 -11,6 0,61 -2,44 0,12




A1DW-2 29-10-15 -12,8 0,12 -2,45 0,09
A2DW-1 29-10-15 -4,1 3,55 -2,11 0,31
A2DW-1 23-07-15 55 0,42 -0,31 0,06
A1DW-3 23-07-15 -7,8 0,46 -2,49 0,04
JDW-2 23-07-15 -211 0,38 -4,05 0,08
A2DW-3 23-07-15 20,2 0,94 1,40 0,12
A2DW-2 23-07-15 6,8 0,37 -0,86 0,06
A1DW-5 23-07-15 -22,5 0,75 -3,89 0,06
JDW-5 23-07-15 -17,8 0,18 -3,60 0,08
Al1DW-1 23-07-15 -14,6 0,15 -2,65 0,02
A1DW-4 23-07-15 -2,4 0,23 -1,11 0,07
JDW-3 23-07-15 -12,3 0,47 -2,90 0,11
A1DW-2 23-07-15 -24,0 0,60 -4,48 0,11
JDW-1 23-07-15 -18,1 0,19 -3,65 0,04
JDW-4 23-07-15 -15,0 0,15 -1,99 0,01
A1DW-5 12-11-15 21,8 1,18 8,96 0,28
A1DW-2 12-11-15 -7,1 0,15 -1,62 0,04
Al1DW-412-11-15 -1,5 0,12 -2,02 0,05
JDW-1 12-11-15 -8,2 0,25 -2,59 0,02
JDW-3 12-11-15 -10,1 0,26 -2,96 0,06
Al1DW-1 12-11-15 -12,2 0,15 -2,88 0,05
JDW-4 12-11-15 -6,1 0,20 -0,94 0,04
JDW-2 12-11-15 -13,6 0,30 -3,43 0,12
A2DW-1 12-11-15 9,5 0,57 0,29 0,06
A2DW-2 12-11-15 8,6 0,07 -1,25 0,08
JDW-5 12-11-15 -11,3 0,60 -3,35 0,08
A1DW-4 09-07-15 -6,8 0,10 -2,20 0,05
A1DW-3 09-07-15 -8,0 0,09 -2,62 0,05
JDW-1 09-07-15 -16,8 0,43 -3,15 0,07
A2DW-3 09-07-15 21,3 0,69 1,55 0,04
Al1DW-1 09-07-15 -14,5 0,87 -3,37 0,09
JDW-3 09-07-15 -7,9 0,22 -0,98 0,06
A1DW-5 09-07-15 -22.9 0,44 -4,32 0,09
JDW-2 09-07-15 -16,9 0,37 -3,49 0,05
JDW-5 09-07-15 -16,7 0,08 -3,54 0,06
A2DW-1 09-07-15 -15 0,54 -1,86 0,10
JDW-4 09-07-15 -20,8 0,47 -4,14 0,08
MHLDW-1 09-07-15 -18,3 0,21 -3,49 0,14
A2DW-2 09-07-15 5,3 0,21 -1,21 0,05
A1DW-2 09-07-15 -22,7 0,69 -4,56 0,05
Al1DW-4 06-08-15 2,8 0,56 -1,15 0,04
A2DW-1 06-08-15 14,9 1,32 3,10 0,21
JDW-4 06-08-15 16,6 0,95 3,17 0,08
A1DW-3 06-08-15 -12,7 0,92 -2,09 0,10




A1DW-2 06-08-15 -1,0 0,45 -2,02 0,08
JDW-2 06-08-15 -19,0 0,53 -4,37 0,04
JDW-1 06-08-15 -10,3 0,60 -2,23 0,13
Al1DW-1 06-08-15 3,8 0,77 2,41 0,18
A1DW-5 06-08-15 -19,8 0,61 -3,74 0,09
A2DW-2 06-08-15 10,8 0,58 -0,93 0,11
JDW-3 06-08-15 -10,1 0,52 -3,13 0,04
JDW-5 06-08-15 -16,4 0,79 -3,84 0,08
Al1DW-1 01-10-15 -15,3 0,10 -3,77 0,04
A1DW-3 01-10-15 3.7 0,34 -1,05 0,12
JDW-5 01-10-15 -11,9 0,88 -3,30 0,09
JDW-3 01-10-15 -9,9 0,11 -3,20 0,05
A2DW-1 01-10-15 9,8 2,17 0,80 0,24
JDW-2 01-10-15 -18,4 0,66 -4,11 0,11
JDW-4 01-10-15 -12,1 0,58 -3,31 0,07
Al1DW-2 01-10-15 -6,8 0,34 0,10 0,09
A1DW-5 01-10-15 4,8 0,76 4,05 0,14
A2DW-2 01-10-15 8,4 0,17 -1,25 0,07
Al1DW-4 01-10-15 8,4 0,16 -0,87 0,04
JDW-1 01-10-15 -6,6 0,83 -1,87 0,10




Appendix D

Measured Cave Climatic Parameters

Date Sample Name Atmospheric Humidity (%) Atmospheric Drip Rate
Temperature Pressure (hPa) | (drips/min)
(WY)

25/06/2015 JDW-3 17,6 57,5 866,1 2
JDW-4 17,6 57,5 866,1 3
JDW-2 17,6 57,5 866,1 2
JDW-5 15,9 58 866 1
JDW-1 15,9 58 866 0,5
A1DW-1 18,1 79,7 865,9 1
A1DW-2 18,1 79,7 865,9 3
A1DW-3 16,3 79 866 1
A1DW-4 16,3 79 866 0,25
A1DW-5 18,1 79,7 865,9 0,25
A2DW-1 15,8 53,8 866,5 0,2
A2DW-2 15,8 53,8 866,5 0,2
A2DW-3 15,8 53,8 866,5 0

09/07/2015 JDW-3 14,2 77,2 858,1 2
JDW-4 14,2 77,2 858,1 3
JDW-2 14,2 77,2 858,1 2
JDW-5 15,9 77,3 857,9 2
JDW-1 15,9 77,3 857,9 0,5
A1DW-1 16,3 85,3 858,3 1
A1DW-2 16,3 85,3 858,3 3
A1DW-3 15,8 78,9 858,5 1
A1DW-4 15,8 78,9 858,5 0,25
A1DW-5 16,3 85,3 858,3 4
A2DW-1 18,9 65,4 858,8 0,2
A2DW-2 18,9 65,4 858,8 0,2
A2DW-3 18,9 65,4 858,8 0,14

23/07/2015 JDW-3 16 64,5 861,1 3
JDW-4 16 64,5 861,1 4
JDW-2 16 64,5 861,1 2
JDW-5 15,9 69,2 861 6
JDW-1 15,9 69,2 861 2
A1DW-1 18,4 80,1 861,1 1
A1DW-2 18,4 80,1 861,1 3
A1DW-3 17,3 72,7 861,5 1
A1DW-4 17,3 72,7 861,5 0,5
A1DW-5 18,4 80,1 861,1 5
A2DW-1 18,4 66,5 861 0,5
A2DW-2 18,4 66,5 861 0,5
A2DW-3 18,4 66,5 861 0,14

06/08/2015 JDW-3 16,5 49,4 866,3 1
JDW-4 16,5 49,4 866,3 5
JDW-2 16,5 49,9 866,3 2
JDW-5 16,9 53,1 866,2 8
JDW-1 16,9 53,1 866,2 0
A1DW-1 18,1 82,2 865,9 1
A1DW-2 18,1 82,2 865,9 6
A1DW-3 16,7 72,2 866 05
A1DW-4 16,7 72,2 866 1
A1DW-5 18,1 82,2 865,9 5




A2DW-1 17,4 78,7 866,1 1
A2DW-2 17,4 78,7 866,1 1
A2DW-3 17,4 78,7 866,1 0
20/08/2015 JDW-3 17,3 66,7 859,4 1
JDW-4 17,3 66,7 859,4 5
JDW-2 17,3 66,7 859,4 2
JDW-5 17,9 59,4 859,3 7
JDW-1 17,9 59,4 859,3 0,5
AlDW-1 18,5 78,1 858,9 1
Al1DW-2 18,5 78,1 858,9 2
A1DW-3 19,6 64,4 859,2 1
AlDW-4 19,6 64,4 859,2 0,5
A1DW-5 18,5 78,1 858,9 4
A2DW-1 15,9 69,6 859 1
A2DW-2 15,9 69,6 859 1
A2DW-3 15,9 69,6 859 0
03/09/2015 JDW-3 17,3 72,2 861,8 1
JDW-4 17,3 72,2 861,8 3
JDW-2 17,3 72,2 861,8 2
JDW-5 15,5 714 861,7 6
JDW-1 15,5 714 861,7 0,5
AlDW-1 18,3 75,9 862,1 2
Al1DW-2 18,3 75,9 861 2
A1DW-3 17,2 72,8 862 0,5
Al1DW-4 17,2 72,8 862 0,2
A1DW-5 18,3 75,9 862,1 2
A2DW-1 16,7 66,8 862,5 0,33
A2DW-2 16,7 66,8 862,5 2
A2DW-3 16,7 66,8 862,5 0
17/09/2015 JDW-3 17,7 71,8 860,2 1
JDW-4 17,7 71,8 860,2 2
JDW-2 17,7 71,8 860,2 1
JDW-5 18,4 69,7 860,1 4
JDW-1 18,4 69,7 860,1 1
A1DW-1 20,2 79,2 860,2 0,5
A1DW-2 20,2 79,2 860,2 2
A1DW-3 19,9 64,9 860,4 0,5
AlDW-4 19,9 64,9 860,4 0
A1DW-5 20,2 79,2 860,2 4
A2DW-1 18,5 72,9 860,9 0,2
A2DW-2 18,5 72,9 860,9 0,33
A2DW-3 18,5 72,9 860,9 0
01/10/2015 JDW-3 19,9 64,9 854,2 1
JDW-4 19,9 64,9 854,2 3
JDW-2 19,9 64,9 854,2 2
JDW-5 18,6 69,7 854,1 1
JDW-1 18,6 69,7 854,1 2
A1DW-1 21,3 79,3 854,3 0,5
AlDW-2 21,3 79,3 854,3 1
Al1DW-3 22,9 61,9 854,4 1
Al1DW-4 22,9 61,9 854,4 0
A1DW-5 21,3 79,3 854,3 3
A2DW-1 23,3 54,4 854,9 0,5
A2DW-2 23,3 54,4 854,9 0,14
A2DW-3 23,3 54,4 854,9 0
15/10/2015 JDW-3 18 71,3 854,8 2
JDW-4 18,8 71,3 854,8 2
JDW-2 18,8 71,3 854,8 0




JDW-5 17 76,3 854,8 1
JDW-1 17 76,3 854,9 0
A1DW-1 22,2 67,7 854,6 1
A1DW-2 22,2 67,7 854,6 1
A1DW-3 19,2 70,2 854,7 0
Al1DW-4 19,2 70,2 854,7 0
A1DW-5 22,2 67,7 854,6 15
A2DW-1 21 65,2 855,3 0
A2DW-2 21 65,2 855,3 0
A2DW-3 21 65,2 855,3 0
29/10/2015 JDW-3 18,8 78,5 858,8 2
JDW-4 18,8 78,5 858,8 1
JDW-2 18,8 78,5 858,8 1
JDW-5 20,2 70,2 858,5 1
JDW-1 20,2 70,2 858,5 0,5
A1DW-1 18,1 74,2 858,4 1
A1DW-2 18,1 74,2 858,4 2
A1DW-3 19,1 71,5 858,3 0
Al1DW-4 19,1 71,5 858,3 0
A1DW-5 18,1 74,2 858,4 1
A2DW-1 23,4 62,8 858,8 0,5
A2DW-2 23,4 62,8 858,8 0
A2DW-3 23,4 62,8 858,8 0
12/11/2015 JDW-3 21,6 59,2 855,4 2
JDW-4 21,6 59,2 855,4 1
JDW-2 21,6 59,2 855,4 0,5
JDW-5 18,8 64.8 855,2 1
JDW-1 18,8 64.8 855,2 1
A1DW-1 20,7 70,4 855,3 2
A1DW-2 20,7 70,4 855,3 1
A1DW-3 20,7 70,4 855,3 1
AlDW-4 19,5 78,7 855,4 0
A1DW-5 19,5 78,7 855,4 1
A2DW-1 24,1 54,9 855,7 0,25
A2DW-2 24,1 54,9 855,7 0,14
A2DW-3 24,1 54,9 855,7 0
26/11/2015 JDW-3 17,2 53,2 866,6 2
JDW-4 17,2 53,2 866,6 3
JDW-2 17,2 53,2 866,6 0,2
JDW-5 16,1 58,1 866,2 0,5
JDW-1 16,1 58,1 866,2 0,14
AlDW-1 17,9 78,6 865,3 2
AlDW-2 17,9 78,6 865,3 1
Al1DW-3 15,3 77,5 866,1 0,5
AlDW-4 15,3 77,5 866,1 1
A1DW-5 17,9 78,6 865,3 3
A2DW-1 17,4 53,4 866,1 1
A2DW-2 17,4 53,4 866,1 1
A2DW-3 17,4 53,4 866,1 0
10/12/2015 JDW-3 16,8 53,9 866,5 2
JDW-4 16,8 53,9 866,5 2
JDW-2 16,8 53,9 866,5 0,33
JDW-5 15,2 58 866,1 1
JDW-1 15,2 58 866,1 0,2
A1DW-1 18,8 79,2 866,1 1
A1DW-2 18,8 79,2 866,1 1
A1DW-3 16,4 77,1 864,9 0,33
Al1DW-4 16,4 77,1 864,9 0,14




A1DW-5 16,4 79,2 866,1 2
A2DW-1 18,3 52,2 865,2 0,33
A2DW-2 18,3 52,2 865,2 0,5
A2DW-3 18,3 52,2 865,2 0
07/01/2016 JDW-3 20,9 67,5 859,2 2
JDW-4 20,9 67,5 859,2 1
JDW-2 20,9 67,5 859,2 1
JDW-5 194 76,2 859,1 1
JDW-1 194 76,2 859,1 0,33
A1DW-1 23,7 71,7 858,7 1
A1DW-2 23,7 71,7 858,7 1
A1DW-3 23,2 73,1 858,8 0
AlDW-4 23,2 73,1 858,8 0
A1DW-5 23,7 71,7 858,7 1
A2DW-1 194 81,1 858,8 0,2
A2DW-2 194 81,1 858,8 0,33
A2DW-3 194 81,1 858,8 0,14
21/01/2016 JDW-3 19,1 78,6 857,7 2
JDW-4 19,1 78,6 857,7 2
JDW-2 19,1 78,6 857,7 2
JDW-5 22 76,3 857,5 1
JDW-1 22 76,3 857,5 1
AlDW-1 18,8 83,5 857,4 1
Al1DW-2 18,8 83,5 857,4 0,5
A1DW-3 19,3 84,5 857,7 0
AlDW-4 19,3 84,5 857,7 0
A1DW-5 18,8 83,5 857,4 1
A2DW-1 22,7 75,3 857,8 0,2
A2DW-2 22,7 75,3 857,8 0,33
A2DW-3 22,7 75,3 857,8 0
04/02/2016 JDW-3 18 77,6 857,3 0,5
JDW-4 18 77,6 857,3 1
JDW-2 18 77,6 857,3 1
JDW-5 23,1 75,5 856,6 0,5
JDW-1 23,1 75,5 856,6 1
AlDW-1 18,7 82,6 857,2 1
A1DW-2 18,7 82,6 857,6 0,5
A1DW-3 19,1 83,7 857,6 0
AlDW-4 19,1 83,7 857,2 1
A1DW-5 18,7 82,6 857,2 0,5
A2DW-1 21,5 78,3 855,7 0,33
A2DW-2 21,5 78,3 855,7 0,5
A2DW-3 21,5 78,3 855,7 0
18/02/2016 JDW-3 18,2 93,5 859,1 1
JDW-4 18,2 93,5 859,1 1
JDW-2 18,2 93,5 859,1 2
JDW-5 19,2 91,8 858,9 1
JDW-1 19,2 91,8 858,9 1
AlDW-1 19,5 89,2 859 1
AlDW-2 19,5 83,7 859 1
Al1DW-3 22,7 97,9 859,3 1
Al1DW-4 22,7 97,9 859,3 0
A1DW-5 19,5 83,7 859 2
A2DW-1 21,7 89,2 859,5 0,2
A2DW-2 21,7 89,2 859,5 0,2
A2DW-3 21,7 89,2 859,5 0
03/03/2016 JDW-3 18,4 84,6 859,4 3
JDW-4 18,4 84,6 859,4 3




JDW-2 18,4 84,6 859,4 2
JDW-5 19,9 84 859,3 1
JDW-1 19,9 84 859,3 1
A1DW-1 214 78,9 859,3 1
A1DW-2 214 78,9 859,3 1
A1DW-3 22,1 84,4 859,5 1
AlDW-4 22,1 84,4 859,5 0
A1DW-5 214 78,9 859,3 1
A2DW-1 20,9 81,8 859,8 0,33
A2DW-2 20,9 81,8 859,8 0,2
A2DW-3 20,9 81,8 859,8 0
17/03/2016 JDW-3 22,1 88,5 858,9 2
JDW-4 22,1 85,4 858,9 4
JDW-2 22,1 85,4 858,9 1
JDW-5 19 89,7 858,8 1
JDW-1 19 89,7 858,8 1
AlDW-1 19,5 88,5 858,6 2
Al1DW-2 19,5 88,5 858,6 1
A1DW-3 19,5 95,4 858,8 0
Al1DW-4 19,1 95,4 858,8 0
A1DW-5 19,1 88,5 858,6 1
A2DW-1 20,7 88,8 858,9 0
A2DW-2 20,7 88,8 858,9 0
A2DW-3 20,7 88,8 858,9 0
31/03/2016 JDW-3 18,4 89,1 860 1
JDW-4 18,4 89,1 860 1
JDW-2 18,4 89,1 860 1
JDW-5 18,2 88,9 859,1 1
JDW-1 18,2 88,9 859,1 0,2
AlDW-1 20,2 83,5 860,1 1
AlDW-2 20,2 83,5 860,1 2
A1DW-3 20,1 85,9 860,2 0
AlDW-4 20,1 85,9 860,2 0
A1DW-5 20,2 83,5 860,1 2
A2DW-1 20,6 79,8 860,5 1
A2DW-2 20,6 79,8 860,5 1
A2DW-3 20,6 79,8 860,5 0
14/04/2016 JDW-3 17,6 92,2 862,9 1
JDW-4 17,6 92,2 862,9 2
JDW-2 17,6 92,2 862,9 0,5
JDW-5 17,1 93,4 862,7 1
JDW-1 17,1 93,4 862,7 1
AlDW-1 19,1 88,6 862,7 1
AlDW-2 19,1 88,6 862,7 1
Al1DW-3 19,3 87,9 862,8 0
AlDW-4 19,3 87,9 862,8 0
A1DW-5 19,1 88,6 862,7 2
A2DW-1 92,2 80,2 863,1 0,5
A2DW-2 20,3 80,2 863,1 0,33
A2DW-3 20,3 80,2 863,1 0,2
05/05/2016 JDW-3 17,8 90,3 865,1 5
JDW-4 17,8 90,3 865,1 3
JDW-2 17,8 90,3 865,1 2
JDW-5 18,8 87,2 864,9 2
JDW-1 18,8 87,2 864,9 1
A1DW-1 18,4 89,4 865,9 1
A1DW-2 18,4 89,4 865,9 6
A1DW-3 18,3 89,7 865 1




AlDW-4 18,3 89,7 865 0
A1DW-5 18,4 89,4 865,9 6
A2DW-1 19,3 76,3 865,4 0,5
A2DW-2 19,3 76,3 865,4 0,33
A2DW-3 19,3 76,3 865,4 0
19/05/2016 JDW-3 18,4 84,4 867,5
JDW-4 194 84,4 867,5
JDW-2 194 84,4 867,5
JDW-5 18,6 83,9 867,3
JDW-1 18,6 83,9 867,3
AlDW-1 18,4 89,8 867,4
Al1DW-2 18,4 89,8 867,4
A1DW-3 18,3 87,7 867,5
AlDW-4 18,3 87,7 867,5
A1DW-5 18,4 89,8 867,4
A2DW-1 194 78,3 867,9
A2DW-2 194 78,3 867,9
A2DW-3 194 78,3 867,9
02/06/2016 JDW-3 19,5 80,5 865,4 8
JDW-4 19,5 80,5 865,4 3
JDW-2 19,5 80,5 865,4 2
JDW-5 18,6 78,4 865,2 2
JDW-1 18,6 78,4 865,2 1
AlDW-1 18,7 78,9 865,2 1
A1DW-2 18,7 78,9 865,5 5
A1DW-3 17,9 69,5 865,5 0
AlDW-4 17,9 69,5 865,2 0
A1DW-5 18,7 78,9 865,2 5
A2DW-1 19,9 68,2 865,7 1
A2DW-2 19,9 68,2 865,7 1
A2DW-3 19,9 68,2 865,7 0
15/06/2016 JDW-3 17,6 80,5 864,6 5
JDW-4 17,6 80,5 864,6 3
JDW-2 17,6 80,5 864,6 1
JDW-5 18 79,6 864,5 1
JDW-1 18 79,6 864,5 1
A1DW-1 17,1 97,2 864,7 2
A1DW-2 17,1 97,2 864,7 4
A1DW-3 20 79,3 864,7 0
AlDW-4 20 79,3 864,7 0,25
A1DW-5 17,1 97,2 864,7 3
A2DW-1 16,8 76,7 865,1 1
A2DW-2 16,8 76,7 865,1 0,5
A2DW-3 16,8 76,7 865,1 0
30/06/2016 JDW-3 17,2 77,7 866 5
JDW-4 17,2 77,7 866 7
JDW-2 17,2 77,7 866 0,5
JDW-5 17 70,8 865,9 1
JDW-1 17 70,8 865,9 1
A1DW-1 18,7 94,2 865,9 0,5
AlDW-2 18,7 94,2 865,9 2
Al1DW-3 19,1 81,8 866,1 0,5
Al1DW-4 19,1 81,8 866,1 0,2
A1DW-5 18,7 94,2 865,9 1
A2DW-1 16,7 72,8 866,3 1
A2DW-2 16,7 72,8 866,3 1
A2DW-3 16,7 72,8 866,3 0




Appendix E

Equation 1 and 2 Calculated Temperatures

Equation 1
Sample Calculated Temperature

Date Name Drip water 880 (%o) Calcite 580 (%o) (°C)

09-07-15 A1DW-1 -3,37225 -4,59534 24,63236
23-07-15 -2,64556 -4,59534 8,008531
06-08-15 2,408735 -4,59534 62,04454
20-08-15 -2,03221 -4,59534 42,32646
03-09-15 -4,46725 -4,59534 20,81176
01-10-15 -3,77234 -4,59534 22,10305
15-10-15 -2,7788 -4,59534 32,01105
29-10-15 -3,3297 -4,59534 25,93693
12-11-15 -2,87853 -4,59534 33,89159
26-11-15 -3,9562 -4,59534 27,40916
10-12-15 -4,38348 -4,59534 16,35674
07-01-16 -2,5532 -4,59534 38,54351
22-01-16 -4,483 -4,59534 21,09414
18-02-16 -3,8694 -4,59534 27,22881
03-03-16 -4,17914 -4,59534 16,51577
17-03-16 -2,20647 -4,59534 36,01398
31-03-16 -3,26895 -4,59534 31,83134
14-04-16 -4,1713 -4,59534 17,74349
05-05-16 -2,48409 -4,59534 31,75964
19-05-16 -2,74525 -4,59534 21,08714
02-06-16 -0,66879 -4,59534 44,94474
15-06-16 -2,77183 -4,59534 29,50943
30-06-16 -2,72162 -4,59534 27,28725
14-07-16 -2,10279 -4,59534 29,16653
04-08-16 -1,4571 -4,59534 45,76223
25-08-16 -4,29315 -4,59534 27,38297
09-07-15 A1DW-2 -4,55684 -4,15753 21,35225
23-07-15 -4,48307 -4,15753 11,59928
06-08-15 -2,01894 -4,15753 31,31348
20-08-15 -2,16322 -4,15753 11,5141
03-09-15 2,294897 -4,15753 51,44151
01-10-15 0,104098 -4,15753 52,40986
15-10-15 -3,5678 -4,15753 20,70384
29-10-15 -2,45292 -4,15753 25,79974
12-11-15 -1,62443 -4,15753 38,74645
26-11-15 -3,23948 -4,15753 29,11734
10-12-15 -3,84686 -4,15753 16,49321




07-01-16 -1,97352 415753 41,75514
22-01-16 -4,56899 -4,15753 11,78403
18-02-16 -2,22835 415753 34,4651
03-03-16 -3,28563 -4.15753 23,6218
17-03-16 -2,62363 -4,15753 36,10292
31-03-16 -4.38521 -4.15753 24,742
14-04-16 -4,9603 -4.,15753 14,9528
05-05-16 -3,74197 415753 25,7266
19-05-16 -3,97474 -4,15753 25,59051
02-06-16 -4,38087 -4,15753 23,56402
15-06-16 -4.67153 -4.15753 13,72397
30-06-16 -2,88824 -4,15753 27,52928
14-07-16 -2,82431 415753 2750174
04-08-16 270128 -4,15753 14,69075
25-08-16 0,572387 415753 49,73655
09-07-15 AlDW-3 -2,6208 -4,59412 29,67382
23-07-15 -2,49229 -4,59412 28,93632
06-08-15 -2,08852 -4,59412 41,06265
20-08-15 -4,26552 -4,59412 10,03939
03-09-15 -0,82784 -4.59412 36,59121
01-10-15 -1,04831 -4,59412 37,3812
15-10-15 -1,60575 -4,59412 21,78746
29-10-15 1,159755 -4,59412 54,65308
26-11-15 -2,15483 -4,59412 37,18253
10-12-15 -3,45762 -4.59412 24,38846
07-01-16 -2,74462 -4,59412 32,59329
22-01-16 -3,40821 -4.59412 27,58968
17-03-16 3.4164 -4,59412 31,22185
31-03-16 -4,29619 -4,59412 20,56594
14-04-16 -3,39188 -4,59412 22,04065
05-05-16 -2,06537 -4,59412 35,03427
19-05-16 -2,78978 -4.59412 12,65458
02-06-16 1,258346 -4,59412 50,8199
30-06-16 -1,0901 -4,59412 34,6086
14-07-16 -1,01596 -4,59412 26,39308
25-08-16 1,064846 -4,59412 54,21034
09-07-15 A1DW-4 -2,19637 -4,59412 27,01272
23-07-15 -1,10901 -4,59412 35,0234
06-08-15 -1,14659 -4.59412 31,37373
20-08-15 -0,34102 -4,59412 32,91328
03-09-15 0,63229 -4,59412 45,7861
01-10-15 -0,8674 -4,59412 40,41798
15-10-15 -2,0255 -4,59412 28,63133
29-10-15 -1,19575 -4.59412 38,08837




12-11-15 -2,02281 -4,59412 25,02931
26-11-15 -0,33342 -4,59412 42,57534
10-12-15 -1,65576 -4,59412 43,36553
07-01-16 -4,0638 -4,59412 20,30998
18-02-16 -2,895 -4,59412 29,76493
03-03-16 -3,00423 -4,59412 19,70056
05-05-16 -0,80454 -4,59412 18,81787
19-05-16 3,222291 -4,59412 69,4863
19-05-16 -2,63075 -4,59412 15,89302
02-06-16 0,771145 -4,59412 31,53519
15-06-16 2,744197 -4,59412 63,21935
30-06-16 -1,8235 -4,59412 27,67004
14-07-16 -0,61613 -4,59412 51,79659
09-07-15 A1DW-5 -4,31679 -4,59412 22,50969
23-07-15 -3,8935 -4,59412 25,1889
06-08-15 -3,73929 -4,59412 17,11341
20-08-15 -1,53072 -4,59412 31,40868
03-09-15 -1,00239 -4,59412 13,94707
01-10-15 4,050979 -4,59412 77,1039
15-10-15 -3,29086 -4,59412 15,95369
29-10-15 -0,43183 -4,59412 -2,66876
12-11-15 8,955172 -4,59412 103,5585
26-11-15 -3,63276 -4,59412 30,78352
10-12-15 -4,58893 -4,59412 17,69387
07-01-16 -3,262 -4,59412 33,03631
22-01-16 -4,44659 -4,59412 14,85433
18-02-16 -2,31501 -4,59412 37,00254
03-03-16 -3,69756 -4,59412 23,85151
17-03-16 -3,05794 -4,59412 34,73543
31-03-16 -4,48121 -4,59412 22,28751
14-04-16 -4,15127 -4,59412 25,56456
05-05-16 -4,30979 -4,59412 15,09297
19-05-16 -2,11442 -4,59412 32,22909
02-06-16 -2,20754 -4,59412 37,33047
15-06-16 -3,58521 -4,59412 29,30365
30-06-16 -4,14906 -4,59412 20,08488
14-07-16 -3,00096 -4,59412 13,06378
04-08-16 0,781532 -4,59412 55,36584
25-08-16 -2,91347 -4,59412 27,04958
09-07-15 A2DW-1 -1,86065 -4,07974 24,43523
23-07-15 -0,3073 -4,07974 21,31997
06-08-15 3,101744 -4,07974 53,69738
20-08-15 0,722996 -4,07974 44,97457
03-09-15 -0,84355 -4,07974 27,18758




01-10-15 0,80076 -4,07974 50,21724
15-10-15 -1,96716 -4,07974 31,19853
29-10-15 -2,10597 -4,07974 20,0797
12-11-15 0,29482 -4,07974 46,10641
26-11-15 -1,80605 -4,07974 32,52065
10-12-15 -2,13611 -4,07974 32,24063
07-01-16 -2,65433 -4,07974 34,63508
22-01-16 -4,15635 -4,07974 19,43997
18-02-16 -3,33348 -4,07974 24,99127
03-03-16 -3,1067 -4.07974 24,78
17-03-16 -2,63699 -4,07974 32,80689
31-03-16 -3,68962 -4,07974 23,56041
14-04-16 -3,43107 -4,07974 23,59485
05-05-16 -2,95568 -4,07974 29,67109
19-05-16 -3,52402 -4,07974 16,17815
02-06-16 -1,36318 -4,07974 39,84629
15-06-16 -3,10611 -4.07974 24,25372
30-06-16 -2,51061 -4,07974 26,48048
14-07-16 -1,95467 -4,07974 43,61344
04-08-16 -5,03978 -4,07974 7584237
25-08-16 221984 -4,07974 26,55857
09-07-15 A2DW-2 -1,21391 -3,84984 30,77285
23-07-15 -0,86116 -3,84984 33,63081
06-08-15 -0,93176 -3,84984 38,40247
20-08-15 -2,18932 -3,84984 14,80403
03-09-15 1,214421 -3,84984 49,39174
01-10-15 -1,25183 -3,84984 30,75891
15-10-15 -0,92387 -3,84984 30,54048
29-10-15 -0,30381 -3,84984 38,9568
12-11-15 -1,25194 -3,84984 33,49329
26-11-15 -1,5751 -3,84984 31,44838
10-12-15 -1,65446 -3,84984 39,3753
07-01-16 -3,68186 -3,84984 24,0782
22-01-16 -3,74959 -3,84984 21,5665
18-02-16 -3,2799 -3,84984 26,15233
03-03-16 -3,48768 -3,84984 23,51588
17-03-16 -3,24936 -3,84984 29,94151
31-03-16 -4,33284 -3,84984 21,60907
05-05-16 -4,40688 -3,84984 1,803808
19-05-16 0,16537 -3,84984 47,21315
02-06-16 -2.43467 -3,84984 32,47411
15-06-16 -3,4363 -3,84984 16,19967
30-06-16 -1,41086 -3,84984 36,87157
14-07-16 -2,6571 -3,84984 29 8083




04-08-16 -3,20692 -3,84984 15,08958
25-08-16 -0,71754 -3,84984 21,31257
09-07-15 A2DW-3 1,545257 -4,53084 42,05296
23-07-15 1,402202 -4,53084 55,53
22-01-16 -2,02549 -4,53084 39,36813
25-08-16 -3,80069 -4,53084 15,03202
30-06-16 -1,20453 -4,53084 48,67905
09-07-15 JDW-1 -3,15134 -3,12116 25,07504
23-07-15 -3,65488 -3,12116 15,00894
06-08-15 -2,22594 -3,12116 24,18405
20-08-15 -1,70517 -3,12116 -22,6056
03-09-15 10,38975 -3,12116 102,1469
01-10-15 -1,8676 -3,12116 24,90711
15-10-15 -1,21874 -3,12116 33,08762
29-10-15 -1,99415 -3,12116 29,67538
12-11-15 -2,58572 -3,12116 23,57454
26-11-15 -2,22929 -3,12116 26,91249
10-12-15 -2,36098 -3,12116 26,31544
07-01-16 -2,46291 -3,12116 22,09731
18-02-16 -1,64822 -3,12116 34,78963
03-03-16 -3,17243 -3,12116 15,33012
17-03-16 -1,37487 -3,12116 34,96498
31-03-16 -2,72085 -3,12116 28,54514
14-04-16 -3,6662 -3,12116 23,25754
05-05-16 -4,21183 -3,12116 16,0137
19-05-16 -3,55383 -3,12116 16,55007
02-06-16 -2,39739 -3,12116 29,97464
15-06-16 -3,40181 -3,12116 11,6741
30-06-16 -0,94359 -3,12116 31,81263
14-07-16 -1,20134 -3,12116 33,28282
04-08-16 -2,00955 -3,12116 29,00294
25-08-16 -2,45388 -3,12116 32,03016
09-07-15 JDW-2 -3,48967 -2,62964 22,0163
23-07-15 -4,05287 -2,62964 18,67712
06-08-15 -4,37072 -2,62964 7,271319
20-08-15 -2,2918 -2,62964 18,22276
03-09-15 -0,84791 -2,62964 43,07953
01-10-15 -4,10979 -2,62964 12,27845
15-10-15 -2,96081 -2,62964 7,947255
29-10-15 0,324077 -2,62964 48,89614
12-11-15 -3,43343 -2,62964 8,617652
26-11-15 -0,75265 -2,62964 44,81854
10-12-15 -4,35313 -2,62964 -10,7812
07-01-16 2,041817 -2,62964 65,53239




22-01-16 -4,52695 -2,62964 13,07192
18-02-16 -3,98817 -2,62964 9,763403
03-03-16 -2,11956 -2,62964 27,66968
17-03-16 -2,77351 -2,62964 24,07182
31-03-16 -3,15549 -2,62964 26,07485
14-04-16 -4,36812 -2,62964 15,48485
05-05-16 -4,24217 -2,62964 10,19567
19-05-16 -2,7298 -2,62964 16,86617
02-06-16 -1,35624 -2,62964 39,53403
15-06-16 -4,18611 -2,62964 9,009131
30-06-16 -2,33498 -2,62964 30,48678
14-07-16 -3,84934 -2,62964 11,09254
04-08-16 -2,16042 -2,62964 18,48749
25-08-16 -0,66391 -2,62964 32,17563
09-07-15 JDW-3 -0,98134 -2,43268 36,30276
23-07-15 -2,90072 -2,43268 22,15749
06-08-15 -3,13221 -2,43268 18,24354
20-08-15 -2,64983 -2,43268 33,67986
03-09-15 -5,39219 -2,43268 1,379369
01-10-15 -3,19744 -2,43268 20,25504
15-10-15 -3,25603 -2,43268 16,26924
29-10-15 -2,42157 -2,43268 25,31134
12-11-15 -2,96322 -2,43268 20,53055
26-11-15 -2,86588 -2,43268 20,9817
10-12-15 -2,7849 -2,43268 24,72279
07-01-16 -3,51933 -2,43268 21,3023
22-01-16 413727 -2,43268 11,52251
18-02-16 -3,03977 -2,43268 23,44041
03-03-16 -3,70729 -2,43268 10,01151
17-03-16 -1,82092 -2,43268 39,16212
31-03-16 -5,12793 -2,43268 3,331409
14-04-16 -3,11234 -2,43268 20,51721
05-05-16 -3,15247 -2,43268 10,90621
19-05-16 -0,94236 -2,43268 27,32405
02-06-16 -0,69219 -2,43268 26,88788
15-06-16 -0,13661 -2,43268 34,27968
30-06-16 -0,90718 -2,43268 35,66885
14-07-16 -2,6153 -2,43268 28,0982
04-08-16 -3,99699 -2,43268 2447267
25-08-16 -0,59745 -2,43268 45,37281
09-07-15 JDW-4 -4,13937 -2,21117 6,099902
23-07-15 -1,98544 2,21117 2,173862
06-08-15 3,168541 2,21117 68,75907
20-08-15 -3,755 2,21117 19,60919




03-09-15 -4.42797 221117 9,213699
01-10-15 -3,31398 221117 17,36657
15-10-15 -3,01724 221117 17,38431
29-10-15 -2,43829 221117 15,82349
12-11-15 -0,94459 221117 37,19371
26-11-15 -3,23356 221117 20,78612
07-01-16 -3,67283 221117 19,12186
22-01-16 -4.14768 221117 10,1952
18-02-16 2,97735 221117 24,77031
03-03-16 -4.1189 221117 8,077575
17-03-16 -2,41487 221117 25,1698
31-03-16 -3,12494 221117 24,25578
14-04-16 -4.28539 221117 7,1043
05-05-16 -2,52102 221117 21,03891
19-05-16 -2,34541 221117 27,14982
02-06-16 -3,46326 221117 23,92091
15-06-16 -4.87322 221117 7,561809
14-07-16 -3,83662 221117 10,33134
04-08-16 -2,38254 221117 30,07117
25-08-16 -4.22994 221117 11,87251
09-07-15 JDW-5 -3,54359 2,21117 17,88723
23-07-15 -3,59619 221117 18,48329
06-08-15 -3,84278 221117 8,890616
20-08-15 -2,05189 221117 22,27522
03-09-15 -1,74336 221117 31,27213
01-10-15 -3,30337 221117 10,07421
15-10-15 -1,26002 221117 30,55458
29-10-15 223242 221117 27,58066
12-11-15 -3,34991 221117 10,11242
26-11-15 -1,36104 221117 34,14707
10-12-15 32747 221117 14,34755
07-01-16 -2,22092 221117 27,22219
22-01-16 -3,24263 221117 18,85328
18-02-16 -3,23049 221117 16,33944
03-03-16 -2,60805 221117 20,27388
17-03-16 -2,33108 221117 19,11779
31-03-16 -1,52343 221117 33,38991
14-04-16 -3,39624 221117 18,95554
05-05-16 -3,55818 221117 4,789396
02-06-16 -0,50667 221117 40,33221
15-06-16 -3,18636 221117 18,61935
30-06-16 -3,06405 221117 16,86893
14-07-16 240721 221117 26,64908
04-08-16 -3,46245 221117 17,08087




‘ 25-08-16 -3,24304 -2,21117 12,60044
Equation 2
Sample

Date Name Drip Water 880 (%) Calcite 380 (%0) | Calculated Temperature (°C)

09-07-15 | A1IDW-1 -3,37225 -4,59534 19,827947
23-07-15 | AIDW-1 -2,64556 -4,59534 23,171541
06-08-15 | A1IDW-1 2,408735 -4,59534 50,097042
20-08-15 | A1IDW-1 -2,03221 -4,59534 26,084496
03-09-15 | A1IDW-1 -4,46725 -4,59534 14,996921
01-10-15 | A1IDW-1 -3,77234 -4,59534 18,034778
15-10-15 | A1IDW-1 -2,7788 -4,59534 22,549912
29-10-15 | A1IDW-1 -3,3297 -4,59534 20,020611
12-11-15 | A1IDW-1 -2,87853 -4,59534 22,087158
26-11-15 | A1IDW-1 -3,9562 -4,59534 17,221657
10-12-15 | AIDW-1 -4,38348 -4,59534 15,358099
07-01-16 | A1IDW-1 -2,5532 -4,59534 23,604738
22-01-16 | A1IDW-1 -4,483 -4,59534 14,929166
18-02-16 | AIDW-1 -3,8694 -4,59534 17,604672
03-03-16 | AIDW-1 -4,17914 -4,59534 16,244813
17-03-16 | AIDW-1 -2,20647 -4,59534 25,248137
31-03-16 | A1IDW-1 -3,26895 -4,59534 20,296377
14-04-16 | AIDW-1 -4,1713 -4,59534 16,27899
05-05-16 | A1IDW-1 -2,48409 -4,59534 23,930151
19-05-16 | AIDW-1 -2,74525 -4,59534 22,706063
02-06-16 | AIDW-1 -0,66879 -4,59534 32,880211
15-06-16 | AIDW-1 -2,77183 -4,59534 22,582319
30-06-16 | A1IDW-1 -2,72162 -4,59534 22,816205
14-07-16 | AIDW-1 -2,10279 -4,59534 25,744918
04-08-16 | A1IDW-1 -1,4571 -4,59534 28,895364
25-08-16 | AIDW-1 -4,29315 -4,59534 15,749078
09-07-15 | A1IDW-2 -4,55684 -4,15753 12,696992
23-07-15 | AIDW-2 -4,48307 -4,15753 13,007414
06-08-15 | A1IDW-2 -2,01894 -4,15753 23,995397
20-08-15 | AIDW-2 -2,16322 -4,15753 23,31684
03-09-15 | A1IDW-2 2,294897 -4,15753 46,717297
01-10-15 | A1IDW-2 0,104098 -4,15753 34,551598
15-10-15 | A1IDW-2 -3,5678 -4,15753 16,944993
29-10-15 | A1IDW-2 -2,45292 -4,15753 21,968237
12-11-15 | AIDW-2 -1,62443 -4,15753 25,874898
26-11-15 | A1IDW-2 -3,23948 -4,15753 18,397547
10-12-15 | AIDW-2 -3,84686 -4,15753 15,727256
07-01-16 | A1IDW-2 -1,97352 -4,15753 24,209984
22-01-16 | A1IDW-2 -4,56899 -4,15753 12,645948




18-02-16 | AIDW-2 -2,22835 -4,15753 23,012035
03-03-16 | AIDW-2 -3,28563 -4,15753 18,192079
17-03-16 | AIDW-2 -2,62363 -4,15753 21,182159
31-03-16 | A1IDW-2 -4,38521 -4,15753 13,420793
14-04-16 | A1DW-2 -4,9603 -4,15753 11,016903
05-05-16 | A1IDW-2 -3,74197 -4,15753 16,183184
19-05-16 | A1DW-2 -3,97474 -4,15753 15,174328
02-06-16 | A1IDW-2 -4,38087 -4,15753 13,439137
15-06-16 | A1DW-2 -4,67153 -4,15753 12,216394
30-06-16 | AIDW-2 -2,88824 -4,15753 19,975981
14-07-16 | AIDW-2 -2,82431 -4,15753 20,266032
04-08-16 | AIDW-2 -2,70128 -4,15753 20,826652
25-08-16 | AIDW-2 0,572387 -4,15753 37,035328
09-07-15 | A1IDW-3 -2,6208 -4,59412 23,281614
23-07-15 | A1IDW-3 -2,49229 -4,59412 23,885589
06-08-15 | A1IDW-3 -2,08852 -4,59412 25,80746
20-08-15 | A1DW-3 -4,26552 -4,59412 15,863557
03-09-15 | A1IDW-3 -0,82784 -4,59412 32,05712
01-10-15 | AIDW-3 -1,04831 -4,59412 30,935863
15-10-15 | A1IDW-3 -1,60575 -4,59412 28,155084
29-10-15 | A1IDW-3 1,159755 -4,59412 42,759126
26-11-15 | AIDW-3 -2,15483 -4,59412 25,489283
10-12-15 | AIDW-3 -3,45762 -4,59412 19,436919
07-01-16 | AIDW-3 -2,74462 -4,59412 22,703166
22-01-16 | A1IDW-3 -3,40821 -4,59412 19,659804
17-03-16 | A1DW-3 -3,4164 -4,59412 19,622809
31-03-16 | A1IDW-3 -4,29619 -4,59412 15,730474
14-04-16 | AIDW-3 -3,39188 -4,59412 19,733541
05-05-16 | AIDW-3 -2,06537 -4,59412 25,918775
19-05-16 | AIDW-3 -2,78978 -4,59412 22,493054
02-06-16 | AIDW-3 1,258346 -4,59412 43,319716
30-06-16 | A1IDW-3 -1,0901 -4,59412 30,724705
14-07-16 | A1DW-3 -1,01596 -4,59412 31,099593
25-08-16 | A1DW-3 1,064846 -4,59412 42,222277
09-07-15 | A1IDW-4 -2,19637 -4,59412 25,290476
23-07-15 | AIDW-4 -1,10901 -4,59412 30,629312
06-08-15 | A1IDW-4 -1,14659 -4,59412 30,439999
20-08-15 | AIDW-4 -0,34102 -4,59412 34,577541
03-09-15 | A1IDW-4 0,63229 -4,59412 39,809741
01-10-15 | A1IDW-4 -0,8674 -4,59412 31,85499
15-10-15 | A1IDW-4 -2,0255 -4,59412 26,110775
29-10-15 | A1IDW-4 -1,19575 -4,59412 30,192882
12-11-15 | A1IDW-4 -2,02281 -4,59412 26,123783
26-11-15 | A1IDW-4 -0,33342 -4,59412 34,617364




10-12-15 | AIDW-4 -1,65576 -4,59412 27,909332
07-01-16 | AIDW-4 -4,0638 -4,59412 16,743472
18-02-16 | AIDW-4 -2,895 -4,59412 22,005185
03-03-16 | A1IDW-4 -3,00423 -4,59412 21,50128
05-05-16 | A1IDW-4 -0,80454 -4,59412 32,176318
19-05-16 | AIDW-4 3,222291 -4,59412 55,14802
19-05-16 | A1IDW-4 -2,63075 -4,59412 23,234996
02-06-16 | A1IDW-4 0,771145 -4,59412 40,578147
15-06-16 | A1IDW-4 2,744197 -4,59412 52,146814
30-06-16 | AIDW-4 -1,8235 -4,59412 27,089359
14-07-16 | AIDW-4 -0,61613 -4,59412 33,145583
09-07-15 | AIDW-5 -4,31679 -4,59412 15,641156
23-07-15 | A1IDW-5 -3,8935 -4,59412 17,492657
06-08-15 | AIDW-5 -3,73929 -4,59412 18,176099
20-08-15 | A1IDW-5 -1,53072 -4,59412 28,52493
03-09-15 | A1IDW-5 -1,00239 -4,59412 31,168376
01-10-15 | AIDW-5 4,050979 -4,59412 60,552868
15-10-15 | AIDW-5 -3,29086 -4,59412 20,191134
29-10-15 | A1IDW-5 -0,43183 -4,59412 34,102645
12-11-15 | A1IDW-5 8,955172 -4,59412 99,118996
26-11-15 | AIDW-5 -3,63276 -4,59412 18,651005
10-12-15 | A1DW-5 -4,58893 -4,59412 14,469325
07-01-16 | A1IDW-5 -3,262 -4,59412 20,322274
22-01-16 | AIDW-5 -4,44659 -4,59412 15,080482
18-02-16 | AIDW-5 -2,31591 -4,59412 24,720561
03-03-16 | AIDW-5 -3,69756 -4,59412 18,361867
17-03-16 | AIDW-5 -3,05794 -4,59412 21,254451
31-03-16 | A1IDW-5 -4,48121 -4,59412 14,931467
14-04-16 | A1DW-5 -4,15127 -4,59412 16,360921
05-05-16 | A1IDW-5 -4,30979 -4,59412 15,671504
19-05-16 | A1DW-5 -2,11442 -4,59412 25,683059
02-06-16 | A1IDW-5 -2,20754 -4,59412 25,23705
15-06-16 | A1DW-5 -3,58521 -4,59412 18,863744
30-06-16 | AIDW-5 -4,14906 -4,59412 16,370564
14-07-16 | AIDW-5 -3,00096 -4,59412 21,516309
04-08-16 | AIDW-5 0,781532 -4,59412 40,635855
25-08-16 | A1IDW-5 -2,91347 -4,59412 21,919797
09-07-15 | A2DW-1 -1,86065 -4,07974 24,364648
23-07-15 | A2DW-1 -0,3073 -4,07974 32,007427
06-08-15 | A2DW-1 3,101744 -4,07974 51,08268
20-08-15 | A2DW-1 0,722996 -4,07974 37,414021
03-09-15 | A2DW-1 -0,84355 -4,07974 29,302819
01-10-15 | A2DW-1 0,80076 -4,07974 37,833856
15-10-15 | A2DW-1 -1,96716 -4,07974 23,861401




29-10-15 | A2DW-1 -2,10597 -4,07974 23,209333
12-11-15 | A2DW-1 0,29482 -4,07974 35,132436
26-11-15 | A2DW-1 -1,80605 -4,07974 24,623616
10-12-15 | A2DW-1 -2,13611 -4,07974 23,06833
07-01-16 | A2DW-1 -2,65433 -4,07974 20,674859
22-01-16 | A2DW-1 -4,15635 -4,07974 14,052205
18-02-16 | A2DW-1 -3,33348 -4,07974 17,624169
03-03-16 | A2DW-1 -3,1067 -4,07974 18,632261
17-03-16 | A2DW-1 -2,63699 -4,07974 20,753992
31-03-16 | A2DW-1 -3,68962 -4,07974 16,061939
14-04-16 | A2DW-1 -3,43107 -4,07974 17,193553
05-05-16 | A2DW-1 -2,95568 -4,07974 19,309397
19-05-16 | A2DW-1 -3,52402 -4,07974 16,78521
02-06-16 | A2DW-1 -1,36318 -4,07974 26,749483
15-06-16 | A2DW-1 -3,10611 -4,07974 18,634866
30-06-16 | A2DW-1 -2,51061 -4,07974 21,332806
14-07-16 | A2DW-1 -1,95467 -4,07974 23,920283
04-08-16 | A2DW-1 -5,03978 -4,07974 10,360143
25-08-16 | A2DW-1 -2,21984 -4,07974 22,677659
09-07-15 | A2DW-2 -1,21391 -3,84984 26,3248
23-07-15 | A2DW-2 -0,86116 -3,84984 28,043635
06-08-15 | A2DW-2 -0,93176 -3,84984 27,697254
20-08-15 | A2DW-2 -2,18932 -3,84984 21,720841
03-09-15 | A2DW-2 1,214421 -3,84984 38,79405
01-10-15 | A2DW-2 -1,25183 -3,84984 26,141771
15-10-15 | A2DW-2 -0,92387 -3,84984 27,735944
29-10-15 | A2DW-2 -0,30381 -3,84984 30,820847
12-11-15 | A2DW-2 -1,25194 -3,84984 26,14125
26-11-15 | A2DW-2 -1,5751 -3,84984 24,594954
10-12-15 | A2DW-2 -1,65446 -3,84984 24,218869
07-01-16 | A2DW-2 -3,68186 -3,84984 15,069609
22-01-16 | A2DW-2 -3,74959 -3,84984 14,778352
18-02-16 | A2DW-2 -3,2799 -3,84984 16,81646
03-03-16 | A2DW-2 -3,48768 -3,84984 15,909551
17-03-16 | A2DW-2 -3,24936 -3,84984 16,950511
31-03-16 | A2DW-2 -4,33284 -3,84984 12,306313
05-05-16 | A2DW-2 -4,40688 -3,84984 11,99703
19-05-16 | A2DW-2 0,16537 -3,84984 33,219252
02-06-16 | A2DW-2 -2,43467 -3,84984 20,595803
15-06-16 | A2DW-2 -3,4363 -3,84984 16,133031
30-06-16 | A2DW-2 -1,41086 -3,84984 25,377822
14-07-16 | A2DW-2 -2,6571 -3,84984 19,586922
04-08-16 | A2DW-2 -3,20692 -3,84984 17,137058
25-08-16 | A2DW-2 -0,71754 -3,84984 28,752009




09-07-15 | A2DW-3 1,545257 -4,53084 44,5911
23-07-15 | A2DW-3 1,402202 -4,53084 43,768855
22-01-16 | A2DW-3 -2,02549 -4,53084 25,796806
25-08-16 | A2DW-3 -3,80069 -4,53084 17,614479
30-06-16 | ADW-4 -1,20453 -4,53084 29,821892
09-07-15 | JDW-1 -3,15134 -3,12116 14,124006
23-07-15 | JDW-1 -3,65488 -3,12116 12,000468
06-08-15 | JDW-1 -2,22594 -3,12116 18,153529
20-08-15 | JDW-1 -1,70517 -3,12116 20,497058
03-09-15 | JDW-1 10,38975 -3,12116 98,343327
01-10-15 | JDW-1 -1,8676 -3,12116 19,760008
15-10-15 | JDW-1 -1,21874 -3,12116 22,73791
29-10-15 | JDW-1 -1,99415 -3,12116 19,189632
12-11-15 | JDW-1 -2,58572 -3,12116 16,566862
26-11-15 | JDW-1 -2,22929 -3,12116 18,138644
10-12-15 | JDW-1 -2,36098 -3,12116 17,554909
07-01-16 | JDW-1 -2,46291 -3,12116 17,10556
18-02-16 | JDW-1 -1,64822 -3,12116 20,756789
03-03-16 | JDW-1 -3,17243 -3,12116 14,034128
17-03-16 | JDW-1 -1,37487 -3,12116 22,013056
31-03-16 | JDW-1 -2,72085 -3,12116 15,977563
14-04-16 | JDW-1 -3,6662 -3,12116 11,953265
05-05-16 | JDW-1 -4,21183 -3,12116 9,7057022
19-05-16 | JDW-1 -3,55383 -3,12116 12,422872
02-06-16 | JDW-1 -2,39739 -3,12116 17,394145
15-06-16 | JDW-1 -3,40181 -3,12116 13,061813
30-06-16 | JDW-1 -0,94359 -3,12116 24,028375
14-07-16 | JDW-1 -1,20134 -3,12116 22,819016
04-08-16 | JDW-1 -2,00955 -3,12116 19,120445
25-08-16 | JDW-1 -2,45388 -3,12116 17,145283
09-07-15 | JDW-2 -3,48967 -2,62964 10,586929
23-07-15 | JDW-2 -4,05287 -2,62964 8,3007749
06-08-15 | JDW-2 -4,37072 -2,62964 7,0346895
20-08-15 | JDW-2 -2,2918 -2,62964 15,640659
03-09-15 | JDW-2 -0,84791 -2,62964 22,106894
01-10-15 | JDW-2 -4,10979 -2,62964 8,0727529
15-10-15 | JDW-2 -2,96081 -2,62964 12,785221
29-10-15 | JDW-2 0,324077 -2,62964 27,687364
12-11-15 | JDW-2 -3,43343 -2,62964 10,818301
26-11-15 | JDW-2 -0,75265 -2,62964 22,548913
10-12-15 | JDW-2 -4,35313 -2,62964 7,1042815
07-01-16 | JDW-2 2,041817 -2,62964 36,46993
22-01-16 | JDW-2 -4,52695 -2,62964 6,4186044
18-02-16 | JDW-2 -3,98817 -2,62964 8,5606018




03-03-16 | JDW-2 -2,11956 -2,62964 16,389774
17-03-16 | JDW-2 -2,77351 -2,62964 13,576075
31-03-16 | JDW-2 -3,15549 -2,62964 11,970072
14-04-16 | JDW-2 -4,36812 -2,62964 7,0449729
05-05-16 | JDW-2 -4,24217 -2,62964 7,5446673
19-05-16 | JDW-2 -2,7298 -2,62964 13,761597
02-06-16 | JDW-2 -1,35624 -2,62964 19,781159
15-06-16 | JDW-2 -4,18611 -2,62964 7,7679489
30-06-16 | JDW-2 -2,33498 -2,62964 15,45378
14-07-16 | JDW-2 -3,84934 -2,62964 9,1205505
04-08-16 | JDW-2 -2,16042 -2,62964 16,211509
25-08-16 | JDW-2 -0,66391 -2,62964 22,96252
09-07-15 | JDW-3 -0,98134 -2,43268 20,561324
23-07-15 | JDW-3 -2,90072 -2,43268 12,186
06-08-15 | JDW-3 -3,13221 -2,43268 11,223574
20-08-15 | JDW-3 -2,64983 -2,43268 13,240181
03-09-15 | JDW-3 -5,39219 -2,43268 2,3121191
01-10-15 | JDW-3 -3,19744 -2,43268 10,95413
15-10-15 | JDW-3 -3,25603 -2,43268 10,712753
29-10-15 | JDW-3 -2,42157 -2,43268 14,209532
12-11-15 | JDW-3 -2,96322 -2,43268 11,925181
26-11-15 | JDW-3 -2,86588 -2,43268 12,331672
10-12-15 | JDW-3 -2,7849 -2,43268 12,671199
07-01-16 | JDW-3 -3,51933 -2,43268 9,635598
22-01-16 | JDW-3 -4,13727 -2,43268 7,1550598
18-02-16 | JDW-3 -3,03977 -2,43268 11,606709
03-03-16 | JDW-3 -3,70729 -2,43268 8,8741501
17-03-16 | JDW-3 -1,82092 -2,43268 16,808067
31-03-16 | JDW-3 -5,12793 -2,43268 3,3110917
14-04-16 | JDW-3 -3,11234 -2,43268 11,305798
05-05-16 | JDW-3 -3,15247 -2,43268 11,139792
19-05-16 | JDW-3 -0,94236 -2,43268 20,739148
02-06-16 | JDW-3 -0,69219 -2,43268 21,888062
15-06-16 | JDW-3 -0,13661 -2,43268 24,488611
30-06-16 | JIDW-3 -0,90718 -2,43268 20,89987
14-07-16 | JDW-3 -2,6153 -2,43268 13,386196
04-08-16 | JIDW-3 -3,99699 -2,43268 7,7124792
25-08-16 | JDW-3 -0,59745 -2,43268 22,326703
09-07-15 | JDW-4 -4,13937 -2,21117 6,2465876
23-07-15 | JDW-4 -1,98544 -2,21117 15,100491
06-08-15 | JDW-4 3,168541 -2,21117 40,2504
20-08-15 | JDW-4 -3,755 -2,21117 7,7668319
03-09-15 | JDW-4 -4,42797 -2,21117 5,1211747
01-10-15 | JDW-4 -3,31398 -2,21117 9,542091




15-10-15 | JDW-4 -3,01724 -2,21117 10,75571
29-10-15 | JDW-4 -2,43829 -2,21117 13,169189
12-11-15 | JDW-4 -0,94459 -2,21117 19,691966
26-11-15 | JDW-4 -3,23356 -2,21117 9,8694585
07-01-16 | JDW-4 -3,67283 -2,21117 8,0950462
22-01-16 | JDW-4 -4,14768 -2,21117 6,2139841
18-02-16 | JDW-4 -2,97735 -2,21117 10,920026
03-03-16 | JIDW-4 -4,1189 -2,21117 6,3269292
17-03-16 | JDW-4 -2,41487 -2,21117 13,268128
31-03-16 | JDW-4 -3,12494 -2,21117 10,313426
14-04-16 | JDW-4 -4,28539 -2,21117 5,6754808
05-05-16 | JDW-4 -2,52102 -2,21117 12,820562
19-05-16 | JDW-4 -2,34541 -2,21117 13,562126
02-06-16 | JDW-4 -3,46326 -2,21117 8,9374487
15-06-16 | JDW-4 -4,87322 -2,21117 3,411326
14-07-16 | JDW-4 -3,83662 -2,21117 7,4419414
04-08-16 | JDW-4 -2,38254 -2,21117 13,404845
25-08-16 | JDW-4 -4,22994 -2,21117 5,8919207
09-07-15 | JDW-5 -3,54359 -2,21117 8,6136349
23-07-15 | JDW-5 -3,59619 -2,21117 8,4022502
06-08-15 | JDW-5 -3,84278 -2,21117 7,4174387
20-08-15 | JDW-5 -2,05189 -2,21117 14,81466
03-09-15 | JDW-5 -1,74336 -2,21117 16,149082
01-10-15 | JDW-5 -3,30337 -2,21117 9,5852198
15-10-15 | JDW-5 -1,26002 -2,21117 18,277424
29-10-15 | JDW-5 -2,23242 -2,21117 14,042362
12-11-15 | JDW-5 -3,34991 -2,21117 9,3962106
26-11-15 | JDW-5 -1,36104 -2,21117 17,828716
10-12-15 | JDW-5 -3,2747 -2,21117 9,7018409
07-01-16 | JDW-5 -2,22092 -2,21117 14,091373
22-01-16 | JDW-5 -3,24263 -2,21117 9,8324969
18-02-16 | JDW-5 -3,23049 -2,21117 9,881978
03-03-16 | JDW-5 -2,60805 -2,21117 12,455127
17-03-16 | JDW-5 -2,33108 -2,21117 13,622926
31-03-16 | JIDW-5 -1,52343 -2,21117 17,111738
14-04-16 | JDW-5 -3,39624 -2,21117 9,2084302
05-05-16 | JIDW-5 -3,55818 -2,21117 8,5549554
02-06-16 | JDW-5 -0,50667 -2,21117 21,690388
15-06-16 | JDW-5 -3,18636 -2,21117 10,062129
30-06-16 | JIDW-5 -3,06405 -2,21117 10,563244
14-07-16 | JDW-5 -2,40721 -2,21117 13,300521
04-08-16 | JDW-5 -3,46245 -2,21117 8,940699
25-08-16 | JDW-5 -3,24304 -2,21117 9,8308257




Appendix F
Hydrochemistry

Electro-conductivity (US/cm)

Jul-15 |  Aug-15 Sep-15 Oct-15 | Nov-15 Dec-15 Jan-16 Feb-16 | Mar-16 Apr-16 | May-16 Jun-16 Jul-16 | Aug-16
JDW-1 267,0 233,5 254,0 251,2 256,8 287,9 249,0 272,8 237,5 2479 274,3 289,9 345,8
JDW-2 277,5 235,5 228,1 249,3 252,1 270,3 227,2 261,8 2434 249,5 246,1 251,2 253,5
JDW-3 271,8 284,8 272,7 275,0 269,6 257,5 298,2 270,4 283,3 265,0 300,3 271,8 347,0 287,1
JDW-4 262,9 268,4 272,1 271,2 281,5 277,3 269,5 283,7 274,0 280,7 276,0 269,3 275,7
JDW-5 318,3 287,3 287,0 279,3 279,8 295,8 309,9 265,5 272,9 265,6 286,4 255,6 256,9 267,7
AlDW-1 319,8 203,2 317,0 290,0 307,3 326,2 345,6 293,7 293,8 322,3 3249 306,7 310,1 282,5
A1DW-2 337,5 290,2 321,0 315,7 300,4 2775 330,9 294,0 295,2 325,5 322,1 314,0 290,9 299,7
A1DW-3 3144 289,9 271,6 261,4 247,1 2718 237,7 301,0 279,9 246,5
A1DW-4 314,0 287,4 274,1 285,4 238,4 282,1 289,8
A1DW-5 312,2 294,4 344,6 302,6 330,0 335,7 297,0 311,6 289,1 318,1 282,1 296,3 3154
A2DW-1 201,9 310,6 214,1 228,0 2135 202,0 2155 212,6 220,8 215,8 2113 212,8 207,5 2147
A2DW-2 197,9 195,2 208,9 204,5 201,8 212,3 227,7 206,0 215,0 203,0 227,6 206,0 197,2 210,1
A2DW-3 242,5

pH

Jul-15 Aug-15 Sep-15 Oct-15 Nov-15 Dec-15 Jan-16 Feb-16 Mar-16 Apr-16 | May-16 Jun-16 Jul-16 Aug-16
JDW-1 7,75 7,98 7,91 7,72 7,99 7,84 7,86 7,72 7,82 7,91 7,67 7,93 8,05
JDW-2 7,77 7,93 7,75 7,89 7,95 7,84 7,97 7,83 7,90 7,71 7,90 7,98 7,83
JDW-3 7,74 7,83 7,82 7,84 7,81 8,00 7,89 7,98 7,79 7,92 7,79 7,88 7,87 7,78
JDW-4 7,83 7,88 7,93 7,86 7,78 7,96 7,96 7,79 7,93 7,73 7,93 7,87 7,98
JDW-5 7,70 7,84 7,89 7,82 7,76 7,87 7,84 7,86 7,79 7,87 7,77 7,86 7,60 7,91
A1DW-1 7,81 7,89 7,84 7,80 7,78 7,84 7,80 7,94 7,72 7,73 7,83 7,98 7,88 8,02
A1DW-2 7,82 7,98 7,83 7,76 7,78 7,98 7,86 8,03 7,74 7,81 7,93 7,86 8,00 8,02




A1DW-3 7,76 7,85 7,87 7,86 7,81 7,89 7,87 7,57 7,98 8,02

AlDW-4 1,77 7,86 7,93 7,84 8,02 7,89 7,83

A1DW-5 7,91 7,37 7,78 7,80 7,79 7,83 7,99 7,76 7,94 7,80 7,93 8,01 7,94
A2DW-1 7,83 7,88 7,91 7,86 7,86 7,99 7,98 7,89 7,77 7,82 7,95 7,85 8,03 7,99
A2DW-2 7,82 7,88 7,61 7,83 7,84 7,82 8,00 8,03 7,73 7,94 7,77 7,92 7,93 7,86
A2DW-3 7,82




Appendix G

Local Climatic Data

Temperature

Legend

*** indicates that data is missing or not yet available in the current month

Temperatures in °C

Day JAN FEB MAR APR MAY JUN JUL AUG SEP OoCT NOV DEC
1 25,6 25,2 24,6 24 15,9 20,3 15,9 18 20,1 28 il 27,6
2 25,1 25,6 24,4 25,8 14,9 20,5 16,2 7,3 21,5 26,1 il 27,5
3 22,1 27,6 26,7 23,7 17,1 17,9 17 9,6 23,6 24,9 il 29,2
4 23,5 25,8 17,5 23,4 20,1 16,9 18,4 12,3 20,6 24,3 26,8 29,2
5 25 28,2 19 25,1 20,5 20,3 19,9 12,7 20,2 24,3 26,7 26,8
6 21,2 21,3 20,7 24,9 22,2 21,9 22 18,2 22,7 26,4 20,8 28
7 26,8 22,7 244 25,7 17,5 21,6 17,7 21,3 21 26,7 22,7 30,1
8 26,2 20,2 26,4 24,8 16,5 19,8 17,6 24 20,7 22,5 26,1 26,3
9 20,9 23 26,6 20,8 16,9 19,6 18,5 23,8 22,6 23,1 27,6 30,3
10 19,4 26 26,9 15,8 18,5 19,9 21,1 18,7 24,9 24,1 27,8 29,1
11 24,8 22,6 26,1 20,5 19,5 17,8 19,9 20 25,7 23,3 31,1 20,5
12 23,2 24,1 25,3 20,8 214 21 19,8 24 26,1 24,4 26,7 254
13 25,7 24,9 20,6 ekl kel 22,7 19 22,5 23,2 255 17,9 29,1
14 26,6 26 17,7 ekl 20,9 15,7 174 215 24 26 26,8 30,9
15 26 25,7 22,5 ekl 20,6 16,5 19,3 20,4 25,6 26,8 28,8 32,7
16 26,8 27 15,1 ekl 20,8 16,7 19,1 13,5 25,2 28 25,6 31,2




17 27,1 27,9 il ekl 20 17 18,9 18,9 18,8 28,7 23,4 28,3
18 26,8 28,1 il 15 20,7 18,1 21,3 19,5 16,3 27,3 23,8 30,3
19 27,4 27,9 il 18,5 15 17,3 21,1 215 21,1 23,9 17,3 il
20 24,8 28,6 il 22,4 11,9 17,9 20,3 215 22,3 27,8 21,4 kel
21 24,6 26,4 falalel 22,2 11,6 194 20,6 18,3 22 27 25,9 24,1
22 24,3 25,8 il 20,6 14,2 17,6 19,1 19,4 21,3 29,9 21,7 254
23 24,8 23,8 il 19,5 14,8 15,9 18,8 16 25,6 30 26,2 25,4
24 19,2 25,4 19,5 17,8 13,8 18,4 19,9 15,4 27,2 32,7 26,6 27,1
25 26,5 26,5 18,1 18,1 14,7 17,9 22,3 15,5 26,5 33,1 29,8 okl
26 24,3 20,8 24,2 18,7 17,2 14,8 22,6 16,4 21,5 24,5 21,9 falalel
27 25,2 19,3 24,5 19,4 20,6 10,2 21,9 17,6 24,1 ekl 26,8 kel
28 25,1 24,6 18,9 20,5 21,2 115 21,8 19,8 24,9 il 29,7 falalel
29 27,3 kel 19,3 20,6 19,5 13,3 21,4 23,2 27,2 ekl 28,5 kel
30 26 okl 19,8 20 20,7 14,4 20,2 15 27,9 ekl 30,2 okl
31 26 kel 20,8 ekl 20,7 il 17,6 17,7 ekl ekl il il
Avg 25 25 22.1 21.1 18.0 17,8 19,6 18,2 23,1 26.5 25.7 27.9
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 ekl 25,7 30,5 12,3 22 20,6 17,7 22,7 28,7 21,1 24,1 25,2
2 ekl 27,7 30,3 24,9 22,6 14,8 14,4 23,8 31 20 27,6 21,2
3 26,2 28,3 30,2 23,9 24,1 17,9 13,5 24,5 29,3 23,7 27,4 21,2
4 ekl 30,8 30,3 24,2 23,4 17,7 13,2 23,2 29,7 25,6 28,5 24,4
5 il 30,5 30,3 24,5 23,4 19,3 13,2 16,9 30,5 23,5 28,2 26,7
6 ekl 31,2 30,4 26,8 23,5 14,3 15,3 16,5 30,6 17,9 251 24,8
7 ekl 25,6 27,5 24,5 25 13,5 16,9 12 25,5 24 22,3 21,8
8 27,9 29,5 22,9 24 24,5 15,1 16,5 17,9 26,2 27,5 21,9 20,5
9 27,4 30,3 24,7 23,8 24,2 16,6 16,6 19,8 29,1 16,8 28,3 24,2
10 26,7 28,1 24,8 25,2 24,7 18,7 18,1 214 29,7 219 27,4 26,8




11 28,7 22,8 28,3 27,6 23,1 215 18,5 23 29,4 14,3 26,5 28,3
12 30,3 25 28,9 16,4 24,7 21,9 19,7 24,4 31,4 23 28,6 27
13 30,4 24,8 29,4 ekl 25,1 21,9 20,7 23,1 31,3 24,4 30,4 25,3
14 29,4 28,3 29,7 falekel 25 19,7 19,6 25,2 28,8 25,8 31,5 26,6
15 25,2 29 30,4 el falalel 18,5 22,3 18,6 27,3 27,6 31,8 28,1
16 21,5 31,6 30,8 21,2 kel 19,6 20,9 17,8 30,2 25,6 27,8 23
17 21,7 28,3 29,7 26,7 23,8 19,2 21,6 19,5 26,2 28,1 26,8 251
18 26,7 29 27,1 16 24,3 20,2 19,1 19,6 26,8 25,2 16,8 22,3
19 ekl 30,6 23,8 23,3 24,3 20,2 20,3 22 28,4 21,3 28,4 19,7
20 24,3 30,9 27,3 24,6 23,1 18,8 19,8 24,6 29,1 21,7 28,6 22,8
21 ekl 31,5 30,1 26 10,1 18,9 21,8 27,9 30,1 24 24,5 27,2
22 26,5 32,3 29,5 25,2 9,7 18,7 214 28,2 30,9 24 26,7 29
23 29,6 29,7 27,1 24,5 12,3 17,3 23,2 25,8 28,6 25,6 26,2 28,7
24 28,5 30,1 25,2 24,1 15,3 17,7 22,9 23 28,9 25,8 24,2 28,8
25 27,1 30 25,7 25,4 16,4 17,8 22,9 19,5 23,1 15,8 26 24,6
26 28,7 26,9 25,8 26,7 17 18,6 19,9 18,6 18,6 12,2 20,2 275
27 28,4 28,8 21,9 26 19,2 74 22,4 22,8 14,5 14,1 21,7 28,7
28 25,7 30,2 22,7 15 20 15,9 13,3 20 18,5 23,9 19,2 26,3
29 28,8 okl 23,1 16,5 21,6 18,9 16,7 22,9 22,3 24,4 17,2 26,7
30 29,6 kel 22,6 22,2 21,4 20,1 18,7 26,1 21,1 25,6 19,6 27,1
31 25,1 okl 23 ekl 22,6 il 23,2 27,8 ekl 22,2 il 29,3
Avg 271.7 28,8 21,2 23.2 21.3 18 18,8 21,9 27,2 22,5 25,7 25,6
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 30,6 28,9 25,4 24 22,9 22,3 19,5 23,4 19,8 31,1 30,8 24,9
2 29,7 28 28,6 23,4 16,8 20,5 19,5 22,9 23,3 28,9 31,2 29,7
3 31,7 28,5 28,2 22,2 12,8 19 20,3 22,3 25,8 30,1 31,4 30
4 22,6 27,3 28,6 25,7 15,5 15 20,2 16,1 24,2 26 21,7 27,8




5 26,5 25,6 26,2 23,8 19,5 17,4 16,9 20,7 28,6 26,4 il 21,7
6 26,8 26,3 25,6 24,6 23,5 19,8 14,4 22,5 26,7 23,7 il 27,1
7 26 27,8 25,8 24,4 24,5 21,6 18,7 22,4 21,7 24,2 il 24,7
8 28,1 26 24,7 24,1 24,2 20,9 21,5 22,7 31,2 27,2 ol 29,8
9 17,5 24,5 255 22,4 24,2 16,3 21,7 21,9 31,8 26,1 16 29,7
10 15 23,9 27,6 23,6 23,4 14,3 12,5 215 30,5 26,9 22,5 28,8
11 17 24,8 27,6 22,5 25,3 16,6 12,7 19,8 259 26,8 19,1 29,3
12 22,9 25,8 21,7 22,3 22,3 19 10,9 19,7 19,7 29 24,1 29,1
13 27 24,2 26 22,2 24 20,4 154 21,9 20,5 31,3 24,4 28,1
14 28 25,1 20,2 20,7 24,5 20 17,7 23,4 22,5 32,2 25,6 27,4
15 21,6 21,7 20,8 21,6 24,3 22,1 18,9 23,6 25,1 28,8 26,9 255
16 29,2 27,8 15,3 23,8 24,4 17,7 21,3 23,2 28,7 28,8 29,6 24,3
17 27,2 28,3 11,4 26 25,2 15,3 20 16,8 28 30 27,9 274
18 21,5 29,5 145 25,8 20,4 17,9 16,7 16,1 23,8 28 25,7 27,3
19 20,5 29,6 22,8 251 19,8 il 18,2 16,9 27,4 26,7 22,8 29
20 19,3 28,2 23,9 22,1 18,4 il 18,9 23,9 22,9 28,6 23,9 30,1
21 21 28,3 22,5 14 19,2 falalel 19,6 24,2 17,6 28,4 23,3 32
22 20,8 28,4 21 18,9 20,5 20 20 26,1 23,9 30,2 25,7 30,6
23 22,3 28 24,4 21 19,8 20,2 18,3 26,5 27,3 23 28,8 31
24 21,6 27,6 24,3 21 17,6 17,8 16,8 25,2 24,8 22,6 31 255
25 22,9 27,7 25,8 22,6 12,9 20,1 17,9 26,3 26,1 24,8 31,6 26,4
26 25 17,9 25,9 23,6 18,1 19,9 18,8 25 29,1 22,8 28,5 25,3
27 255 kel 25,8 24,7 16 20 20,2 25,8 24,6 25,8 28,4 274
28 27 28,7 26,4 23,8 20,3 19,6 20,1 24,9 20,4 28,6 29,1 25
29 26,5 27,2 24,5 22,2 20,8 19,7 17,8 25,7 25,7 29,7 30,7 28,7
30 27,6 okl 22,5 22 20,6 18,9 22,1 26,8 29,3 27,8 29,2 31,2
31 28,9 kel 24,2 ekl 21,6 il 22,7 23,2 ekl 30,3 il 30,1
Avg 24,6 26.8 24 22,8 20,8 19.0 18,4 22,6 25,4 27,6 26.8 28,1
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC




1 27,5 25,6 24,8 24,1 21,6 19,3 15,8 11,8 27,8 24,1 24,6 26,4
2 28,2 21,2 25,6 26,2 19,7 22,1 154 13,3 27,9 23,9 25,4 255
3 28,4 24,8 26,9 24,8 17,8 22,1 16,4 16,6 28,3 23,1 23,6 28
4 30,2 22,5 25,7 23,8 23,7 23,3 13,1 19,7 27,5 20,6 19,7 28,6
5 28,8 20,5 24,1 24,6 24,7 23,3 14,5 22,6 21,7 20,3 25,2 28,1
6 28,8 26,2 25,7 26,5 21,3 23,2 16 23,5 26,8 28 27,8 27,4
7 30,7 25,8 26,8 23,3 23,5 23 17 212 27,4 30,4 23,8 29
8 29,4 26,6 28 24,7 21,3 14,7 17,5 20,7 28 32 28,2 26
9 29,2 27,5 25,8 25,2 17,6 14,6 20,1 214 27,8 30,4 24,4 25,3
10 24,5 26,1 22,3 25,6 18,6 10,8 21,2 23,3 21,2 29,9 26,8 275
11 26,7 25,4 22,1 25,1 19,7 12,1 20 24,5 23,4 22,4 27,8 26
12 25 20,2 25,7 27,1 20,4 17,3 18,7 23,6 24,2 25,1 29,4 255
13 22,7 23,8 23,6 26,8 20,1 18,7 19,9 17,8 25,2 27,6 29,6 29,7
14 28,1 26,2 25,3 215 19,5 21,1 14,7 18,4 29,2 27,8 28,6 18,9
15 27,3 26,8 22,4 25 20,6 22,4 16,7 20,1 29,1 27,9 28,8 214
16 29,4 28,1 24,8 26,1 18,2 20,2 15,1 19,7 30,7 29,5 26,5 30,7
17 29,6 28,3 275 25,3 17,7 19,3 17,1 17,1 30,1 26,3 14,3 31,6
18 28,5 27,2 23,8 26 20,2 19,6 174 17,5 23 26,6 12,7 32,8
19 28,9 28,8 23 26,8 22,8 17,1 18,2 18,2 24 27 18,4 31,4
20 26,1 27,9 21,1 26,6 20,2 16,7 17,5 14,9 22,4 24,8 11,9 28,2
21 26,8 28,8 23,1 16,9 16,3 19,3 17,4 20,7 26,3 29,7 18,9 22,1
22 22,7 21,7 23,6 19,1 20,5 20 17,4 20,3 27,5 28,1 24,2 29,7
23 23,4 25,5 26,2 21,3 21,7 16,6 15,3 22,3 24,2 27,6 26,3 30
24 26,4 21,3 25,7 22,2 21 14,6 11,6 21,3 26,4 27,8 27,3 30,7
25 27,3 25,7 26,7 23,7 22,4 17,9 13,2 20,8 20,7 25,8 28 29,6
26 26,8 27,8 28,1 21,9 22,4 12,6 16 23,7 27,6 25,5 30,6 275
27 27,3 24,8 27 21,7 21,9 16,5 17,1 215 29,2 24,4 29 28,5
28 21,2 24,9 28,4 24,7 22,4 17,5 16,6 214 29,4 26,3 28,4 251




29 20,3 kel 27,1 26,1 22,2 15,9 18,4 24,2 18,4 25,8 27,9 29,4
30 23,1 okl 25,9 25,5 20,6 14,7 19,1 26,8 20,2 23 27,2 27,4
31 21,6 kel 21,7 ekl 18,6 il 19,8 27 ekl 20,5 il 29,4
Avg 26,8 25,8 25,3 24,3 20,6 18,2 16,9 20,5 26,1 26,2 24,8 21,7
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 29,6 21,2 27,8 20,1 20 17,4 17,7 20,6 27,2 29,2 26,7 27,9
2 27,2 29 29,3 17,5 21 18,1 15,6 21,4 28,7 30,5 27,5 29,8
3 23,9 28 25,6 24,6 14,7 19,1 17,8 22 26,6 31,7 29,4 24,8
4 25,4 27,4 24,7 23,9 20 19,6 15 21,2 27,1 31,5 30,2 30,2
5 18,4 26,8 244 19,7 22,5 21,2 15,7 214 28,8 27,7 28,4 31,6
6 25,4 27,5 26,2 22,6 23,6 23,6 17,4 21,8 29,2 28,3 29 30,3
7 29,8 28 24,8 23,9 22,3 23,1 19,4 20,5 29 28,6 28,2 24,4
8 255 29,7 24,8 25,7 23,4 22,9 17,6 22,1 25,7 29,3 21,2 275
9 24,2 28,3 26,8 21,6 22,9 19,5 17,1 19,2 26,5 31,8 20,8 21,7
10 24,8 28,1 28,7 26,9 23,1 18,1 19,6 15,5 26,5 30,8 23,3 29,7
11 26 29,6 30,7 22,4 21,7 16,9 20 14,7 21,8 31,5 26,3 29,4
12 27 31,2 31,4 26,3 21,7 19,3 10,8 16 259 31,6 30,4 20,2
13 26,1 32,8 30,9 21,5 19,8 21 13,3 19,1 28,6 23,9 33 21,8
14 25,1 27,3 28,5 26,2 23 20,3 15,8 23,9 28 21,8 30,7 23,1
15 26,4 27,6 27 25,7 239 115 16,8 254 28,2 23,6 21 falalel
16 21,7 27,8 25,3 25,4 21 10,7 11,8 25,3 30,4 22,1 24,6 24,1
17 21,7 26,2 21,6 24,6 21 12,4 19,4 22,5 23,1 21 23,9 28,6
18 22,2 26,4 28 25,6 22,8 15 18,5 24,2 25,1 25,7 16,3 29,3
19 21,7 27,6 25,4 23,5 23,1 14,4 18,9 255 27,4 27,4 24,1 28
20 23,9 26,4 251 20,6 21,6 17,7 19,1 19,6 27,8 29,5 29,3 24,9
21 20,4 27,9 25,6 20 21,1 18,8 18,1 214 27 30 29,1 24
22 25,3 27,8 24,1 21,7 21,2 19,6 19,5 25,7 24 29,3 26,1 28,1




23 26,9 26,4 26,1 22,5 21,8 17,6 19,9 21,6 28,1 28 29 29,8
24 26,3 26,2 19,1 13,2 23,1 20,1 19,4 21,7 28,8 28,3 24,8 28,7
25 21,7 19,9 26,9 16 23,3 22,7 21 20,5 28,8 26,9 24,6 31,2
26 251 24,4 274 13,5 22,3 25,2 20,8 21,8 28,4 28,1 25,3 25,9
27 24,8 23 26 14,2 214 22 22,1 25,8 24,1 27,6 28,2 251
28 21,2 26,5 28 21,1 23,1 14,8 21,8 26,3 17,6 26,5 29,4 kel
29 27,5 okl 20 22,5 21,1 16,7 21,8 27,5 23,2 21,7 31,7 okl
30 24,7 kel 25,3 22,8 13,9 18,7 18,3 25,9 27,3 30 24,8 27
31 26,3 okl 26,6 ekl 15,3 il 18 25,3 ekl 30,3 il 27
Avg 25,7 27,3 26,4 22,1 21,3 18,6 18 22,1 26,6 28,1 26,8 27.1
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 22,5 25,2 27,4 27,5 18 15,6 16,7 18,3 25,4 22,7 23,6 25,4
2 26,5 23,9 27,5 255 20,4 19,7 19,9 17,1 27,5 19 25,2 275
3 27,4 25 29,4 27,1 19,9 22,1 19,6 17,3 25,1 22,8 25 31,8
4 27,6 24,9 28 25,6 23,5 21,3 13,5 19 25,6 22,1 28,1 26,1
5 25,3 25,4 27,6 18,5 22,4 22,3 9 215 27,2 22,1 25,7 26,6
6 23,7 26,4 28,2 16,7 22,2 21,3 14,7 20,1 27,4 20,6 28 30,1
7 23,1 28,1 28 23,3 17,9 19 15,5 16,7 27,8 22,7 26,5 33,3
8 22,6 28,3 28,2 23 22 13,3 15,5 21,1 26,2 25,2 30 29,8
9 23,1 28,3 28,5 22,8 20,5 9,4 15,1 21,3 27,1 26,3 33,4 18,2
10 27,1 28,2 28,4 24,9 20,9 14,9 13,9 215 29,2 21,7 33,2 20,7
11 26,3 28,4 29,8 23,6 22,2 20,5 16,5 23,1 25,1 27,4 31,4 26,4
12 26,9 29,6 30,9 ekl 22,1 19,4 16,7 25 25,5 28,6 32,2 29,8
13 21,7 25,1 28,7 ekl 21,8 19,2 154 24,9 26 27,6 33,8 30,4
14 22,5 27,4 20,7 ekl 18,6 19,1 15 21,6 25,3 27,5 29,7 25,8
15 24,4 27,3 26,8 falekel 21,7 18,6 16,1 11,2 25,2 28,9 27,8 29,6
16 23,3 26,8 24 el 21,2 20,9 16,8 12,4 23,8 29,1 30,3 30,8




17 24 24 26,2 ekl 22,5 14,7 18 15,5 22,4 25,9 32,9 29,1
18 22,6 21,6 27,6 145 22,7 16,8 18,5 17,1 26,6 24,5 31,2 30,5
19 27,5 25,4 20,9 20,5 21,6 19,8 20,4 19,4 25,7 25,8 30,5 32,9
20 21,6 28,2 23,3 20,5 20,9 20,1 21,6 22,5 23 21,6 24,1 30,9
21 21,2 26,3 25,7 20,6 219 20,2 22,7 23,6 25,6 24 25,8 32,2
22 26,8 25,7 26,8 21,8 22,5 19,7 22 23,8 25,8 28,1 25,3 29
23 27,4 26,3 29 18,2 22,3 19,6 21,1 24 26,4 33,7 33,3 29,9
24 26,5 25,9 29,4 18,4 23,4 10,6 20,3 18,7 17,2 35,3 23,8 22,2
25 24,3 25,7 27,4 23,2 17,1 9,8 18 23,4 22 33,3 24,4 21,7
26 23 25,4 23,5 21,1 13,3 15,8 11,4 27,9 25,7 33,2 25,8 25,8
27 255 25,8 20,2 20,3 16,6 17,5 16,7 275 29,2 30,2 27,1 24,2
28 27,9 28,2 26,3 18,8 16,8 194 16,3 18,2 28,3 30,5 27,6 29,1
29 27 kel 26,3 20,4 20,5 20,1 10,3 22,2 29,1 26,7 27,4 27,6
30 28,3 okl 28,8 21,3 20,5 20,6 16,8 25,4 27,7 27,6 24 27
31 26,8 kel 28,2 ekl 14,4 il 17,2 26,4 ekl 28,2 il 25,2
Avg 25,6 26,3 26,8 21.6 20,4 18 16,8 20,9 25,8 26,7 28,2 27,9
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 29,6 30,1 27,3 21,8 28,7 21,2 23,5 16,8 24,8 27 19 20
2 31,9 30,3 27,3 21,4 27,7 20,9 22,8 20,6 23 29,5 21,3 20
3 33,5 30,1 27,9 23,5 27,1 22,2 22,5 21,6 259 30,3 24,3 20
4 32,1 31,5 31,2 25,2 28,5 20,2 21,9 23,2 26,4 32,6 28,5 25,6
5 33,3 28,9 30,9 24,7 29,3 194 23,4 22,7 16,2 32,1 32,1 21,7
6 32,1 27,2 25,7 23,6 26,7 20,6 20,3 18 11,7 31,6 32,5 24,7
7 30,1 27 21,2 22,8 27 21 20,2 51 14 31,8 30,8 27,1
8 29,8 31 27,3 24,6 23,6 21 16,8 12,5 18,5 26,9 22,6 30,1
9 25,3 25,4 29,6 24,9 25,4 10,5 19,8 16,8 23,2 22 21,2 29,3
10 29,9 23,5 29,8 22,2 25,1 12,9 20,7 20,4 24,7 26,5 26,9 254




11 31,3 28,5 28 23,5 25,4 16,3 21,1 22,1 24,7 24,6 26,2 22,2
12 30,9 29 27,1 23,2 23 20,5 19,8 13,4 23,7 17,7 26,7 22
13 29,3 30 29,4 22,3 22,2 22 18 18,4 25,1 21,5 29,5 24,9
14 26,7 30,9 29,6 22,5 23,3 17 14,4 21,1 26,1 22,8 27 21,7
15 21,7 31 19 23,6 21,5 16,1 12,3 24,8 14,7 23,5 28,2 26,2
16 21,7 31,6 19 24,7 20,7 16,4 14,9 23,3 18,6 28,4 31,8 28,1
17 26,7 31,1 26,9 24,7 23,4 15,2 19,3 22,7 20,4 24,9 31,7 28
18 25,2 28,7 27,5 24 22,8 20,8 19,2 17,3 26 27,6 29,4 27,1
19 28,5 29,7 26,1 23,4 24,5 19,7 20,3 21,6 27,9 30,4 31,6 26,7
20 29,5 28,2 28,1 25,6 22,1 20,5 21,5 26,5 28,5 24,2 33,2 28,5
21 30,4 30,2 26,8 25,3 18,6 16,5 22,5 27,3 25,9 23,8 32 25,9
22 29 30,7 28,5 23,4 18,8 15,3 23,3 26,9 23,8 26,7 27,1 27,5
23 29,7 29,7 27,4 20,6 21,7 18,1 21,8 28,8 24 24,9 27,8 29,3
24 29,3 26,6 27,8 18,3 24 13,8 18,8 29 23,5 17,6 19,9 30,7
25 27,9 27,4 26,6 15,2 22,7 13,5 20,8 28,8 25,2 20 23,5 29,8
26 28,4 28,5 275 21,9 23,1 17,6 21,2 28,3 25,6 24,9 26,9 24,7
27 30,3 28 28,1 24,3 20,7 21,6 21,2 23,6 28,4 26,9 28,4 26,2
28 29,9 27,6 24,8 26,9 18,6 21,2 21,1 24,1 27,3 24,5 27,1 29,1
29 28,4 27,4 24 27,2 19,9 23,4 19,8 25,7 19,4 24,1 29,5 30,6
30 30 kel 21,7 28,3 22 24,8 20,4 27 25,6 26,4 29,2 31
31 32,7 okl 21,4 ekl 20,7 il 19,9 27,8 ekl 22,5 il 27,4
Avg 29,6 29 26,8 23,5 23,5 18,7 20,1 22,1 23,1 25,7 27,5 26,6
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 29 27,3 24,7 26 23,8 23,9 23,6 19,1 17 22,6 26,5 25,4
2 26,5 29,4 23,9 26,9 24,1 23,5 22,7 il 21,6 27,8 25,7 255
3 27,1 31,4 27,6 22,5 24,4 22,9 23,2 okl 25,1 30,3 23,7 24,2
4 30,8 30 28,7 18,4 20,5 24,7 214 falalel 26,5 29,5 28,5 28




5 24,6 26,3 28,4 22,1 20,1 23,7 14,6 15,9 25 30,7 30,1 26,6
6 27,9 25,2 30,5 25,5 20,8 22,9 16 18,5 25,8 32 30,4 23,6
7 30,4 30,1 25,2 21,5 19,6 23,9 21,6 20,9 25,7 28,1 28,4 24,2
8 31,2 29,4 27,2 28,7 21,2 23,4 23 22,8 28,4 25,8 30,8 24,7
9 32 28,6 31,1 29 23,7 15,2 22,7 19,7 30,4 29,9 31,1 24,6
10 33 26,8 251 21,5 23 16,1 18,3 19,1 28,9 30,3 29,8 16,9
11 27,4 27,9 23,4 18,6 18,2 18,5 16,9 19,5 29,6 31,8 28,7 255
12 26,8 27,6 24,3 18 20,6 20 17,9 16,3 25,9 33,3 29,1 26,5
13 28,4 28,5 25 20,1 22,1 21,4 18,7 23,4 27 27 31,7 29
14 30,6 31 23,4 25,5 22,5 22,3 20,1 21,9 29,5 24,5 31,3 29,3
15 30,1 31,4 25,9 27,1 21,3 19,2 18,9 22,7 30,3 26,3 30,6 31,2
16 26,3 27,8 27,3 28,5 23 18,2 21,5 20,8 31,4 30,4 29,8 31,1
17 26 28,6 30,3 28,5 22,2 19,2 22,5 26 30,3 29,5 30,8 27,8
18 21,7 28,1 28,8 20 19,6 16,6 17,1 18,9 30,6 29,2 32 27
19 24,1 31,7 30,5 15,9 18,5 18,7 18,5 19,7 28,5 27,5 29,5 23,9
20 20,6 32,1 28,2 12,6 20,4 21,3 18,8 20,6 29,1 14,2 29 25,6
21 27 29,6 29,4 19,5 21,7 21 19 23 20,7 19,1 22,4 28,8
22 28,1 30,3 32 21,8 22,1 21,8 17,8 20,8 15 21,8 23,6 29,7
23 31,6 32,8 31,4 23,3 22,5 19,3 18,9 18,9 22,5 21,8 27,4 28,1
24 32,7 30,8 28,1 21,6 23 19,9 22,6 23,2 30,9 21,7 25,7 22,4
25 34,4 24,6 28,4 24,3 23,6 21,8 22,5 25,4 31,4 25 26,5 21,3
26 30,3 30,3 24,5 24,5 24,3 23,7 22,8 23,1 31,3 26,1 29,4 24,6
27 29,4 32,3 23,2 25,6 24,4 23,6 23,9 24,4 29,6 26,9 29,6 24,8
28 30,7 30,7 25,8 25,8 23,7 20,2 23 26,2 28,3 20,7 23,6 27,3
29 28,1 kel 27,4 25,7 23,3 22,3 19,8 25 25 24,6 22,5 20,1
30 27 okl 26 22,7 25,2 23,9 17,7 26,1 17,4 28,3 30 25,7
31 29,9 kel 24,3 ekl 25 il 18,4 12,9 ekl 28,2 il 28,7
Avg 28,5 29,3 27,1 23,5 22,2 21,1 20,1 21.2 26,6 26,6 28,3 25,9
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC




1 28,8 28,1 22,9 23,3 26,8 26,7 21,3 22,8 21,1 24,9 27 27,6
2 31,3 29,4 18,5 25 28,1 25,8 18,8 22,1 22,3 24,2 20,9 28,3
3 31 21,5 20,5 25,9 28,2 24,5 19,8 20,8 22,9 24,9 23,1 28,6
4 30,5 26,1 21,1 24,1 26,1 23,4 18,8 20,3 23,9 22,3 24 30,7
5 29,5 21,2 21,2 25,9 255 22,6 20,7 23,2 24 25 25,2 31,9
6 24,8 28,1 26,2 24,5 20,2 11,8 20,4 24,8 26,3 26,5 26,7 29,1
7 27,4 21,7 25,6 24,5 21,1 17 17,1 24 28,8 27,5 29 29,1
8 26,8 29,1 26,5 23,5 22,4 18,5 11,6 20,6 31 31 28,1 25,7
9 29 26,2 24,2 21,6 25,1 20,3 13,3 17,7 28,7 32 29,4 20,2
10 30,6 28,7 21 23,6 25,2 19,3 15,5 21 30,8 29,5 22,3 26,1
11 29,9 30,7 20,4 23,2 22,7 19 15,9 20,8 30,3 22 17,4 28,4
12 30,1 31,1 251 24,1 21,1 18,9 17,9 21 31,3 29 18,2 25,7
13 32,7 29,2 22,1 23,1 24,2 19,8 20 22 29,8 32,5 26,8 27,1
14 29 21,7 18,2 18,2 23,9 21 20,6 25,2 31,3 29,7 30,9 25,9
15 27,9 27 254 24,2 24,9 23,8 18,6 251 30,8 25,7 24,1 27,6
16 31,8 29,1 27,3 22 25,2 21,8 21,3 17,4 29,9 27,2 24,6 20,4
17 32,5 28 26,2 18,4 23,6 21,9 22,3 18,3 30,4 21 19,8 23
18 32,4 30,1 26,7 24 18,3 23,4 24,3 21,8 30,2 23,6 19,9 26,5
19 26,4 28,7 27,1 26 19,7 15 18,3 25,9 23,7 28,8 23,3 21,7
20 28,7 28,1 28,4 26,2 18,4 20,2 20 25,9 24,1 30,5 25,1 30,1
21 27,9 259 244 26,1 21,3 20,5 19,8 251 22,9 30,4 27,3 30,8
22 27,8 26,7 23,7 24,7 18,8 19,5 19,9 17,7 24,3 29,3 28,7 30,2
23 28,3 27,9 21,2 19,8 22,9 19,8 22,9 19,2 25,8 29,1 21,9 28,3
24 30,6 26,5 26,3 22,2 21,7 20,8 24,5 19,4 25,9 30,3 26,9 28,9
25 31,7 28 255 22,5 21,2 20,8 23,3 21,6 28,9 29 29,7 31,3
26 21,7 27 27,4 24,5 24,4 22,7 18,6 24,8 30,6 19,4 29,9 30,3
27 24,8 26,7 27,3 24 25,9 22,9 18,9 25,2 31 23,3 19 22,7
28 26,3 27,9 24,5 21,4 23,8 18,2 21,5 25,6 26,3 26,3 26,7 24,9




29 29,6 kel 24,6 25 24,9 215 18,6 12,9 23,9 29,7 28,1 27,8
30 29 okl 26,4 27,9 25,8 21,4 18,8 18,8 26,1 32,7 26,5 30,6
31 26,1 kel 25,8 ekl 26,2 il 20,6 20,3 ekl 31,6 il 26,5
Avg 29,1 27,8 24,4 23,6 23,5 20,8 19,5 21,7 27,2 27,4 25 275
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 25,7 29,2 25,9 27,3 25,7 23,3 19,6 19,8 26,1 28,5 35,6 33,6
2 28,5 28,9 23,7 28,9 25,6 20,6 21,4 19,5 22,7 27,3 24,4 31,2
3 28,8 30,4 25 26 26,7 16,1 21 21,2 22,4 29,9 23,2 26,1
4 31,7 31,4 28,1 24,5 21,2 13,8 21,3 23,9 12,4 32,1 23,5 31,1
5 31,3 31,4 28,9 26,1 28,1 16,9 22,4 22,3 13,8 33,2 26 33,7
6 32,2 31,8 28,7 27 28,4 16,2 23,3 22,7 15,6 32,8 21,7 36,2
7 29,3 30,4 251 20,7 24,4 16,9 18,9 24,1 22,1 33,3 31,6 35,7
8 28,8 31 28,6 21,9 23,1 19,6 19,7 24,5 24,7 33,8 32,2 29,6
9 30,7 32,2 27,9 21,9 251 20,9 22,4 24,5 26,6 33,5 35,5 31
10 29,4 331 29,5 20,8 23,6 18,6 20,8 24,9 30,6 31,6 36 335
11 28,4 33,5 29,9 24 23 15,7 18,6 19,6 30,2 33 36,5 34,1
12 30 31 26,9 25 23,1 18,3 21,7 20,4 22,6 30,8 34,4 28,9
13 28,2 30,3 29,2 25,3 25,5 20,5 23,2 23,7 24,8 32,5 31,3 32,2
14 24,4 28,9 29,3 27 27 21,3 20,9 26 24,7 28,3 30,2 29,4
15 27,8 29,1 30,2 25,8 27,9 22,6 20,6 25,6 25,5 27,2 32,3 28,4
16 21,7 21,2 29,8 26,2 28,1 22,3 22,4 27,6 28,4 29,4 27 28,7
17 30,4 26,1 30,3 22,8 26,6 12,6 14,6 26,5 29,9 24,8 26,1 30
18 25,9 29,7 28,4 21 24,7 18 20,4 274 29,2 28,8 26,3 31,2
19 27,8 31 27,5 21,5 25,3 20,6 23,4 26,6 24,4 31 27 33,8
20 27 31,8 29,6 23,7 25,8 18,2 23,8 24,7 ekl 28,5 28,5 33,2
21 28 21,9 27,3 25,7 26 19,1 22,3 26,6 falekel 29 28,7 33,6
22 29 30,2 20,8 23 23,9 20,6 19,5 28,8 17,3 28,1 26,1 33,7




23 31,1 27,4 25,2 251 20,9 20,6 17 26,7 29,8 29 28,8 33,1
24 30,2 28,9 255 21 23,5 21,5 15,5 26,5 31,5 31,1 31,3 35
25 31 26,7 23,2 26,1 24,6 21,4 13,1 274 30,9 31,6 31,8 26,8
26 29,4 28 25,8 27,1 25,3 19,9 15,3 27,8 31,9 31 32,5 29,8
27 30,3 26,9 28,2 28,4 25,7 12,2 18,4 21,6 28,5 26,9 32,9 29,9
28 21,4 26,4 24,3 27,1 255 18,2 18,6 28,1 30,5 29,2 22,3 32,1
29 27,2 okl 26,3 27,2 26 21,4 21,4 29,5 32,5 28,1 28,5 33
30 27,3 kel 251 251 26,2 20,9 21,4 29 31,7 31,2 31 31,7
31 26,2 okl 255 ekl 25,1 il 13,9 29 ekl 34,2 il 31,1
Avg 28,6 29,5 27,1 24,8 25,4 19 19,9 25,2 25.8 30,3 29,6 31,7
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 33,3 29,4 30,2 29,4 19,7 20,5 22,7 15,3 25 28,6 31,7 31,9
2 29,6 31,6 31,4 30,1 23,2 20,2 17,4 20,3 26,2 24,9 29,6 29,7
3 31,8 30,7 30,3 30,1 24,9 il 16,6 19,7 27,2 20,5 21,7 30,1
4 33,6 32,1 30,8 27 23,5 falalel 16,2 17,1 27 19,1 30,9 334
5 35,5 26 31 251 24,3 il 16,8 21,3 26,9 26,4 26 27,8
6 38,3 29,3 31,6 19,5 24,2 19,9 21,6 24,7 28 31,9 29,1 27,3
7 38,8 31,5 30,9 19,3 23 19,4 19,7 254 28,7 32,9 25,6 29,1
8 33,9 29,7 26 21,2 17,7 20,5 18,9 24,7 30,9 28,2 28,8 30,1
9 28,4 28,6 20,9 23,4 20 21 21,3 215 30 25,7 28,4 31,2
10 29,2 28,7 24,6 24,7 19,3 23 19,9 24 28,9 21,7 29,5 30,9
11 28,9 32,2 27,1 25,9 24,2 19,1 19,4 23,8 24,8 32 22 27,8
12 27 34,2 26,4 27,4 25,4 13,8 19,9 23,1 25,3 32,5 27 25,7
13 29,2 34,5 28,2 28,1 23,9 8 19,2 22,7 27,8 29 28,7 26,3
14 26,1 33,2 26,9 28,8 14,6 10,5 18,7 24,6 20,1 26,7 28,7 254
15 29,6 32 26,6 27,1 16,6 20,2 18,5 25,6 26,5 30 24,3 274
16 23,6 33,7 26,7 28 20,7 21,3 18,9 20,4 28,2 29,8 25 29,8




17 27,4 30,4 20,1 30,3 22,9 20,5 18,3 20,8 22,9 29,9 29,8 30,1
18 25,4 31 26,6 28,9 20,7 19,4 19,3 20,8 10,7 23,5 29,3 29,8
19 27,1 31,1 29,2 28,1 21,6 22,1 19,9 22,1 21,1 20,6 22,9 31,7
20 26,1 32,2 28,3 28,6 21 22,7 22,1 255 23,4 251 21,6 31,7
21 25,6 32,8 28,9 18,1 20,2 22,6 23,1 26,2 27,4 25,1 23,3 30,8
22 28,2 32,1 25,9 26,4 21,2 18,1 24,4 19,5 30 29,9 29,8 32,1
23 27 29,5 24,1 27,9 21 18,2 21,9 19,9 30,7 29,6 27,6 32,7
24 24 29,7 28,6 21,2 21,2 19,5 19,1 23 28,7 29,7 19,8 26,8
25 29,8 28,6 21,7 28,4 20,3 20 14,5 25,7 28,9 30,5 25,9 20,5
26 28,3 28,3 255 28,4 18,8 20,3 17,1 21,7 26,2 29,2 26 19,7
27 29,3 28,2 275 25,2 19,1 19,8 14,8 255 26,9 32,3 26 25,9
28 29,7 25 28,2 27 20,8 20,6 17,1 26,5 26,1 32,6 30,8 23,8
29 29,6 28,4 29,6 28,7 21,6 20,8 17,9 28,8 26 33,9 32,6 27,3
30 30,8 okl 30 25,2 21,5 20,1 19 28,7 27,8 34,3 32,8 27,1
31 30,4 kel 29,7 ekl 21,5 il 20,3 26,7 ekl 35,3 il 29
Avg 29,5 30,5 21,7 26,5 21,2 19.3 19,2 23,3 26,3 28,6 21,6 28,5
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 251 26,9 28,2 28,4 18,7 15,9 18,2 19,1 26,6 24,3 24,2 26,1
2 27,6 25,6 29,4 25,8 20,4 19,1 20,2 18,3 29,3 20,1 25,3 27,9
3 28,7 25,8 31,3 28,8 219 20,7 20,3 17,9 26,6 24,5 25,1 30,4
4 28,5 25,9 29,9 27,1 24,7 21,3 16,4 18,8 26,9 23,8 29,3 26,1
5 26,4 26,2 28,7 20,7 22,2 22,1 11,3 21,9 27,5 23,5 27 24,3
6 25 27,8 29,5 18,3 22,6 21,9 16,4 20,7 28,9 21,1 28,4 28,1
7 24 29,5 29,5 25,6 18,9 21,1 17,1 17,5 29 24,5 27,2 32
8 23,8 27,9 29,5 24,1 23,3 14,3 16,6 20,3 27,2 26,5 30,8 29,3
9 23,6 28,6 29,1 22,7 21,7 10,8 16,1 23,1 28,3 27,9 ol 18
10 21,7 29,2 30 25,7 214 17,5 15,9 23,3 29,5 28,9 33,5 21




11 27,3 29,1 31,6 25 22,9 20,1 17,8 24,4 26,7 28,9 32,4 25,9
12 21,7 31 31,7 24,8 23,2 20,7 17,1 24,7 26,4 29,6 32,2 28,9
13 29,4 27,8 31,6 22 22,7 20,8 16,6 255 27 28,7 33,8 29,5
14 22,2 29 22,3 22,6 19,5 18,5 16 22,7 26,8 28,2 28,7 24,1
15 24,6 28,2 26,7 23,3 22,9 18,8 17,4 13,8 26,7 29,4 29,6 falalel
16 24,4 28,6 24,6 15,4 22,5 21,1 18 14,3 25,8 30,2 31,6 kel
17 27,1 23,7 27,1 21 23,1 17 19,3 16,7 23,2 27,3 32,9 28,5
18 23,7 21,6 27,2 154 24 17 19,5 17,9 26,8 26,5 31,7 30,5
19 28,9 26,3 23 21,3 23,5 18,7 20,4 19 27,3 26,6 32 32,6
20 28 29,8 24,9 21,7 21,7 21,5 22,3 22,7 24 23,7 26,5 falalel
21 21,7 27,6 26,7 18,7 23,6 19,8 23,4 24,2 26,3 251 25,7 31,3
22 27,1 27,1 28,3 22,9 22,7 19,2 22,6 25,2 27 29 25,8 30,5
23 27,8 27,5 30,3 18,9 22,3 19,6 21,3 26 26,7 351 22,9 27,9
24 27,1 27,4 30,3 19,6 23,5 11,8 20,7 20,2 18,6 36,2 24,7 20,8
25 25 26,7 28,7 23,1 18,4 11,1 20,1 23,5 23,2 33,6 251 26,8
26 251 27 255 21,4 14,8 16,9 13,7 26 26,3 33,9 26,7 27
27 27,2 26,5 21 21,5 16,7 17,1 18,5 28,8 30 31,6 27,5 24,6
28 28,2 28,6 27 20,7 16,8 19,6 17,3 20,3 29,2 31,9 21,2 26,8
29 29,7 okl 26,2 20,6 19,9 20,5 114 22,6 29,1 27 27,6 27,5
30 30,5 kel 30,8 22 21,2 22,3 17,9 254 29,5 ekl 24,2 24,9
31 21,7 okl 29,3 ekl 16,3 il 18,9 26,9 ekl 27 il 25,9
Avg 26,7 27,4 28,1 22,3 21,2 18,6 18 21,7 26,9 27.8 28.3 27.0
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 28,5 28,9 28,2 22,8 29,1 21,6 23,6 18,8 259 27,2 19,9 21,2
2 30,9 30 29,7 22,8 21,7 22,1 22,5 19,8 23,3 29,6 22,3 20,1
3 32,7 29,8 30 24,2 27,1 22,7 22,7 22,6 26,8 30,7 24,4 21,6
4 31,8 31 33,6 25,8 28,9 19,7 21,7 23,2 26,5 32,6 28,3 21,6




5 32 28,4 32,7 25 29,1 19,5 23,3 23 17,6 32,7 31,8 28,2
6 30,9 28,3 27,3 23,2 26,4 20,6 19,9 19,1 13,9 32,4 33,5 24,6
7 29 28,2 28,2 23,3 21,2 20 21,3 7,1 14,4 32,2 31,7 27,3
8 30,5 30,6 29 25,7 23,9 215 18,1 12,3 19,4 21,7 23,5 31,5
9 24 25,3 30,8 25,5 26,5 12,6 19,9 17,8 22,4 24 22,4 30,1
10 28,5 23,7 30,8 23,1 26,1 14,5 21,8 19,9 25,9 26,7 27,6 26,6
11 29,6 28,4 28,4 24 25,9 16,2 22,1 23,2 24,2 28,9 27 22
12 30,8 28,5 28,8 24,2 23,1 18,8 20,2 14 23,9 16,1 28,1 23,3
13 31,5 29,2 30,6 23,2 23,4 21,5 19,4 21,3 25,5 22 30 25,4
14 29,8 30,2 30,1 22,4 23,6 17,9 15,4 25 26,9 22,7 28,1 21,8
15 28,2 31,7 20,2 23,1 23,3 16,6 14,3 23 16,2 23,8 28,6 27,8
16 28,1 31,5 19,6 25,4 21,6 16,8 15,9 23,8 19 27,6 31,7 29,7
17 28 30,7 27,9 24,5 23,2 16,9 20 18,7 20,2 26 32,3 28,4
18 25,9 29,9 27,9 25,3 24,3 21 19,3 21,7 26,9 27,4 30,7 21,7
19 21,6 29,6 255 23,9 24,3 20,8 20,2 26,3 29 26 31,2 28,1
20 29,5 29 28,5 25,7 23,1 21,4 20,5 26,1 28,8 24,4 33,1 30,1
21 29,8 30,2 28,5 25,3 19,8 17,9 22,3 27,3 26,5 27,1 32 25,7
22 29,5 30,9 29,2 23,8 19 18 22,9 26,9 25,5 17 28,1 28,1
23 21,7 31,1 28,2 23,7 21,6 19,6 21,9 28,9 25,5 24,9 21,7 30,4
24 28,3 27,9 28,3 20,3 25 15,8 18,9 29,1 25 17,9 21,3 30,9
25 28,5 29,7 27,4 17,5 23,8 15,7 21,5 28,9 24,7 20,1 24,6 31,4
26 27,1 29,6 28,6 22,3 23,3 17,4 21,1 28,2 25,8 25,1 26,2 26,3
27 28 29,5 29,8 24,8 21 23,5 22,1 23,1 29 21,7 27,8 274
28 28,6 29,9 26,7 27,5 19,8 20,2 22,3 24,9 28,9 24,5 27,3 30,6
29 26,8 29,7 24,2 28,1 20 21,7 19,3 25,8 20,1 28 29,5 31,8
30 28,6 okl 22,1 28,7 23,4 25,2 20 26,7 25 25,7 29,5 32,9
31 32 kel 22,3 ekl 21,3 il 20,5 27,6 ekl 22,7 il 274
Avg 29,1 29,4 27,8 24,2 24,1 19,3 20,5 22,7 23,8 25,9 28 275
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC




1 29,9 28,7 24,1 ekl okl 25 23,5 19,6 18,3 23,2 27,2 okl

2 27,4 30,1 26,2 21,2 25,2 24,7 22,5 19,6 22,2 28,8 26,9 il

3 26,9 32,6 28,4 20,3 24,3 23,7 22,9 19,3 24,7 31,1 24,2 kel

4 31,7 30,9 28,9 21 21,7 24,4 21,8 19,2 26,4 28,9 28,5 28,2

5 24,7 27,3 28,9 24 20,7 24,7 16,9 215 25,5 30,7 31 27,6

6 28,6 25,1 31,7 27,2 20,6 22,4 16,7 18,5 26,7 33,2 31,3 22,4

7 31,5 30,6 26 29 19 22,6 21,3 21,3 25,7 29,5 28,3 24,4

8 31,8 29,5 27,3 28,8 21,2 23,4 21,6 23,4 27,7 26,6 31,8 26

9 33,6 29,6 314 29,2 23,7 16 22,2 20,1 30,5 28,5 31,6 25,3
10 34,2 27 25,3 27,8 23,6 17 19,3 19,4 29,5 30,2 31,2 17,9
11 27,4 29,4 23,2 19,5 19,7 17,8 17,3 19,7 29,2 32,3 29,5 26,3
12 28,7 28,5 24,9 17,5 21,2 20 18,1 18,2 27,3 34,5 29,3 27,8
13 30,3 29,3 26,4 20 22,3 22,5 19,3 22,7 27,4 28,2 31 28,1
14 32,8 32,4 23,5 26,4 22 23,6 20,4 22,7 29,8 24,7 31,9 30,3
15 30,9 32,4 26,6 28,5 21,1 22 19,2 22,3 31,6 26,3 31,8 32,1
16 27,3 29 28,2 28,6 22,8 19,7 21,7 22 31,7 311 30,8 31,9
17 27,4 29,8 30,8 28,9 23,1 19,6 23,1 25,3 30,2 31 32,1 28,6
18 21,3 30,1 29,1 22,6 20,6 16,1 18 20,3 30,8 30,6 32,2 27,1
19 24,7 32,4 31,3 18,6 19,1 19,4 18,6 20,1 28,3 29,7 30,1 23,2
20 21,6 32,4 28,8 14,2 21,8 20,8 20,2 19,9 29,9 15,5 30,4 25,8
21 29 30,9 29,8 20,5 22,6 20,4 19,6 23,2 219 22 23,7 29,2
22 29,1 32 32,6 22,8 22,1 22,2 17,3 22 15,8 22,9 24,4 31,4
23 32,6 33,6 30,6 23,9 23,9 19,5 18,6 20,2 23 22,7 28,7 30
24 32,6 31,7 28,5 22 23,5 18,8 21,6 22,7 30 23,4 26,2 25,3
25 35,1 25,4 28,9 24,3 24,2 20,8 22,7 25,7 32,7 25 26,9 22,2
26 30,1 30,6 251 24,9 23,8 23,1 23,4 22,6 31,6 21,2 30,7 24,9
27 30,4 33,7 24,6 24,8 24 23,1 24,5 24,2 30,7 23,1 29,5 254
28 30,8 32,3 26,8 25,9 24,4 20,2 24,5 26,2 29,5 23,1 25,1 28,4




29 28,4 kel 27 26,3 23,2 21,4 20,3 255 25,7 25,7 22 212
30 21,7 okl 27,1 22,4 24,9 23,4 17,9 27,1 18,6 29,3 30,4 26,4
31 29,9 kel 251 ekl 25 il 19,6 13,9 ekl 29,1 il 29,9
Avg 29,3 30,3 27,6 24.0 22.5 21,3 20,5 21,6 27,1 27,4 29 26.7
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 29,8 28,1 23,3 23,9 26 25,7 21,4 il ekl 26,7 28,5 29
2 32,4 29,4 20 26 28,4 25,6 19,7 22,6 22,5 25,4 22,2 28,2
3 32,7 24,2 20 26,4 28,2 24,5 19,5 21,1 22,7 25,6 25,4 29,8
4 31,2 27,3 22,5 23,1 25,8 23,8 19,5 21,1 24 23,8 25,4 31,1
5 29,9 28,4 22,4 25,7 26,6 23,3 21 23,5 23,5 25,1 27,3 33,2
6 24,3 28,4 26,9 24,5 21,6 13,1 20,9 25,2 26,6 27,5 27,2 29,7
7 28,6 28,7 26,6 25 20,5 16,7 18,6 25,2 29,6 28,8 30 30,5
8 27,3 30,2 26,6 23 22,9 17,9 12,2 21,8 30,9 31,5 29,4 27
9 29,8 26,3 215 22,5 24,7 19 13,7 19,3 28,6 33,1 30,9 21,9
10 32,3 28,6 20,7 23 25,4 20,1 15,7 22,4 29,6 30,4 21,8 21,2
11 30,4 30,9 27,3 23,7 23,8 19 16,1 20,9 30,2 23,8 19,5 28,3
12 29,9 31,7 23,8 24,4 22,5 19,9 17,5 21,2 31,5 30,1 19,4 25,6
13 31,8 29,9 18,9 22,3 24,3 20,9 20,8 22,1 29,7 34,1 27,3 28,2
14 28,9 29,2 25,2 18,1 24,6 21,8 20,1 24,5 31,3 30,3 31,8 25,6
15 29,4 27,7 28,1 23,8 24,2 24,2 18,6 251 30,3 26,9 24,4 28,3
16 33,4 29,6 26,7 23,5 24,6 21,8 20,6 19 30,4 28,2 26,5 21,2
17 33,7 28,5 26,6 16,8 24,9 21,9 21,5 20 30,5 22,9 21,4 23,5
18 33,5 31,4 21,7 23,3 19,8 22,5 23,7 21,9 31,7 251 20,9 26,2
19 26,9 29,2 27,5 26,1 19,5 16,2 18,5 25,7 24,9 30,4 24,7 28,6
20 30,1 28,9 28,9 26,4 18 19,8 19,9 26,4 24,5 31,3 26,9 29,3
21 29,1 28,5 24,5 25,8 21,8 19,8 19,8 25,6 24,1 31,4 28,3 31,9
22 29,4 27,5 24,6 24,7 20,2 20 19,2 18,8 259 30,3 28,9 21,2




23 29,3 28,5 26,9 21 22,1 19,3 22,6 19,8 26,8 29,4 22,1 29,6
24 32,2 27 26,7 23,1 22,1 20,1 24,7 20,9 27,4 31,9 27,4 31,6
25 32,4 25,9 255 22,2 22,7 21,7 23,1 24,4 29,7 30,3 31 31,9
26 28,4 27,6 26,8 23,4 251 22 20,4 255 31,3 20,6 31,1 30,9
27 26,8 259 26,3 25,4 25,4 23,5 19,1 26,9 31,8 24,4 194 23,4
28 ekl 21,7 25 21,6 23,1 19,2 21,2 14 27,9 27,3 27,9 27,3
29 ookl okl 24,6 25,9 24,9 20,8 19,2 194 259 30,7 28,6 27,9
30 ekl kel 26,8 28 26,8 22,3 18,8 20,4 28 33,4 26,4 30,4
31 26,7 okl 25,7 ekl 26,2 il 22 20,3 ekl 33,1 il 27,6
Avg 30.0 28,4 25 23,8 23,8 20,9 19,7 22.2 28.0 28,5 26,1 28,1
Day JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1 ekl 29,3 27,6 21,7 25,3 23,3 okl okl 26,9 ekl kil 34,1
2 29,1 30,3 24,7 28,4 25,1 21,4 20,3 19,1 23,7 27,9 25,3 32,1
3 29,8 32 26,1 26,1 21,2 18,3 20,2 20,8 22,7 30,2 24,3 26,7
4 32,5 31,9 28,7 24,3 26,9 15,6 20,3 23,6 14,2 32,4 23,7 31,1
5 31,2 31,9 30,3 26 27,4 17,2 21,9 22,7 14,2 33,6 26,2 34,5
6 32,2 33,2 30,1 27,8 29,3 16,3 23,5 22,5 16,9 33,3 27,6 36,6
7 29,7 32,4 27,9 21,8 24,4 16,7 19,4 23,5 21,8 33,6 31,7 36,7
8 30 31,4 29,4 22,4 23,1 19,6 19,1 251 25,3 34,4 33,4 30
9 31 32,4 28,7 22,7 25,1 20,9 22,3 25,3 26,9 34,1 36,4 31,5
10 30,6 34,1 30,4 21,2 25,3 18,5 20,4 24,6 31,1 32,3 36,5 33,4
11 30,3 34,3 30,6 24 24,3 16,6 18,8 19,9 30,8 33,6 37 34,9
12 30,6 31,1 27,6 24,8 23,8 18,8 21,4 20,9 22,4 31,5 35,8 30,6
13 30,9 30,4 30,4 24,9 25,6 20,7 okl 25 24,6 32,4 31,9 33
14 24,6 30 30,3 26,8 21,7 22,4 21,5 26,7 24 29,4 30,5 30,6
15 28,7 30,5 31,4 26,8 28,3 23,1 kel 26,1 26,2 27,6 32,8 28,5
16 21,7 28 30,2 26,4 27,8 21,9 falalel 27,1 28,5 30,3 21,7 28,8




17 32,3 26,6 31,4 23 26,8 139 15,7 26,3 31,1 24,3 26,6 31,4
18 27,6 29,8 29 20,4 24,4 175 | 26,4 295 29,6 27,3 31,3
19 29,4 32,7 29 21,4 25,4 196 | e 26,4 25,8 31,2 27,9 33,5
20 27,6 32,8 29,1 23,8 26,2 17,7 e 25,6 21,9 30,3 28,6 33,9
21 29,7 24,6 28,4 26,2 25,3 198 | w* 26,4 21,7 30,4 29 33,5
22 32 31,3 23 23 24,8 19|  w 29,5 27,1 28,6 27,2 34,1
23 31,7 29,2 26,3 25,2 21,4 20,7 | e 26,3 30,3 29 29,2 33,4
24 31,7 30,7 26,5 22,5 22,5 208 | e 26,3 31 31,5 31,4 35,4
25 32,3 27,6 24,5 25,6 25,5 21,6 | 21,7 31 31,9 32,7 26,6
26 30,7 29,7 25,8 27,5 25,7 204 | 28,1 31,3 31,2 33,3 29,3
27 32,3 27,8 28,7 27,9 25,9 142 | e 28 28,8 28,1 33,2 31,2
28 22,3 27,6 25,2 27,5 25,7 18,2 | w* 27,8 31 30,3 22,6 33,2
29 26,9 | e 25,7 27,3 26,8 21,4 | e 29,8 33 28,6 28,5 33,2
30 28,9 | e 26 26,3 26,4 208 | 29,1 32,4 31,2 32 32,3
31 28,8 | 24,7 | 24,7 | e R 203 | 34,9 | e 32,7
Avg 29.8 30,5 28 25 25,6 19,2 20.4 255 26,2 30.9 30.0 32,2
Day | JAN FEB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC
1 35,1 30,1 30,5 28,6 189 | we 21,9 | e Rk o 32,1 | e
2| wex 33 32,2 29,9 22,8 20,2 18 196 25,6 25,6 30,3 30,7
3 30,5 31,2 31,5 29,2 24,7 20 15,9 19,8 27,4 21 27,5 30,5
4 23,6 31,9 32 26,1 23 20,8 16,2 17,9 27 20,8 31,4 34,1
5 34 26,1 315 24,7 235 20 15,9 21,4 26,9 26,8 27,8 28,3
6 37,1 29,8 32,3 22 237 196 20,2 24,4 28 32 29,6 26,8
7 38,3 32 31,8 20,7 23,4 19 196 238 28,7 33,9 26,3 30,3
8 35 30,5 26,8 20,7 185 197 19,2 25 31 29,5 28,8 30,5
9 29,7 28,1 22,6 23 19,8 20,4 21,1 21,1 30,5 26,5 29,9 31,8
10 28,4 28,5 24,3 25,1 19,9 22,4 19,2 238 28,8 28,1 30,1 30,4




11 29,6 31,2 27,9 26 23,6 19,9 18,5 23,1 25,6 32,1 22,8 27,6
12 26 33,6 25,4 28,1 24,6 14,6 20,3 22,5 25,7 33,3 27,8 26,2
13 28,8 33,5 27,9 28,3 24,2 9,8 19 22,3 28,4 28,8 30 26,9
14 24,9 33,1 24,9 28,9 15,6 114 17,8 24,2 21,6 27,2 29,7 25
15 29,3 33 26,5 27,5 17,4 18,4 18,4 254 27,9 30,3 23,9 26,4
16 24,8 35,2 27,2 21,5 20,2 21,4 18,8 20,8 29,3 31 251 31,6
17 26,8 32 20,6 29,3 22,3 20,6 18,2 20,8 239 31,2 30,9 30,1
18 25,6 31,3 26,9 28,5 20,6 18,8 18,2 212 12,2 23,4 31,1 30,8
19 28,1 31,4 29,8 21,7 20,3 22,1 20,5 22 21,3 20,7 22,9 32,2
20 27,8 34,2 28,6 30,3 21,6 22,5 22,4 25,2 23,2 25,2 27,5 31,7
21 26,1 33,9 28,9 18,4 18,8 22,6 23,6 26,5 27,1 24,5 24,4 30,7
22 27,5 33,6 26,2 25,5 20,4 17,9 24,2 20,8 30,4 29,7 30 32
23 29,8 29,3 23,9 28,8 19,7 18,3 22,5 20,1 31,8 29,6 21,7 32,6
24 24,3 30,9 27,8 27,3 20,3 19,4 19,9 23,4 28,9 30,3 21,2 25,7
25 28,9 30,1 28 27 20,8 19,5 17 25,3 29,2 31 26,8 212
26 29,3 29 254 29,5 18,8 19,7 17,7 27,9 27 29,9 26,4 19,9
27 29,7 28,3 28,1 24,8 19,6 20,2 13,9 244 27,9 31,7 26 254
28 30,8 251 28,7 27 20,1 21,1 17,4 26,2 26,8 33,4 31,3 23,5
29 30 28,2 29,1 28 21 19,8 18,8 28 27,2 34,7 33,7 28,1
30 31,4 kel 29,1 25,9 20,6 19,1 19,9 28,1 28,6 35,5 33,8 27,3
31 31,1 okl 29 ekl 21,2 il 20,2 26,3 ekl 35,9 il 29
Avg 294 31 27,9 26,5 21 19.3 19,2 234 26.8 29.1 28,2 28.6




Precipitation

Krugersdorp Johannesburg Bot Gardens Lanseria
Tot Rain Tot Rain Tot Rain

Month Year | (mm) Month Year | (mm) Month | Year | (mm)

Jan 2006 1145 | Jan 2006 151,4 | Jan 2011 178
Feb 2006 160,5 | Feb 2006 119 | Feb 2011 47
Mar 2006 62 | Mar 2006 Mar 2011 93
Apr 2006 Apr 2006 Apr 2011 101
May 2006 May 2006 May 2011 6,8
Jun 2006 0 | Jun 2006 0 | Jun 2011 45,6
Jul 2006 0 | Jul 2006 0,6 | Jul 2011 0
Aug 2006 35,5 | Aug 2006 29,8 | Aug 2011 1,6
Sep 2006 3 | Sep 2006 2,8 | Sep 2011 14
Oct 2006 54,5 | Oct 2006 54,4 | Oct 2011 33,8
Nov 2006 117 | Nov 2006 Nov 2011

Dec 2006 152 | Dec 2006 Dec 2011

Jan 2007 87 | Jan 2007 Jan 2012 103,6
Feb 2007 18 | Feb 2007 10,8 | Feb 2012 9,6
Mar 2007 26 | Mar 2007 Mar 2012 87
Apr 2007 45 | Apr 2007 Apr 2012 2,4
May 2007 0 | May 2007 May 2012 0
Jun 2007 5 Jun 2007 Jun 2012 3,4
Jul 2007 0 | Jul 2007 0,2 | Jul 2012 0
Aug 2007 0 | Aug 2007 0 | Aug 2012 0
Sep 2007 0 | Sep 2007 33,4 | Sep 2012 92,6
Oct 2007 120 | Oct 2007 113,2 | Oct 2012 73,8
Nov 2007 33 | Nov 2007 Nov 2012 75,2




Dec 2007 86 | Dec 2007 90,4 | Dec 2012 95
Jan 2008 223 | Jan 2008 146,6 | Jan 2013 57,6
Feb 2008 11 | Feb 2008 Feb 2013 54,4
Mar 2008 165 | Mar 2008 142 | Mar 2013 68,6
Apr 2008 2 | Apr 2008 10,4 | Apr 2013 103,2
May 2008 31 | May 2008 47,6 | May 2013 18
Jun 2008 17 | Jun 2008 Jun 2013 0
Jul 2008 0| Jul 2008 Jul 2013 0
Aug 2008 0 | Aug 2008 0 | Aug 2013 0
Sep 2008 Sep 2008 0| Sep 2013 2,2
Oct 2008 27 | Oct 2008 75,4 | Oct 2013 73,4
Nov 2008 115 | Nov 2008 Nov 2013 61,4
Dec 2008 124 | Dec 2008 150,4 | Dec 2013

Jan 2009 147 | Jan 2009 212 | Jan 2014

Feb 2009 113 | Feb 2009 Feb 2014 7,6
Mar 2009 54 | Mar 2009 Mar 2014

Apr 2009 0 | Apr 2009 4 | Apr 2014 2,4
May 2009 21 | May 2009 13,8 | May 2014 1
Jun 2009 21 | Jun 2009 15 | Jun 2014

Jul 2009 0| Jul 2009 3| Jul 2014 0
Aug 2009 30 | Aug 2009 7,8 | Aug 2014 10
Sep 2009 0| Sep 2009 10,2 | Sep 2014 1,4
Oct 2009 82 | Oct 2009 24,8 | Oct 2014 26,2
Nov 2009 101 | Nov 2009 66,4 | Nov 2014 91
Dec 2009 138 | Dec 2009 186,8 | Dec 2014 42
Jan 2010 103 | Jan 2010 349 | Jan 2015 58,4
Feb 2010 91,5 | Feb 2010 76,6 | Feb 2015 56,4
Mar 2010 98 | Mar 2010 39 | Mar 2015 71,6
Apr 2010 91,4 | Apr 2010 130 | Apr 2015 36,2




May 2010 12 | May 2010 37,8 | May 2015 0,4
Jun 2010 0 | Jun 2010 0,8 | Jun 2015 18
Jul 2010 0 | Jul 2010 0 | Jul 2015

Aug 2010 0| Aug 2010 0 | Aug 2015 0
Sep 2010 0| Sep 2010 0| Sep 2015 54,8
Oct 2010 0 | Oct 2010 35,6 | Oct 2015 2,4
Nov 2010 73 | Nov 2010 51,6 | Nov 2015 32,2
Dec 2010 289,5 | Dec 2010 Dec 2015 60,8
Jan 2011 299 | Jan 2011 111,2 | Jan 2016 100,6
Feb 2011 109 | Feb 2011 82 | Feb 2016 70,6
Mar 2011 44 | Mar 2011 157,6 | Mar 2016 148
Apr 2011 69 | Apr 2011 Apr 2016 3,8
May 2011 14 | May 2011 22,8 | May 2016 49,2
Jun 2011 53 | Jun 2011 46,4 | Jun 2016 12,6
Jul 2011 0 | Jul 2011 Jul 2016 24,8
Aug 2011 0| Aug 2011 3.2 | Aug 2016 0,2
Sep 2011 0| Sep 2011 2,2 | Sep 2016 6,4
Oct 2011 0 | Oct 2011 40 | Oct 2016 36,4
Nov 2011 30 | Nov 2011 Nov 2016 92
Dec 2011 90 | Dec 2011 83,8 | Dec 2016

Jan 2012 95 | Jan 2012 77

Feb 2012 195 | Feb 2012

Mar 2012 108 | Mar 2012 26,4

Apr 2012 31 | Apr 2012 4,4

May 2012 0 | May 2012

Jun 2012 0 | Jun 2012 1,6

Jul 2012 Jul 2012 0

Aug 2012 Aug 2012

Sep 2012 37 | Sep 2012 15




Oct 2012 48 | Oct 2012 29
Nov 2012 0 | Nov 2012

Dec 2012 0 | Dec 2012 146,8
Jan 2013 22 | Jan 2013 59,4
Feb 2013 47 | Feb 2013 43,4
Mar 2013 40 | Mar 2013 26,8
Apr 2013 0 | Apr 2013 62
May 2013 0 | May 2013 5,6
Jun 2013 0 | Jun 2013 0
Jul 2013 0| Jul 2013 0
Aug 2013 0 | Aug 2013

Sep 2013 0| Sep 2013 44
Oct 2013 68 | Oct 2013 78
Nov 2013 38,5 | Nov 2013 104
Dec 2013 152,5 | Dec 2013 83,6
Jan 2014 27,5 | Jan 2014 61
Feb 2014 175 | Feb 2014 62,4
Mar 2014 242 | Mar 2014 62
Apr 2014 27 | Apr 2014 0
May 2014 0 | May 2014 0
Jun 2014 0 | Jun 2014

Jul 2014 0 | Jul 2014

Aug 2014 0 | Aug 2014 0
Sep 2014 0| Sep 2014 37
Oct 2014 0 | Oct 2014 68,6
Nov 2014 0 | Nov 2014

Dec 2014 0 | Dec 2014 151,2
Jan 2015 Jan 2015 189,2
Feb 2015 Feb 2015 91




Mar 2015 50 | Mar 2015 81,6
Apr 2015 40 | Apr 2015
May 2015 May 2015 1,2
Jun 2015 Jun 2015 1,6
Jul 2015 Jul 2015 20,6
Aug 2015 Aug 2015
Sep 2015 Sep 2015
Oct 2015 Oct 2015
Nov 2015 Nov 2015 45,2
Dec 2015 Dec 2015
Jan 2016 Jan 2016 98
Feb 2016 Feb 2016
Mar 2016 224 | Mar 2016 198,2
Apr 2016 10,4 | Apr 2016 11,6
May 2016 77,6 | May 2016 59,8
Jun 2016 16,4 | Jun 2016
Jul 2016 36 | Jul 2016 21
Aug 2016 0 | Aug 2016 0
Sep 2016 5| Sep 2016 2,6
Oct 2016 57,6 | Oct 2016 57
Nov 2016 118,6 | Nov 2016 153
Dec 2016 132,4 | Dec 2016 83,8
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