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Abstract
South Africa contains a wealth of palaeokarst deposits that have yielded hominin fossils and Early Stone
Age archaeology. Despite the complex nature of deposition within many of these caves there has been
a dearth of detailed geoarchaeological studies undertaken on these sites. Many sites in South Africa
have been interpreted using an overly simplistic Member System based on simplified sedimentological
attributes, rather than chronostratigrahic units. Many of the defined Members thus identify different,
but contemporary geological processes occurring in the caves. This has caused serious confusion in
reconstructing the life histories of palaeocaves and the ages of the fossil remains interned within them.
It is critical to uncover new sites that have not been extensively altered by decades of data collection
and destructive mining techniques employed early in their discovery. Although unmined sites present
their own problems with regards to extensive colluvium cover and access to fossil-bearing units,
analysing strata that is found in-situ enhances overall confidence of interpretations drawn. A wealth of
geoarchaeological and 3D visualisation techniques can now be employed to aid in the understanding of
cave life histories, as well as their excavation. In this paper we present the first attempt to integrate and

publish data from a range of such methods on South African fossil bearing palaeokarst using the newly
discovered Drimolen Makondo deposit as a case study. This includes the use of ground penetrating
radar, 3D visualisation through photogrammetry and multi-scale 3D scanning, micromophology and
petrography, palaeomagnetism, mineral magnetism, synchrotron radiation, electron spin resonance,
uranium-lead dating and biochronology. Our analysis has allowed us to successfully uncover the full
extent of this new ~2.61 Ma fossil bearing palaeokarst deposit and to visualise and interpret its
chronostratigraphy.

Keywords: Palaeomagnetism, Uranium-Lead Dating, Photogrammetry
Micromorphology, Ground Penetrating Radar, Electron Spin Resonance.
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1. Introduction
Until the last 20 years almost everything that was known about early hominin evolution in South Africa
came from a short (~3km) stretch of the Bloubank Stream Valley in the Gauteng Province of South
Africa (Bolt’s Farm to Plover’s Lake in Fig 1b). The sites within the Gauteng exposures of this region
are encompassed within the region formally referred to as the Fossil Hominid Sites of South Africa,
colloquially termed The Cradle of Humankind (CoH) (Fig. 1a-b). The cave sites of Sterkfontein,
Swartkrans and Kromdraai B have yielded the bulk of the early hominin (pre 1.0 Ma) material from
South Africa. These caves all have complex multi-phase karstification histories where many phases of
cave formation and infill have occurred in the same place and on the same palaeokarstic conduits. At
Sterkfontein in particular the development of a more recent cave system beneath the palaeokarst has
caused material to subside, collapse and be reworked into lower caverns (Stratford, 2011). Many of
these caves within the Bloubank Valley are part of the resurgence systems for groundwater out-welling
into the Bloubank; of which some may have functioned as primary resurgence caves during the early
Pleistocene (Herries et al., 2018). Such caves typically have complex multi-stage karstification histories
as they can function as hydrological outputs for significant periods of time, especially on static
landscapes where uplift is minimal (Latham et al., 1999; 2003).
An understanding of the Bloubank Stream Valley sites is further complicated with decades (some sites
up to 80+ years) of excavation, the utilisation of various data collection methods by multiple
researchers, and lastly, extensive, destructive speleothem mining in the early 20th Century (Herries et
al., 2009; 2013; 2018; Herries and Adams, 2013). Consequently, many of the fossils recovered from
these sites were ex-situ and so their location within the stratigraphy has often been assumed or
reconstructed. There has also been an emphasis on how the sediments infilled the caves rather than how
the caves themselves formed and evolved, which would help understand deposition within them.
Moreover, when this has been attempted, due to the complexities of cave formation this was often
misunderstood (Latham et al., 1999; 2003). Many sites in South Africa have been interpreted using an

overly simplistic Member System based on simplified sedimentological attributes (Partridge, 1978;
1979; 2000; Bruxelles et al, 2016), rather than chronostratigrahic units. Many of the defined Members
thus identify different, but contemporary geological processes occurring in the caves (Latham et al.,
2003). This has caused serious confusion in reconstructing the life histories of palaeocaves and the ages
of the fossil remains interned within them (Herries et al., 2009; 2013).
It is critical to uncover new sites that have not been extensively altered by decades of data collection
and destructive mining techniques employed early in their discovery (e.g. Berger et al., 2015; Dirks et
al., 2017). Although unmined sites present their own problems with regards to extensive colluvium
cover and access to fossil-bearing units, analysing strata that is found in-situ enhances overall
confidence of interpretations drawn. It is not until recently with the discovery of sites such as Malapa
(first discovery of the ~ 2 Ma Australopithecus sediba; Dirks et al., 2010) and Drimolen (largest
collection of Paranthropus robustus outside of the Bloubank Stream Valley), with the only other
specimen being the single tooth from Gondolin; (Menter et al., 1999; Adams et al., 2007). Therefore it
is only in the 1990s and 2000s that our understanding of human evolution outside the Bloubank Stream
Valley has been extended. Many of these sites, like Drimolen Cave, are water sinks from very localised
watersheds that often form over very short periods of time. This is because they are abandoned for other
input points due to changes in surface and groundwater flow linked to erosion (Herries et al., 2018). As
such they therefore have less complex depositional histories which much less secondary cave formation.
To date, the discovery of new hominin sites has continued to rely on the identification of 20th Century
speleothem mining activities and related breccia dumps, as at Malapa, Haasgat and Drimolen Main
Quarry (Dirks et al., 2010; Herries et al., 2014; Leece et al., 2016). At some of the classic sites, hominin
remains would never have been found if it were not for the early exploitation of speleothem mining. At
sites such as the Makapansgat Limeworks and Drimolen Main Quarry, mining has in some ways aided
palaeoanthropological research in the establishment of the depositional sequencing throughout the cave
(Latham et al., 1999; 2003; Herries et al., 2013; 2017). In most other cases, mining activities have
significantly obscured stratigraphic relationships, where the correlation of hominin fossils within dump
sites to their associated stratigraphic position is impossible to establish (Herries and Adams, 2013). The
vast majority of sites that have been extensively mined have mostly been identified and explored,
especially with the advent of Google Earth. However, new fossil sites still exist in the region that have
never been mined for speleothem, mainly because the speleothem layers that exist within palaeocaves
do not occur at the surface, or are of poor quality (impure) for making lime. Or the fossils occur in a
completely different cave context as with Homo naledi at Rising Star (Dirks et al., 2017). The fossils
from these sites are therefore in-situ, with the only disturbance of sediments being during secondary
karst processes, such as the formation of makondokarren (a karst pavement of solution pockets within
the dolomite formed under colluvial cover) or more recent caves (Brink and Partridge, 1980; Herries
and Shaw, 2011; Herries et al., 2017). Moreover, several newly discovered sites, such as Malapa and

Brad Pit at Bolt’s Farm have only been disturbed by speleothem mining in a minimal way (Dirks et al.,
2010; Gommery et al., 2012). Such undisturbed, or minimally disturbed sites, present their own
challenges with regards excavation and geological analysis.
One such minimally disturbed site is the newly discovered Drimolen Makondo palaeocave deposits
(Rovinsky et al., 2015). The remanent palaeocave deposits were only minimally exposed by mining and
other karst processes (Figure 2-3). Thus, while the fossil bearing breccia is only around 50m from the
hominin bearing Drimolen Main Quarry deposits, and while it had been previously noted, it was never
excavated or sampled until 2014. Here we describe our geoarchaeological approach for the study of
such minimally mined sites using a variety of techniques that are either novel or atypical with regards
their use in these types of sites. However, they are presented as a package of broad geoarchaeological
techniques that have never previously been used in the region. Our aim is to both show the effectiveness
and challenges of using these techniques on such complex sites and to show the range of applications
that are incorporated in a modern geoarchaeological study of fossil contexts. This has enabled us to
establish a preliminary chronostraigraphic framework for the site and to understand the fossil
distributions that occur in the site, thus allowing us to effectively target future excavations.
1.1. Site Setting
1.1.1.

Regional Geological Context

The regional contexts of palaeocave sites is critically important when attempting to understand the
placement and abundance of palaeokarst within the CoH. Drimolen is located at a high point in the
Gauteng Malmani dolomite (GMD) landscape at ~1543-37m above mean sea level (amsl) (Figure 1b)
and NE of sites such as Sterkfontein, Swartkrans, Coopers and Kromdraai. Drimolen is closest to the
fossil site of Plover’s Lake, located in the eastern end of the Bloubank Stream Valley ~2.3 km to the
SE of Drimolen at 1446 m amsl (de Ruiter et al., 2008) (Figure 1b). Uniquely, Drimolen does not lie in
an extensive river channel today and occurs close to the top of a hill with an elevation of 1588m amsl,
and one of the highest points in the Gauteng Malmani Dolomite. Clues as to why Drimolen is located
in this rather unique location, with few other recognised fossil sites close to it, can be found in structural
and petrological attributes in the regional geology. This has instigated a series of regional geological
and structural mapping projects at Drimolen, as well as other sites of higher altitude outside of the
Bloubank Stream Valley.
These analyses are still within their preliminary stages, however current data from studies at Drimolen
show multiple large igneous intrusives found on the surface, alongside dolomite and chert outcrops.
Detailed knowledge of regional features like this are important when attempting to ascertain mode of
formation. This is because factors that influence karstification are not only reliant on the solubility of
the rock type (high solubility rocks typically include limestone, dolomite and gypsum), but are also
characterised by secondary fracture porosity and structure location. As the emplacement of these

intrusive bodies would have resulted in extensive deformation, geological markers are likely key to the
evolution of the karstic landscape at these high altitudes. Lastly, as these subvolcanic intrusions are
much more extensive at depth, this also may explain the elevation of the dolomite in this part of the
GMD.

These studies will ultimately enhance our knowledge about the material located within

palaeokarst deposits, but also better our ability to locate untouched, in-situ palaeokarsts within the
dolomitic landscape.
1.1.2.

Site History and Excavations

The hominin bearing palaeocave system of Drimolen (Figure 1b) was first discovered in the 1990s
(Keyser et al., 2000) and has since yielded numerous fossils of Paranthropus robustus, including the
most complete P. robustus skull yet found (DNH 7) (Keyser, 2000; Keyser et al., 2000;), as well as
early Homo and a range of other mammals (Moggi-Cecchi et al., 2010; Adams et al., 2016). The site
has also produced the largest collection of purported bone tools from any of the Plio-Pleistocene early
hominin bearing sites with over 100 potential tools currently known; although to date only a small
proportion have been fully studied (Backwell and d’Errico, 2008). All this material originates from the
Drimolen Main Quarry (DMQ)(Figure 1c) where lime miners concentrated their efforts in extracting
speleothem from the palaeocave system in the early 20th Century; opening exposure of the site to its
current form. The mining collapsed part of the breccia deposit into smaller blocks, although the DNH
7 (aka Eurydice) block remains mostly intact. Due to burial, and the smaller size of the breccia blocks,
decalcification of the deposits was intensified over the last ~100 years since this occurred. However,
because decalcification has been so recent much of the fossil material is extremely well preserved
despite not being encased in breccia. These decalcified collapse deposits around the DNH 7 block have
been the main focus of the excavations to date.
A long trench (referred to as ‘Keyser’s Trench), was also excavated in the 1990’s which extended west
of DMQ for approximately 50 meters to a small round solutional tube, known locally as a makondo
(Brink and Partridge, 1980). This makondo has been shown to be richly fossil bearing and is now termed
the Drimolen Makondo (DMK; Figure 1c). Only a small layer of basal speleothem occurs in this deposit
(Figure 5), so unlike DMQ, DMK was not extensively mined for speleothem. This makondo feature is
dissolved into fossil rich indurated palaeocave sediments. Despite the density of the fossils DMK has
not been previously studied because only a very small portion of the palaeocave deposit was exposed.
However, a study of the makondo feature (now known as the Main Makondo; DMK-MM; Figure 2) in
2013 identified a significant portion of loose and densely fossiliferous sediments adhering to its wall
and in threat of collapse. A rescue excavation was undertaken to remove this material, which forms the
basis of the fossil material described by Rovinsky et al’s (2015). This densely fossiliferous material
contained articulated partial bovid feet, as well as carnivore and suid remains and included taxa
previously unknown in the Drimolen Main Quarry (Keyser et al., 2000; Rovinsky et al., 2015; Adams

et al., 2016; also see below). It was determined from the excavation that the sediments represented
decalcified breccia, rather than more recent makondo in-fill, because articulated fossil remains within
the loose sediments continued into the solid breccia. North of DMK-MM is a SE to NW trending
solution feature partly mined, termed here the North-West Rift (DMK-NWR) (Figure 2). This feature
exposed further palaeocave sediments on its western and southern walls and this formed the known
extent of the site at the end of 2013.
Extensive excavations of DMK began in 2014. Stripping of colluvium from around the exposed fossil
bearing exposures was guided by ground penetrating radar analysis (GPR: see next section).
Excavations were conducted with a Topcon© GPT7500 reflectorless Total Station Theodolite (TST),
with all fossils and stratigraphic information piece-plotted and digitally recorded. Excavation data were
also recorded on an iPAD© using the TapForms© application. Colluvium removed to the east of the
DMK-MM identified a second makondo feature infilled with the same palaeocave deposits,
subsequently termed the Eastern Makondo (DMK-EM). This has been the most fossiliferous part of the
site (Figure 2-3a) mainly because it has been dissolved into the central breccia deposit of the DMK.
Stripping of colluvium to the South of DMK-MM in 2014 revealed a southern wall of this Central
Breccia (DMK-SM). This has been shown to be extensively fossiliferous throughout the 2015 and 2016
excavations. Throughout 2015, and 2016, colluvial cover was removed from extensive areas to the west,
south and east of the Central Breccia as well as the excavation of the WM, which was identified by
GPR analysis. The DM-CG Makondo feature was also excavated, although it yielded few fossils
because it is dissolved into siltstone deposits that are generally macrofossil poor. This is due to the low
energy winnowing events that deposited it and its deposition in a distal part of the cave away from the
entrance. Presumably this part of the cave was simply not used by animals accessing other parts of the
cave or the cave was inaccessible to them (Figure 3b). Similar remnants of well laminated siltstone
and sandstone deposits were uncovered stretching to the SW of the Central Breccia (DMK-TB; Figure
2, 3c), in small areas around DMK-UL, TT, HR and along the southern wall of dolomite where they
occur as very small remnant patches. The formation of makondokarren has extensively dissolved away
the former palaeocaves sediments, especially the siltstone and sandstone deposits. This is quite common
as the calcite formed within and indurating the palaeocave deposits is purer and more easily dissolved
than the dolomite itself. It is also very common in the region for more recent caves to form within or at
the interface of palaeokarst (Herries et al., 2018). Removal of colluvium to the SE of the Central Breccia
revealed another small area of breccia, but it was not densely fossiliferous, likely representing the base
of the talus cone that formed prior to the Central Breccia. While the excavation of DMK-EM has yielded
extensive fossil remains (including those partly solidified in the wall still) that show the sediments
within the makondo consist of decalcified breccia, other makondo features like WM consist of later
colluvial fill and contained no fossils, except at the very edge of the makondo features where they are
actively being dissolved out of the siltstone and breccia. This is characteristic across the site where

fossils are only found close to the breccia and siltstone and sandstone walls of the makondos (Figure
2). Fossils likely once occurred in the central portion of the makondos but have sicne been dissolved
away. The following describes our unique methodology and preliminary results for attempting to
establish both the extent of these deposits, their stratigraphy and age over the last 4 years.
2. Subsurface Exploration and Site Visualisation
One of the fundamental differences in assessing extensively mined vs. in-situ deposits, is the equipment
necessary for locating and recording minimally exposed palaeocaves. Initial research at DMK was
greatly enhanced through early GPR analysis, which provided useful information that eased safety
concerns and ultimately aided the efficiency and productivity of the ensuing excavations. Subsequent
3D modelling in the forms of laser scanning and photogrammetry, have also provided useful visual
tools aiding in successive laboratory work and teaching.
2.1. Ground Penetrating Radar Analysis
Ground Penetrating Radar (GPR) technology is frequently used in karst landscapes as a geotechnical
tool for the detection of sinkholes and to aid in the assessment of geological stability for mine sites and
for safety assessment of land developments. (Benson 1995; Chalikakis et al. 2011; Neal 2004;
Rodriguez et al. 2014) Its use in detecting caves, cavities and dolines and assessing archaeological
deposits has been well established in other parts of the world, including the U.K (Chamberlain et al.
2000), Spain (Pueyo Anchuela et al. 2010) Slovenia (Gosar 2012) and Brazil (Reis et al. 2014). Such
assessments on South African palaeocaves have never been attempted, therefore, this study represents
the first of its kind on deposits of this type.
Primarily the aim was to assess the extent and characterise the form of the DMK deposits to assist in
the excavation process and to aid in the interpretation of the cave system. To this end a number of GPR
surveys were conducted using a range of GPR antennae. The first survey in 2014 prior to excavation,
was conducted on a 13m E-W grid with survey runs spaced every 0.5m N-S. (Figure 4) The survey
utilised a MALA© Pro Ex GPR system with a 500Mhz shielded antenna, with data processing
conducted in both Mala Object MapperTM and GPR Slice v7.0©. Initial results indicated that the
500Mhz survey proved to have excellent resolutions between the depths of 0.5m-4m. (Figure 4). These
data suggested that more makondo features occurred beneath the hillside colluvium and that in a couple
of cases large voids were also identified (Figure 4). Digging at the base of the Main Makondo in 2014
allowed access into one of these void features (the West Makondo; DMK-WM; Figure 2), containing
further articulated fossil remains in its walls including an articulated primate leg. The covering
colluvium of DMK-WM was later removed in 2015 to reveal the full extent of the ~3m deep solution
tube.

In addition to voids, banded linear features were identified within the radargrams (Figure 4), and these
were found to correspond with the surface outcropping of the chert within the dolomite; a common
feature in the Malmani dolomite succession. This enabled assessment of the dip and angle of projection
of the chert, where we postulate that the roof of the makondo cave would have formed along this more
durable rocktype; as is the case for a cave system located underneath the southern end of the DMK
(Porcupine Cave). The GPR thus limited our need to strip colluvium off large areas of the hillside, target
specific features for subsequent excavation and provided initial interpretations of the morphology and
formational characteristics of the solution cavities. This tool also provided an important safety feature
in that we are able to identify buried makondo features that could collapse in when having the
overburden colluvium removed during periods of excavation.
2.2. 3D Modelling
Traditionally the stratigraphy of South African hominin bearing caves sites has been documented by
either a series of two dimensional sections tied to a map of the site with the aim of recording a series of
sections to highlight lateral variation (e.g., Brain, 1958; Keyser and Martini, 1991; Latham et al., 2003),
or by the use of a simple composite sections of stratigraphy that are amalgamated from different parts
of the sequence to create a virtual chronostratigraphy (Partridge, 1978; 1979; Herries et al., 2006;
Stratford et al., 2012). In an attempt to fully document the complex nature of the site and the deposits,
and to supplement the Total Station location recording of samples and fossils, two methods of 3D
modelling were tested to assess their suitability for this environment (Armstrong et al., 2017).
Photogrammetry and laser scanning were applied at various stages of the excavation process between
2015-2016, with two versions of models generated at the start and end of excavation seasons (Figure
2). The photogrammetry surveys were conducted using a Nikon D80 (AF-S DX Nikkor 35mm f/1.8G
fixed lens; Nikon Corp., Japan), and processed with Agisoft PhotoScan (Ver. 1.1.6). Depending upon
the size of the area to be captured, between 500-1000 photos were taken for each excavation phase
using the method outlined in the Agisoft user’s manual (Agisoft 2013). Processing was conducted on a
6 core Intel i7 CPU with a Nvidia GTX 780 GPU and 48GB of RAM, and the resulting model was
orthorectified onto the Drimolen palaeocave grid using Agisoft ground markers that were recorded
using the TST. Outputs were generated in *.las point cloud format and a colourised textured *.wrl 3D
model format compatible with ArcScene (ESRI). Both the site TST data and the 3D models are
visualised using ArcScene 10.3.
Subsequent models were generated with an MS50 Leica Multi Station with laser scanning function. The
MS50 has the ability to operate as a TST, allowing scans to be conducted and automatically georectified
using the site grid. Depending upon the excavation phase a number of scan setups were needed, taking
between 5-10 to capture each makondo scene. The scan station setups were typically located between
3-5m from the edge of the excavation and optimum scan settings were set at 5mm resolutions. A discreet

zone around the excavation was outlined using the inbuilt software in order to capture the site extent
and provide a dense overlapping point cloud. The inbuilt camera of the MS50 was not used due to high
glare field conditions and as a result only greyscale point clouds and models were produced. The
automatically georectified point cloud data was exported as *.las or *.e57 files using Leica Infinity
software (Leica Geosystems), and imported into 3DReshaper to generate 3D models in VRML (Virtual
Reality Markup Language) format. These models and the associated point clouds in *.las format were
again imported into the ArcScene and provide additional high resolution, highly accurate models for
the project. By effectively visualizing the different deposits, and recording the 3D location of the fossils,
the process of identifying which sediments relate to the original cave system and which represent later
infill processes can be determined to a greater level of accuracy.

2.3. Structured Light Section Scans
While photogrammetry is ideal for scanning open air palaeocave remnants like DMK, and dark
portions can be scanned using a 3D scanning multistation (Armstrong et al., 2017), these methods both
struggle, or are impossible within the narrow, deep makondo features. This can be seen where there are
blank portions at the base of the makondo features (Figure 2). This can be overcome by the use of other
3D scanning options such as the ZEB1 handheld scanner, although this does not create a full
photorealistic model like photogrammetry. Because of this, we instead used an Artec Space Spider
structured light scanner that can capture high resolution true colour image scans. This scanner (or the
Artec Eva medium object scanner) can be used to both fill in hard to reach areas of the site 3D model,
to scan fossils still encased in breccia in high resolution, or to scan sections before and after sampling
(Figure 5). In particular, the Artec Space Spider Scanner’s small size (190 x 140 x 130mm), light weight
(0.85kg), and ability to operate from a portable battery pack mean that it is ideal for use in confined and
/ or hard to reach spaces. Additionally, the manufacturer stated specifications combine a .05mm point
accuracy with the capacity to generate up to a 0.1mm final object resolution. For these reasons, the
scanner has also been used to scan fossil clusters during excavation, as well as the fossils themselves
once extracted.
The combination of a photo – real texture and an extremely accurate three-dimensional polygon
means that post-processed scans, despite being captured in the field prior to excavation, are sufficiently
accurate as to allow fine-grained assessment of morphology (in the case of fossil specimens) or
stratigraphy (in the case of geological features). The figures presented here were captured using an
Artec Space Spider Scanner capturing 7.5 frames per second, powered by the manufacturer supplied
portable battery pack. Post-processing was undertaken using Artec Studio 11, following a workflow
adapted from that suggested by the manufacturer. The large size of the raw scans (up to 5gbs per scan
for 6 separate scans) and the resultant amount of time taken to post-process these scans in Artec Studio

11, was the principal limiting factor for this method. More specifically, highly accurate scans mean
larger scan file sizes, and despite operating an Acer Predator gaming laptop with a Nvidia graphics card
and 16gb ram, post-processing times for each object ran as long as 10 hours. Thus, while in principle
there is no upper limit to the size of the objects that could be scanned using the highly accurate Artec
Space Spider Scanner, the processing power of commercially available laptops provide a practical limit.
Thus, we consider that the size of the scans that we have presented here approach the upper limit for
the size of objects that can be efficiently captured and post-processed using the Artec Space Spider
Scanner in a fieldwork setting.

3. Stratigraphy and Sedimentology
Drimolen Makondo contains multiple solution cavities (commonly referred to as makondos) that have
been infilled by decalcified breccia and soil (Figure 2, 3). Features similar to this have been identified
throughout the Vaal River (Partridge and Brink, 1967) and in hominin bearing South African
palaeokarsts (Brink and Partridge, 1980). The nonindurated sediment within the site, as well as the
solution cavities (or makondos) themselves, are formed through decalcification of the surrounding
breccia (Rovinsky et al., 2015). Specifically, where the acidity of the soil is heightened by deep rooted
vegetation, burrowing activity and fluid filtration through cracks and joints in the rock. However, this
is not the case in all the makondos at DMK, as more recent cave forming processes can drain these
makondos due to collapse or fluvial regimes. In such cases, they are often refilled with more recent
colluvium. It is important to identify which processes have formed each deposit, as the former will
contain fossils contemporary with the palaeokarst, whereas the other will contain younger intrusive
fossils. This is critical to determine, as temporal mixing of younger and older sediments has been noted
at other palaeocave sites in the region and can lead to misinterpretations about the chronostratigraphical
history of the site (Blackwell, 1994; de Ruiter et al., 2003; Reynolds et al., 2007; Herries and Adams,
2013).
To assess these fundamental questions about the depositional processes of the site, we first use basic
geological principles of superposition and fundamental concepts of karst processes to present a
preliminary interpretation of the stratigraphy. The various deposits formed within the closed cave
system and during infilling stages, are represented well within the various stratigraphic sections of the
DMK palaeocave. Hence, this site presents a favourable case study for various sedimentological and
micromorphological analyses. At the contact with the basal dolomite at the western wall of the DMKNWR, dark grey, manganese-rich residue (wad; Figure 5) has formed through the dissolution of the
dolomite. This formation along with the overlying NW-SE dipping flowstone unit (~15cm thick) likely
formed in a closed environment, before the cave system became exposed to the surface. Large blocks

of dolomite and chert stratigraphically above the flowstone are evidence of roof collapse (Figure 3a, 6).
On the northern wall of DMK-MM this unit contains a massive fallen dolomite block (around 1m long).
Although not as densely populated with fossil remains as the units above, this unit does contain few
identifiable fossil specimens, including a bovid horncore.
This basal talus cone layer is overlain by dense, fossil-rich breccias with interbedded siltstone and
sandstone units. In some areas of the DMK this unit directly overlies the basal flowstone discussed
above. The contact between these is sharp and suggests a hiatus of some duration. This deposit contains
a large number of isolated fossils as well as semi-articulated element sets that tend to be concentrated
within particular horizons. Many have seemingly been crushed by the deposition of later deposits. The
long bones are generally well preserved and lie parallel to the bedding planes, whereas the pneumatised
ones and the crania are crushed and collapsed in-situ. The uppermost finer clastic units (namely
siltstones and sandstones) are rich in semi-articulated and unarticulated micromammalian remains and
represent the infill of the entire eastern portion of the cave, which represents the rear of the cave where
fine grained material has been winnowed from the clast supported breccias that occur on the eastern
side of the site, near to the original entrance (Figure 3b,c, 5). The most representative form of all these
units is located in DMK-MM (Figure 2, 3a, 6) and has been used as a reference point for the macrofossil
bearing depositional profile of the site. We do not extensively describe all the sections at the site in
terms of their sedimentological components because this is ongoing work and DMK is also simplistic
enough in its deposition in the vast majority of the deposition at the site consist of a single phase of
deposition with simple lateral variation of clast sizes related to their location from the original entrance
(this is further confirmed by the geochronology below). This interpretation presents a good basis before
completing micromorphological analyses (see 4.1.), which is used to conceptualise a more
comprehensive profile at DMK, with a greater understanding of site-specific formation processes (see
4.2.).
3.1. Micro-scale analysis
Sediment micromorphology is a powerful technique used commonly in geoarchaeology, that provides
in-depth perspectives about soil and sediment formation and evolution. Common applications in both
open air and cave sites, include identifying temporal occupational intensities, sediment type, postdepositional disturbance, cultural modification of the sediments and stratigraphic correlations. While
its use is well-established in several research contexts worldwide (Davidson et al. 1992; Karkanas and
Goldberg, 2007, and reference therein), African Pliocene and early Pleistocene palaeoanthropology is
still not extensively using this technique to help inform them about cave formation processes and
taphonomy. The integration of micromorphology with advanced stratigraphic techniques, like

depositional modelling, is the key to understanding the real stratigraphic relationships between
sedimentary bodies and consequently to building a robust chronology and context for the fossils.
Explorative micromorphological observations (see Stoops, 2003 for methodology and terminology)
were carried out on multiple thin sections, extracted from the finer silty sandstone unit, the underlying
coarser brecciaed material as well as the basal wad in the (DMK-NWR; Figure 3, 5). Portions of each
unit were extracted from the samples collected for resin impregnation, where the rest of each sample
was kept for potential geochemical or sedimentological analyses. Once resin was set, thin sections were
cut (~30µm) for micromorphological analysis. Detailed steps of impregnation and subsequent thin
sectioning were replicated from Fitzpatrick (1984). Each of these slides were assessed under a
polarising petrographic microscope, which is most useful for identifying geological and
geomorphological attributes under plane polarising light (PPL) and cross polarisation (XP). Features
that were of primary focus for karst geomorphology includes the optical properties of minerals, fluvial
petrology; specifically, structural features related to grain deposition and transport medium; and lastly,
identification of cementing material that fills pore spaces during diagenesis.
Finer microstructure generally characterises the stratigraphically higher siltstones and sandstone
(Figure 7a), whereas underlying microstructure of breccia samples is somewhat coarser. However, thin
(1-3 mm-thick) layers of coarser and finer material are common throughout both units. The related
distribution pattern is generally coarse monic within the coarser layers. These coarser units appear better
sorted and were likely transported from the finer microstratigrapic units (Figure 7b). The basic mineral
fraction is composed of silt- to very coarse sand-size angular to subangular grains, mostly of mono- or
polycrystalline quartz. Fine white mica flakes are also frequent.
Courser samples are typically sub-angular to angular clasts, greatly varying in size range from pebbles
to silts. However, most particles typically exist within the sand fraction. Traces of alteration occur on
mineral grains, mostly as coatings of pedogenic iron/manganese-oxide, or as infillings within cracks
(Figure 7b). Common rounded aggregates (pedorelics) of fine material are common throughout siltsandstones; these are amorphous and stained by iron oxides or preserve traces of stipple-speckled bfabric, and include silt-size quartz crystal. The distinctive rust colour of ferric iron oxides seen
throughout these slides is further evidence for chemical weathering of iron oxide minerals from banded
iron. In this case goethite and haematite are most common. Small fragments and aggregates of vegetal
organic matter stained by Fe/Mn oxides are also relatively frequent some samples. Lastly, tiny bone
flakes and splinters, as well as microfauna remains are also common throughout (Figure 7c, 8). All
layers are thoroughly cemented by sparitic calcite; large anhedral crystals (Figure 7b) with semifrequent triple points; here, the calcite is often dirty, with dark amorphous inclusions.
3.2. Site formation processes

Silicate and karst weathering as well as the alteration of carbonates all provide sources of Mn2+ to
surface and ground waters, especially since Mn2+ is highly soluble (Johnson et al., 2016, Turekian and
Wedepohl, 1961). This presence of Mn2+ irons also formed the preferential precipitation of wad present
at the base of the eastern exposure of the North-West Makondo (Figire 3, 5). Preliminary analysis of
the overlying flowstone, exposed in the DMK-NWR indicates that it was formed in a closed
environment, i.e. when the cave was still predominantly closed, as it contains virtually no detrital
material. The position of the entrance when the cave opened, can be inferred from the distribution of
the dolomite and the spatial organisation of the large rubble clasts. From this we approximate the initial
opening was probably located in an area to the east of the current exposures.
Relative partical size distributions differed through the stratigraphical profile at DMK, where lateral
variation in size and sorting of grains indicates discrete periods of heightened energy transportation
during deposition. The siltstone/sandstone units derived from several phases of cave partial flooding,
with variable flow energy indicated by sequences of finely layered coarse/fine sandstone/siltstone
layers. Fine material was subsequently washed from coarser grain-size sediments by decreasing-energy
flow regimes. Short-distance transport is suggested also by the macrofauna bone remains, which are
generally well-preserved and sometimes semi- or completely articulated. It is also likely that (parts of)
carcasses were deposited into this part of the cave during phases of flooding or by carnivore denning
activity, although the low number of complete macrofaunal remains in the siltstones and sandstones
may indicate that the latter was perhaps not a primary mechanism for deposition. It is also noted here
that the abundance of clays throughout the stratigraphic profile may also be a product of deposition
during slow fluid filtration into the karst. Another explanation for this, is intense weathering caused by
prolonged sub-ariel exposure of sediments. Due to the age of these sediments, prolonged exposure and
subsequent weathering is likely a more probable cause.
Interlocking crystals or a mosaic of sparite (sparry calcite) cement is the primary infill within void
spaces of samples throughout DMK and is crystalised during diagenesis as pore spaces are filled relative
to the groundwater level. The supersaturation of calcite (CaCO3) within water is also clear from the
abundance of well-defined flowstone precipitation, where this source of calcium carbonate originates
from the dissolution of the surrounding host rock (dolomite; CaMg(CO3)2). This environment, with the
added presence of Mg2+ ions also formed the preferential precipitation of aragonite in some cases
(Martini and Kavalieris, 1976), visible in samples within the breccia and within the basal flowstone
(Figure 12). Understanding such processes is critical for evaluating both site formation but also that
geochronological methods are dating primary and non-diagenetic features. For example, in the case of
speleothem that it is deposited with the fossil bearing sediments and that it is not a remnant false floor
that is older than the deposits beneath it, or a secondary infill that is much younger (Figure 5). In the

case of palaeomagnetism, that the magnetic remanence was locked into the sediments early on in the
history of their deposition and that subsequent processes have not remagnetised the deposits.

4. Faunal Remains and Biochronology
Palaeocave faunal assemblages provide useful datasets to aid in developing ecological and
environmental reconstructions. In addition, once temporally distinctive palaeontological events have
been established; such as the occurrence of a temporally limited species or genus, stratigraphically based
biochronological data becomes useful to assess age relationships of fossils and associated units in which
they are imbedded. In turn, the more emphasis that is placed on faunal analysis during excavation,
subsequent analysis and documentation at various sites, the more temporally and laterally robust the
regional biochronological framework becomes. Due to the abundance of faunal remains at DMK, we
emphasise the role that faunal analysis has played in approximating early depositional ages for the site.
The DMK faunal sample published by Rovinsky et al (2015) consists of faunal material recovered from
the DMK-MM in 2013 and DMK-EM in 2014; although few remains were also recovered from the
Southern Makondo (DMK-SM) (Figure 2). Due to the density of fossils in DMK-EM excavations had
only progressed some 20cm in depth over an area with a diameter of ~1m by the end of 2014. The heavy
accumulation of fossils within the DMK-EM is related to its position against the eastern dolomite wall
of the cave, into which more buoyant bones and fine sediments would have been winnowed (Pickering
et al., 2007). This is also likely a product of the fact that it is a hollow within the breccia itself, therefore
is in the early phases of decalcification. Other decalcified pockets at the site have also been correlated
with a high density of fossils. We emphasise here that it is important to identify such effects during
excavation and 3D plotting with a total station so that they can be considered during subsequent
taphonomic analyses. Remains include a primate lower limb (base of DMK-WM), as well as other
articulated carnivore and primate fossils found in direct association with fine grained sediments,
indicating that animals had primary access to the cave. This is further emphasised by the lateral
deposition of deposits (see 4.2.), which indicates no ‘death trap’ formed through a high vertical cave
entrance as so often suggested for deposits with abundant articulated remains (e.g. Dirks et al., 2010).
The faunal analysis methods and detailed discussion is provided in Rovinsky et al. (2015) and only
briefly summarised here with an emphasis on our biochronological interpretation. The DMK Dinofelis
specimens are metrically and morphologically dissimilar to specimens from the younger Drimolen Main
Quarry (DMQ) deposits (Rovinsky et al., 2015), which had been previously assigned to Dinofelis aff.
piveteaui (O’Regan and Menter, 2009). However, Adams et al (2016) have recently identified two
different species from the DMQ, Dinofelis cf. barlowi and Dinofelis aff. piveteaui, the latter being
similar to those from Cooper’s D sometime between ~1.6 and <1.4 Ma. The genus Dinofelis is known
from South African deposits ranging in age from the Langebaanweg Quartzose Sand Member at ~5.25-

5.05 Ma (Roberts et al., 2011) to Cooper’s D at 1.6-<1.4 Ma (de Ruiter et al., 2009). Other than perhaps
the DMK, all specifically-attributable Dinofelis barlowi specimens are known from sites in the region
that are older than ~2.0 Ma (e.g., Bolt’s Farm Pit 23, Sterkfontein Members 2 and 4, and Malapa;
Herries et al., 2009; Dirks et al., 2010; Werdelin and Peigné, 2010; Pickering et al., 2011a/b; Herries
and Adams, 2013). The age of the sites (Motsetse, Kromdraai A, Coopers D) with specimens assigned
to or with similarities to Dinofelis piveteaui (Lacruz et al.,2006) are all undated beyond biochronology
(which is biased by the use of this species to suggest a younger age) other than Cooper’s D at 1.6-<1.4
Ma (de Ruiter et al., 2009). Thus, these sites have generally been suggested to be younger due to D.
piveteaui’s younger age in East Africa (Werdelin and Ewer, 2001) and the age of the Cooper’s D
material. While the range of ages contained in the DMQ is not currently known and thus the two did
not necessarily overlap, the discovery of both these species in the DMQ deposit may not mean it is as
good a chronological indicator of pre and post ~2 Ma deposits, as has been traditionally inferred;
especially given the few specimens of the genus known from the region.
A Metridiochoerus specimen (DNM 57) is a maxillary third premolar that is a somewhat useful
preliminary biochronological indicator for the DMK palaeocave deposit. It is morphologically and
metrically aligned with early Metridiochoerus andrewsi specimens from the Makapansgat Member 3
deposits (3.03-2.58 Ma; Cooke, 2005; Rovinsky et al., 2015; Herries et al., 2013), as opposed to
specimens from post ~2 Ma to ~1.8 Ma sites like Gondolin and Swartkrans (Herries et al., 2006; Adams
et al., 2007; Adams 2010; Herries and Adams, 2013). While Makapansgat Member 3 represents the
first definitive FAD (first appearance date) for M. andrewsi in South Africa, it also represents the most
definitive LAD (last appearance date) of the more primitive Stage I (sensu Harris and White, 1979) M.
andrewsi population. The actual LAD of this more brachydont M. andrewsi group can only currently
be inferred by the occurrence of the more derived (Stage III) M. andrewsi within deposits prior to
Swartkrans Member 1 and Gondolin GD 2 (Herries et al., 2006b; Adams, 2010). Gondolin GD2 is dated
between 1.95 and 1.78 Ma, although likely closer to 1.8 Ma (Herries et al., 2006b; Adams et al., 2007;
Herries and Adams, 2013), where Swartkrans Member 1 has an expected age range between 2.0 and
1.8 Ma (Pickering et al., 2011; Herries and Adams, 2013). Unfortunately, this species lacks a robust
data range from Sterkfontein and as aforementioned, few sites cover age ranges between terminal phases
of deposition of the Makapansgat Limeworks Member 3 and Swartkrans Member 1 and Gondolin. This
is with the exception of earlier internal parts of Gladysvale from ~2.4 Ma (Herries et al., 2013) and
Haasgat from ~2.33-1.95 Ma (Herries et al., 2014). In conclusion, while the DMK Metridiochoerus
specimen is most comparable to specimens from Makapansgat prior to 2.6 Ma, an age as young as 2.22.0 Ma cannot be ruled out simply due to a lack of comparable fossils from this period. However, we
acknowledge here that the period between 2.6 and 2.0 Ma is perhaps more expected to contain the
intermediate Stage II M. andrewsi group, as seen in East African deposits (Cooke, 2007).

5. Geochronology
The last decade has seen the development of the uranium-lead (U-Pb) chronometer applied to
speleothems and the ability to date material older than 500 ka (see Woodhead and Pickering, 2012 for
a full recent review) which has had a profound impact on understanding the chronology of the South
African palaeocave sites (Walker et al., 2006; de Ruiter et al., 2009; Pickering et al., 2010; Dirks et al.,
2010; Pickering & Kramers, 2010; Pickering et al., 2011a, b). However, dating speleothems at a
particular site often can only provide maximum or minimum ages for the fossil bearing deposits,
depending on the spatial relationship between the speleothems and deposits of interest. Speleothems
formed with a few hundred thousand years, or less, of each other may well have indistinguishable U–
Pb ages given that the best errors achieved on such material is at best in the tens of thousands of years
but more typically in the 100ka range (Woodhead and Pickering, 2012). These limitations can be
overcome by combining the U-Pb dating of speleothem with a detailed palaeomagnetic analysis of the
full stratigraphy of the site and comparing the resulting magnetostratigraphic profile to the known
Geomagnetic Polarity and Instability Time Scales (GPTS and GITS; Pickering et al., 2011b; Gradstein
et al., 2012; Singer, 2014) using the U-Pb ages as tie points. The one disadvantage of this is that
macromammalian remains occur at some sites exclusively in clast supported breccia deposits, to which
palaeomagnetism cannot be reliably applied. Therefore, this method is not suitable to date sites unless
fine-grained siltstone and sandstone deposits can be stratigraphically correlated or speleothem measured
instead (Herries and Shaw, 2011).
Early Electron Spin Resonance (ESR) dating of fossils from the South African palaeocaves (Blackwell,
1994; Curnoe et al., 2001) have also recently been found to be reliable when compared with combined
U-Pb/magnetostratigraphic ages (Herries and Shaw, 2011; Herries and Adams, 2013). However, it is
acknowledged, that some results have had large errors when applied to earlier time periods with similar
antiquity to sites within the CoH. Using modern methods and mapping of uranium in the teeth to be
dated with direct coupled uranium-series electron spin resonance (US-ESR) dating of fossil teeth,
various methods can be interpreted alongside sedimentological and micromorphological work to
provide a robust chronology for palaeocaves. The three methods are applied at DMK as part of this
combined study.
5.1. Uranium- Lead (U-Pb) Dating
U-Pb dating was applied to the basal flowstone speleothem taken from the western wall of DMK-NWR
(Figure 2-3). Thin section and palaeomagnetic analysis of the basal speleothem indicates that it contains
little to no detrital iron from sedimentary influx and has a sharp contact with the overlying fossil bearing
deposits wherever it is exposed in section. It underlies the basal clast supported breccia in DMK-MM
and DMK-EM and also overlies the earlier phase of wad formation documented in DMK-NWR (Figure
3, 5). It is thus a good candidate to provide a maximum age for the DMK deposits because it would

likely have formed in a sealed cave environment before there was an entrance and the sediments infilled
the cave. Thin sections of the speleothem demonstrate that it consists of two main phases of growth.
The bottom half is composed of acicular aragonite needles that have undergone partial replacement by
a fine-grained equant calcite mosaic (approximately 80% aragonite; 20% secondary calcite). The top
half is composed of a mosaic of equant calcite crystals with abundant aragonite needle relics, indicative
of the diagenetic alteration of aragonite to calcite. As outlined in detail by Pickering et al (2010) there
is a small degree of recrystallisation in all CoH flowstones. This however is early (during growth of the
speleothem in many case), is conservative (no loss or gain of isotopes) and partial (much of the aragonite
remains), so does not have an adverse affect on the U-Pb dating. The layer that was chosen for dating
has elevated U concentrations, clearly visible on a cm scale and was therefore chosen as the target for
U-Pb dating. Had this sample undergone massive recrystallisation, this U would have moved (U is
highly soluble in water) and be spread across the sample, and not be concentrated in a thin layer.
Previous work on dating South African early Pleistocene speleothems has highlighted the necessity for
some kind of pre-screening of samples, prior to dissolution and chemical analysis, in order to identify
and target layers with uranium concentrations of ≥ 1 ppm (μg/g) U (Pickering et al., 2010; Woodhead
& Pickering, 2012). Phosphor-imaging, using a FUJIfilm BAS-1800 betascanner device, was used to
map zones of higher radiation (attributed to higher U concentrations) within DMKPM05 (see Pickering
et al., 2010 for more details; Figure 4). Using this image as a guide, the layer richest in U was selected
and a hand held dentist drill used to cut out small, ~3mm3 sub-sample blocks. These were then lightly
etched using dilute HCl to remove any surface contamination from drilling and subsequent handling.
From here onwards all laboratory work was conducted in a class 350 clean room, details of which are
given in Woodhead et al (2006; 2012). A mixed 235U-205Pb spike was used and samples were measured
on a Nu-Instruments MC-ICP-MS, again following Woodhead et al. (2006).
Element concentrations and isotope ratios obtained are summarized in Table 1. The average U
concentration of DMKPM05 is 1.56 ppm (μg/g), with much lower Pb concentrations averaging at only
0.006 ppm.
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U/206Pb ratios are relatively low, but there is enough spread to produce a range of

Pb/206Pb ratios and form robust Tera-Wasserberg isochron constructs (Figure 12). The high MSWD
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of 37 reflects the scatter of these points around the slope. In samples such as DMKPM05, and indeed
all of the other U-Pb dated flowstones from the GMD (Pickering et al., 2010; Pickering et al., 2011a,
b), the initial 234U/238U must have been >1 and must therefore be taken into account when calculating
the age. If not ages tend to be over-estimated. The residual

U/238U excess in DMKPM05 was still
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measurable, 234U/238U ratios were obtained following the protocol outlined in Pickering et al. (2011a)
(Table 1). The slope from the Tera-Wasserberg isochron constructs (Figure 12) and the residual
U/238U ratios (Table 2) are used to calculate a final U-Pb ages of 2.664 ± 0.392 Ma.
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5.2.Coupled Uranium-Series Electron Spin Resonance (US-ESR)
5.2.1.Sample Preparation
A fragment of undiagnostic fossil bovid molar tooth (DMKESR04) was recovered from palaeomagnetic
block sample DMK-PM02 during sampling. This sample comes from the very top of the DMK
exposures (Figure 3, 6). The recovery of such fragments from breccia is ideal in these palaeocave
deposits because the teeth have not undergone complex decalcification and thus have more homogenous
dosimetry (Herries and Shaw, 2011). DMKESR04 consisted of a quarter of the molar with large piece
of enamel (1.5cm large and 3cm long) and dentine attached (about 0.5 cm thick). The enamel was
slightly discoloured at the surface, but with very few cracks and no infiltration of dirt despite being in
direct contact with the surrounding sediments. The tooth fragment was removed from the block sample
with a diamond wheel saw and the enamel was cleaned and stripped of the first 100μm on both sides
(the Enamel-Dentine Junction (EDJ) and the occlusal surface), while the dentine directly in contact was
used for U and Th content.
5.2.2.

Methods

US-ESR dating was performed on a Freiberg MS5000 X-band at 1G modulation amplitude, 2mW
power, 100G sweep, 100KHz modulation frequency, coupled to a Varian VF50 X-ray irradiation
chamber at 40KV voltage and 0.5mA current with dose rate averaging 0.24Gy/s. The sample was
mounted onto a Teflon sample holder, which expose directly the fragment to the x-ray source with no
shielding (other than a 200micron aluminium plate). Dose response curve (DRC) and equivalent dose
(De) were calculated using the MCDose 2.0 program from Joannes-Boyau et al. (2018). The DRC was
calculated on the entire US-ESR dataset using a DSE. Associated errors were checked for strong
aberration from 2-sigma of the average associated error. A 6% uncertainty was added to the De error
obtained from the DRC to account for systematic error observed with x-ray. The amount of unstable
radical (NOCORs) present in the sample was estimated based on the work by Joannes-Boyau and Grun
(2011).
5.2.3. Dose Rate
The external dose corresponds to the environmental (U, Th and K concentration in the sediment
surrounding the tooth) dose rate (DSed) and the cosmic dose rate (Dcos). The DSed was measured for
an average of 1h30min using a portable gamma spectrometer Inspector 1000, at three different locations
at DMK in 2014 and 2015. The dose rate used was the one closer to the sample collected, while other
values were used to estimate the intra-variability of the site as well as annual variability. The error
associated took into account both variability, inducing a large error on the DSed. Because the breccia
was so hard it was impossible to drill a hole sufficiently large for the probe to enter and because of the

density of bone at DMK we did not want to do this for fear of damaging insitu fossils. All measurements
were made in places where natural solution pockets occurred in the breccia. Since the probe was not
surrounded by 30cm of sediment (* in Table 3), the peaks were integrated and modelled using the
sedimentary configuration around the probe, inducing a large error on the measurements. Additionally,
the sediment surrounding the sample was measured by ICPMS solution. The values obtained on the
other location were used with the sediment values to have a general idea of the site dosimetry.
The DMK cosmic dose rate was rather complex to estimate because so much of DMK has been eroded
away, making it difficult to model properly. Using cosmogenic nuclide exposure dating the denudation
rate was estimated to be in the order of 10m per million years based on measurement of a quartz layer
above the site (David Fink pers. com. 2018). It is obvious that this represent an estimation of the process,
as the tooth could have been exposed gradually. However, the nature of the cave suggests the tooth was
likley shielded by a chert cap cave rooftop for much of the time since it’s deposition, although this has
now been eroded away away. To be conservative we modelled the Dcos (t) from two models (i) one the
tooth was largely exposed to cosmic rays or (ii) the tooth was mostly shielded until recent time. This
gave an average Dcos of 220 +/- 65 μGy/a and an average density of 2.69 +/- 0.5 g.cm-3 for the breccia
that was collected from the site. It includes a large error to account for large variability of the sediment.
The density of the dolomite was calculated at 2.85+/0.03 g.cm-3.
Internal dose was modelled using a LA-MC-ICPMS Neptune Plus by measuring uranium and thorium
concentration directly in the enamel fragment used for US-ESR dating, as well as in the dentine directly
attached. Furthermore, both enamel and dentine sections of the tooth were mapped to account for intravariability, and a better understanding of diffusion processes overtime. Baseline and drift were corrected
using a NIST 612, while ratios and concentrations corrected using two coral standard of known
concentration. To account for potential matrix effect, a small fragment of dentine was also measured by
ICPMS solution. Each measurement correspond of twelve separated rasters of 700microns long and
200micron wide laser spot following the growth of the dental tissues. Values measured show consistent
results across the dentine and enamel sections.
To estimate the dose equivalent (De), the sample was irradiated nine times, following an exponential
irradiation time (90s, 380s, 1080s, 1800s, 3600s, 7200s, 14700s, 28800s and 63300s). The dose
response curve was calculated using the MCDose 2.0 with a Double Saturated Exponential DSE. For
every irradiation steps the fragment was measured over 180o on the z-configuration (Joannes-Boyau
and Grun, 2011). Isotropic and baseline correction was applied uniformly across the spectra. The
amount of NOCORs in the natural signal of the DMK sample was estimated to be around 13%+/-2
using the angular measurements (Joannes-Boyau, 2013). As described by Grun et al. (2012), the amount
of NOCORs did not fluctuate beyond the estimation uncertainty, after x-ray irradiation steps. The

powder simulated values are calculated by averaging the values over the angular measurements of the
z-configuration (Table 3).
5.2.4.US-ESR Results
The age of the DMK tooth was calculated to be 2.706 ± 0.428 Ma (between 3.13 and 2.28 Ma; Table
3). Dating >~1 Ma fossils is challenging and several assumptions limit the precision and ultimately the
accuracy of the US-ESR ages (Duval et al., 2011; Duval and Grün, 2016). The large error (Table 3)
comes from the external dose calculation and the uranium uptake model. While, the U-series sample
appears to be at equilibrium in the dental tissue, the uptake history prior to becoming a ’close system’
is unknown leading to massive uncertainty in regards to age calculation. To reduce the error of the
external dose in future dating of such deposits, and long term in-situ dosimeter should be used, as well
as conducting a detailed geochemical characterisation of the breccia along the stratigraphic layers
surround the tooth.

5.3. Palaeomagnetic Analysis
Palaeomagnetic analysis follows procedures outlined in Herries and Shaw (2011) and Herries et al.
(2014). Samples were taken from fine-grained, horizontally stratified sediments on the walls of the
Main Makondo deposit (DMK-PM01, 02, 04), as well as directly overlying the basal flowstone (DMKPM03) and the results are presented in Table 4. The flowstone itself records a weak normal polarity,
although it is so weak it is not considered reliable data. The siltstone samples from DMK are highly
unusual for samples from South African palaeocave deposits in that they contain a number of
components of magnetisation and thus it is assumed the different components are held by a variety of
minerals and grain sizes (Figure 9). The remanence is removed in the samples across a range of
unblocking temperatures with Curie points around 580oC (Figure 9E-F), suggestive of purer magnetite,
as well as temperatures as low as 470oC (Figure 9A, C), suggestive of titanomagnetite and or
maghaemite (Dunlop and Özdemir, 1997). Such low Curie points are not a common feature of South
African palaeocave deposits, which are normally held exclusively by purer single domain to pseudosingle domain magnetite (Herries et al., 2006a,b; Adams et al., 2007; Herries and Shaw, 2011).
Frequency dependence of magnetic susceptibility was undertaken using a Bartington MS2 Magnetic
Susceptibility meter. Like other cave sites the DMK samples contain a high percentage of viscous grains
across the single domain to superparamagnetic grain sized boundary (Herries et al., 2006a,b; Adams et
al.,2007; Herries and Shaw, 2011) with χFD% values of 8.95-10.82%.
To further characterise this unusual behaviour and to confirm the measured remanence as related to
primary formation a range of additional mineral magnetic experiments were undertaken (Figure 10).

Rock magnetic measurements were conducted on DMK samples to characterise the Fe mineral phase,
domain state, and grain size of remanence carrying minerals. High temperature mass-specific magnetic
susceptibility (χT) measurements were undertaken in air from room temperature to 700°C using a
Geofyzika KLY-2 KappaBridge AC Susceptibility Bridge. Curie temperatures (Tc) were calculated
from the minimum in the first derivative of the χT heating curve. Low temperature remanence and
magnetic susceptibility measurements were undertaken with a Quantum Designs Magnetic Properties
Measurement System XL. Samples were subject to a Field Cooled–Zero Field Cooled (FC–ZFC)
experiment, involving sample cooling from 300 K (room temperature) to 20 K in a 2.5 T field, with
remanence measurements taken at 5 K intervals in zero field upon warming (FC). This sequence was
then repeated with the cooling procedure taking place in zero field (ZFC). Subsequently, a room
temperature saturation isothermal remanent magnetisation (RT SIRM) of 2.5 T was applied and
remanence measurements were undertaken over 300–20–300 K temperature sweeps at 5 K intervals.
Magnetic susceptibility measurements were then undertaken upon warming from 20–300 K at
frequencies of 1.0 Hz, 10.0 Hz and 99.0 Hz in 20 K intervals. First-order reversal curves (FORCs),
hysteresis loops and remanence backfields were measured on a Princetown Measurements MicroMag
Vibrating Sample Magnetometer. FORCs were processed using the FORCinel 3.0 software package
(Harrison & Feinberg 2008) and the VARIFORC smoothing protocol (Egli 2013). Statistical unmixing
of coercivity contributions to remanence backfield curves was undertaken using the web application
MAX UnMix (Maxbauer et al. 2016). All other rock magnetic analyses were preformed using IRMDB
software produced in-house at the Institute for Rock Magnetism.
Results from the backfield unmixing (Figure 10A) and FORC diagram (Figure 10B) for DMK-02-A
show that the bulk of the magnetisation is carried by low coercivity magnetic grains ranging from the
ultrafine, to single domain (SD) and pseudo single domain (PSD) size ranges. There is no evidence for
any multi-domain (MD) grain contributions as shown by minimal vertical spread along the Bu axis of
the FORC (Roberts et al. 2000). This corroborates previous interpretations from South African
palaeokarst (Herries et al., 2006a,b; Dirks et al., 2010; Herries and Shaw, 2011; Pickering et al., 2011;
Herries et al., 2014). Strong SD magnetisations are highlighted by closed concentric contours aligned
along the FORC central ridge, while PSD contributors are shown by intensities with a broader spread
away from the central ridge along the Bu axis and weak lobe-like features (Figure 10B; Lascu et al.
2015; Roberts et al. 2000). SD and PSD grains likely correspond to the magnetisation imparted by
Component 2 modelled within MAX UnMix, which largely fall within the coercivity (Hcr) range of this
dominant signal (Hcr = 19.81 mT; Figure 10A). Significant proportions of low coercivity ultrafine
magnetic grains are not uncommon from these sites (e.g. Herries et al. 2006; Herries & Shaw 2011),
and are illustrated via Component 1 of the coercivity distribution (Hcr = 1.74 mT; Figure 10A), along
with a strong frequency dependence of magnetic susceptibility with temperature as highlighted in
Figure 10C. This component of the magnetisation is likely to be susceptible to secondary overprints,

whereas SD, and to a lesser extent PSD particles, will be more likely to carry a stable remanent
magnetisation.
Results from both χT and low temperature remanence experiments indicate that the low coercivity
magnetisations are carried by non-pure forms of magnetite. DMK-02-C records a Tc of 527.56°C
(Figure. 10D), significantly lower than the pure magnetite Tc of ~580°C and lower than typical Tc
estimates from these sites (which have been derived from thermomagnetic remanence cycles rather than
χT curves; e.g. Herries et al. 2006 and above). This may reflect titanium substitution (titanomagnetite)
within the magnetite crystal lattice which causes a lowering of the Tc (Dunlop & Özdemir 1997). A
major difference at Drimolen is the occurrence of the large microgabbro deposit opposite the cave and
this may explain the occurrence of titanomagnetite in the deposits. However, it could also potentially
reflect the presence of maghemite, which can produce variable Tc values depending on the degree of
oxidation effects (Dunlop & Özdemir 1997). Low temperature data show a small inversion in the RT
SIRM2.5 T cooling curve and loss in remanence close to the low temperature Verwey transition (Tv; ~120
K) in magnetite (Figure 10F). The Tv corresponds to a first-order phase transition in the crystal structure
of magnetite from cubic to monoclinic which exhibits large diagnostic changes in the remanence
observed during low temperature magnetometry (Dunlop & Özdemir 1997). The Tv often occurs in a
suppressed state, similar to the inversion noted in DMK-02-B, if partial oxidisation or Ti-substitution
has taken place (Moskowitz et al. 1998; Özdemir et al. 1993). In the case of the latter the Tv can be
completely eliminated, although similar diagnostic features will remain at temperatures close to the Tv
associated with magnetite’s isotropic point (Ti) (Moskowitz et al. 1998).
Figure 10A also shows the presence of weak higher coercivity magnetisations, notably Component 4
which has a Hcr of 1367.4 mT indicating some antiferromagnetic mineral contribution. This is likely
related to goethite, which has been identified via diagnostic low temperature properties in DMK-02-B.
These include increases in magnetisation with lower temperatures (Figure 10E and 10F), significant
remanence differences between FC and ZFC curves (Figure. 10E) and largely reversible RT SIRM
curves (Figure 10F) (Lui et al. 2006). The remanence increases on cooling correspond to a decrease in
magnetic susceptibility (Figure 10C). Goethite has not previously been identified magnetically at these
sites as this is the first application of low temperature remanence measurements. Antiferromagnetic
components identified in SIRM experiments have typically been interpreted as hematite due to the red
colouration of the sediments (e.g. Herries et al. 2006). There does not appear to be any substantive
evidence for a Morin transition in hematite (260–250 K) at low temperature within DMK-02-B (Figure
10E and 10F), which similar to the Tv in magnetite, can be suppressed by increasing substitution as well
when it occurs in ultrafine grain sizes (Dunlop & Özdemir 1997). Evidence for a substantial amount of
haematite is found in X-ray Absorption Spectroscopy analysis undertaken at the Australian Synchrotron
(Figure 11). This adds further support to the suggestion that haematite is a diagenetic product and is

present largely in fine-grained pigmentary forms that is not remanence bearing, similar to its occurrence
in burnt sediments (Herries et al. 2006).
The large amount of ultra-fine grained ferrimagnetic grains identified in the samples has likely causes
the strong, low coercivity overprints seen in the samples. Similar behaviours have been noted at other
sites in the region that were easily removed using a hybrid demagnetisation strategy with an initial 812 mT alternating field (AF) demagnetisation step before thermal demagnetisation (Dirks et al., 2010).
Similar AF steps were used as part of a standard hybrid demagnetisation strategy for the Makondo
samples. However, for the DMK samples this did not generally remove all the low field components in
the samples (Figure 9C). AF demagnetisation of DMK samples (Figure 9B, D) indicate that potentially
secondary overprints are not removed until a range of fields from 14-30mT and that the samples have
as many as 3 different components in some cases. This may relate to alteration noted by the
micromorphology, with secondary iron coatings to mineral grains. However, even where this is the case
and the lower field components have been removed, a higher field stable remanence is recovered
between 14/30-60mT. Moreover, there is very little difference in the direction of the different
components in most samples (Figure 9D), suggesting they may have formed in different minerals at
about the same time, rather than being more recent overprints. This is consistent with the occurrence of
a range of unblocking temperatures identified during thermal demagnetisation. In a few samples (Figure
9B) there is significant differences in the direction of these lower field components that suggest they
are more recently acquired overprints. In many samples a much higher temperature, very weak
component also occurs, suggesting that haematite is also unusually holding a remanence. However, the
inclination of the haematite remanence is identical in every single sample, with a characteristic almost
vertical (-80 to -90o) inclination and as such it is thought to be secondary in nature, perhaps related to
the conversion of maghaemite to haematite. The stability of the characteristic remanence to high fields
of 60mT points to the occurrence of greater concentrations of larger stable single domain particles than
seen at other sites and this is reflected in the mineral magnetic measurements. This is in theory the ideal
magnetic carrier for a primary remanence. However, the above mineralogy suggests a complex mixture
of magnetic minerals occur whereby an overprint is produced because the sediments formed rapidly
during a reversal and minerals that took longer to lock the remanence into the sediment have a different
direction to the primary single domain magnetite remanence. Some secondary diagenetic overprinting
may also be evident, but this is removed during magnetic cleaning.
Block sample DMK-PM03, which sits against the flowstone records normal (VGP 46.5o; Table 4) and
intermediate polarities (VGP -7.3o) with subsamples having steep negative inclinations of -60.6o to 85.7o. Sample DMK-PM01, which sits above this in the base of the siltstone and sandstone phase also
records intermediate polarities (VGP; -2.8), but trending towards reversed polarity with positive
inclinations (273.4o/25.2o). DMK-PM04, which is slightly higher records completely reversed
directions (VGP: -79.9o; 190.2o/39.2o) as does the very top of the sequence (DMK-PM02: 160.9o/9.6o;

VGP: -62.0o). The data is consistent with a change in polarity from normal to reversed polarity occurring
during the deposition of the deposits (Fig. 12). Similar reversal events have been found in other caves
within the region, although they have most often been found within speleothem deposition (Adams et
al., 2007; Dirks et al., 2010; 2017; Herries et al., 2011; 2014).

6. Discussion and Conclusions
The close interdisciplinary relationship between earth sciences and archaeology has long existed in
other parts of the world (Davidson and Shackley 1976; Rapp and Hill 2006; Stein 2001; Waters 1996;
Waters and Kuehn 1996), although has yet to be fully established as an integral part of South African
palaeoanthropological research. This is an alarming notion as the geomorphological complexity of
fossil-bearing palaeokarst is rarely given enough focus during research. Until only recently South
African palaoecave deposits have largely been founded through the exploitation of lime mining
throughout the 20th Century, which removes the geology and fossil material from primary context. This
has greatly influenced how researchers have gathered contextual and chronological data for
paleoanthropological and archaeological material at the site; where many relied soley on
biochronological frameworks. Many that have attempted to understand the depositional phases at these
sites have adopted the ‘Member System’ (e.g. Partridge et al., 1978; 1979; 2000; Bruxelles et al., 2016);
a simplistic concept unique to ascertain infilling stages in South African palaeokarst. However, as
numerous researchers have noted (Latham et al., 1999; 2003; Pickering and Kramers, 2010; Herries et
al., 2013) how classifying these palaeocaves sites based on a Member system is flawed as assumed
temporal sequencing (i.e Member 1 as the oldest and 5 as the youngest) has been shown to not be the
case at many sites (Latham et al., 2003; Pickering and Kramers, 2010; Bruxelles et al., 2016). This is
mainly because ‘Members’ are classified based on their sedimentological character. However, caves
are systems where very different processes and thus sedimentological processes can occur in different
parts of the cave at the same time. Consequently, contemporary deposits have often been separated into
different, supposedly temporal, units based on their sedimentological character. For example, Member
2 (siltstone and sandstone) and 4 (breccia) at the Makapansgat Limeworks are contemporary as Member
2 derives from the winnowing of Member 4 (Herries et al., 2013). Separating these two deposits into
different temporal units based on sedimentology is like separating the Central Breccia at DMK and the
adjacent siltstone and sandstone deposits into separate temporal deposits. This is clearly not justifiable.
Other examples of this include Bruxelles et al’s (2016) confusing reordering of the Members at
Kromdraai B and the arguments over the age and relationship of Member 2 and Member 4 at
Sterkfontein (Partridge, 1978; 2000; Walker et al., 2006; Partridge et al., 2003; Pickering and Kramers,

2010; Herires and Shaw, 2011; Herries et al., 2013; Bruxelles et al., 2014; Granger et al., 2015; Kramers
and Dirks, 2017)
One way that other researchers have tackled this problem is in defining chronostratigraphic units rather
than sedimentological ones, often separated by flowstone speleothem and thus defined as Flowstone
Bound Units (e.g. Pickering et al., 2007; Adams et al., 2010; Herries et al., 2014). Even this approach
can be quite general and only through 3D mapping and with detailed stratigraphic analysis, both
laterally and vertically, and combined with micromorphological analysis can the complex stratigraphy
of these types of sites be confidently assessed.
More recent discoveries of sites such as Drimolen, Haasgat, Rising Star and Malapa (Dirks et al, 2017;
Herries et al, 2017; Leece et al, 2017) have started to adopt more relevant contextual studies that are
directly aligned with concepts with the earth sciences. These have been discussed in detail throughout
this paper and it should be emphasised that this is the first example of all these tools applied together at
one site. As presented here, these techniques should be carried out in order from regional studies;
geological exploration and GPR, to site- specific; excavation and data collection. Lastly, a focus on
substantial laboratory work including thin section analysis, amalgamating excavation material for 3D
modelling as well as a comprehensive utilisation of multiple dating techniques; palaeomagnetic
analysis, US-ESR dating. By compiling data that is multi-sourced and analysed using an array of
techniques, supporting information can be used to validate and corroborate conclusions drawn about
the depositional history of the site. This is clearly important for providing context to fossils, ultimately
placing them within our lineage.
At the DMK many of the articulated remains in the decalcified sediments from the edges of DMK-MM
and DMK-EM continued into the still calcified sediments. This likely indicates that the fossil material
present in the decalcified sediments is derived from the neighbouring calcified deposits and is not a
mixture of older residual material with younger fossils. Although we argue that biochronological based
contexts are insufficient to produce a confident chronological history of the site, it is still a powerful
tool to be used in conjuncture with other dating methods. Particularly when specimens align with
temporally defined populations. Although there were many different species identified in the DMKEM, there were some species that could provide a time bracket for deposition; namely the
Metridiochoerus specimen. This specimen (DNM 57) is likely derived from a Stage I Metridiochoerus.
andrewsi which has only been previously found in pre-2.6 Ma sites in South Africa (Rovinsky et al.,
2015). However, we know very little about the period between 2.6 and 2.0 Ma because so few sites
have been dated to this time period (Herries et al., 2009; Pickering et al., 2011; Herries and Adams,
2013; Kuhn et al., 2016) other than Sterkfontein Member 4 (Pickering and Kramers, 2010; Herries et

al., 2013). However, so little has been undertaken on the fauna from this site in recent years or from
modern excavations.
The utilisation of various dating methods at DMK, combined with a comprehensive understanding of
depositional regimes, validated our conclusions that this site is of greater antiquity than the DMQ, which
is dated to between 2.0 and 1.4 Ma (Herries et al., 2017). U-Pb dating on the basal flowstone unit
exposed on the NWR (sample DMKPM05) indicate an age of 2.644 ± 0.391 Ma (sometime between
3.035 and 2.253 Ma; Fig. 12). As magnetic and thin section analysis of this unit indicates minimal
detrital material, it is surmised that this age is for the closed cave system, before roof collapse and
infilling overlying fossil-rich units. The palaeomagnetic sequence suggests a change from normal to
reversed polarity through intermediate polarity, with reversed polarity for the layer that contains the
2.706 ± 0.428 Ma US- ESR age (sometime between 3.134 and 2.274 Ma; Fig. 12). The U-Pb and USESR age thus overlap within the period between 3.035 and 2.274 Ma. Only three magnetic reversals
occur within this time range: 1) the end of the Kaena SubChron at ~3.03 Ma (Ogg, 2012; Fig. 12a),
which is at the very upper limit of the age uncertainty and is reversing from reversed to normal polarity,
rather than normal to reversed as in DMK; 2) the Halawa Excursion at ~2.445 Ma (Singer, 2014) that
has also often been referred to as X-event. While this could represent the reversal in DMK, it is much
more likely that it represent; 3) the Gauss-Matuyama Boundary reversal at ~2.61 Ma (Singer, 2014;
Fig. 12). This reversal is from normal to reversed polarity and its age is close to the central age estimates
from both the US-ESR and U-Pb dating. Moreover, it has been suggested by Pickering et al (2011) that
synchronous flowstone formation occurs in several caves in the region and this is the same age as
estimates for flowstone ages at the base of Sterkfontein Member 4, which subsequently also records
reversed polarity (Herries and Shaw, 2011). Despite large age uncertainties for both the US-ESR and
U-Pb methods, the combination of these two methods with palaeomagnetism has allowed DMK to be
dated to a period contemporary with the early phase of Sterkfontein Member 4 deposition, and provides
further validation for using this combination of dating methods on these sites as they often correlate
extremely well (Herries and Shaw, 2011; Herries and Adams, 2013; Dirks et al., 2017). By
corroborating all these techniques, we are able to form a comprehensive, well-established
chronostratigraphic profile at DMK.
As regional geological studies are beginning to identify new and untouched palaeoanthropological sites
(Dirks et al., 2016; Herries et al. 2017), a more robust geoarchaeological framework for research on insitu palaeokarst deposits is important. As aforementioned, many sites within the CoH have been
actively mined for internal speleothem deposits, which causes partial or complete destruction of wellpreserved stratigraphies. This can be worsened by extensive excavations that also removes sediment
blocks from their original context, where incomplete or inconclusive field data can cause misleading
interpretations when the site is revisited. Another concern, particularly when excavating makondo

features, is the potentially high likelihood of mixing of fossils of different ages; as envisaged by Brink
and Partridge (1980). This can occur due to direct decalcification of bone from the surrounding
palaeocave deposits, as well as fossils being brought into drained makondo features due to later colluvial
infilling. It is thus important to assess this when excavating a site, especially if no comparative in-situ
palaeocave sediments are also being sampled for fossil extraction, as has been the case at several similar
palaeokarst sites in the region. DMK presents a unique case study which assess chronology and
formation history of a minimally impacted site which remains stratigraphically intact. Although in-situ
deposits are typically simpler when interpreting contextual information, they present their own sets of
issues. The first of these is uncovering them and removing colluvium safely and efficiently. GPR
greatly enhanced our overall understanding of the DMK palaeocave system before excavations
occurred; identifying the extents of the site as well as proving an important tool for ensuring safety
precautions were in place getting closer to open cavities during excavations.
While research exists on the hominin-bearing palaeocaves, recent results from less intensively worked
or new fossil localities in the northern sector of the CoH, highlight the importance of broader geological,
technical and chronological studies. This case study at DMK not only presents a unique collaboration
of techniques, it provides a unique example of a site that has not been heavily altered through modern
anthropogenic activities. Approaches that have been outlined in this study are still relatively novel South
Africa, particularly being used corroboratively at single site. Therefore, we argue this multi-stage,
holistic geological approach will positively advocate for the utilisation of geoarchaeological methods,
which is critical to aid in understand the formation of hominin- bearing palaeokarst and thus, the
chronology and context of fossils identified within.
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Table 1. All U-Pb concentration and isotope ratio data used to calculate U-Pb ages for Drimolen
Makondo flowstones sample DMKPM05. Errors are presented at 2 Sigma.
U

Pb

238U/

%

207Pb/

Sample

ppm

ppm

206Pb

err

206Pb

DMK5-1

1.387

0.015

277.7

1.0

DMK5-2

1.007

0.004

623.1

2.7

DMK5-3

1.571

0.005

763.9

DMK5-4

1.917

0.009

DMK5-5

2.265

0.007

DMK5-6

1.454

DMK5-7

1.318
1.560

0.006

Ave.

err

corr.
coef.
8/6-7/6

238U/

%

206Pb/

%

204Pb

err

204Pb

err

corr.
coef.
8/4-6/4

0.678

0.1

-0.9999

7487.9

5.9

26.96

5.8

0.9864

0.516

2.1

-0.9871

20951.9

7.7

33.63

6.2

0.9490

3.9

0.453

3.9

-0.9994

26677.2
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0.9549

560.3

1.5

0.532

1.0

-0.9366

16648.6
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29.71
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710.4

3.0

0.460
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-0.9995

24667.4
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55287.0
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1019.3

2.2
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-0.9996

56197.8

7.3

55.13
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0.9967

Table 2. Residual 234U/238U ratios and final U-Pb ages of 2.664 ± 0.392 Ma for Drimolen Makonodo
basal flowstone sample DMKPM05.
Present
234U/238U

1.0023

±
0.0024

%
err
0.2

U-Pb (T-W)
age (Ma)
2.664

±

%

Initial

Error

234U/238U

0.392

14.715

5.336

±
2.487

Table 3. Combined US-ESR ages and associated data.
The age was calculated using the 234U and ThO decay from Cheng et al., 1998, the enamel and dentine
density of 2.95 from Grun (1986a), alpha efficiency factor of 0.15 +/- 0.02, U8-U4 alpha dose (260
mGy/ka) from Grun (1987; 1989), U4-Th0 alpha dose (295 mGy/ka) from Grun (1986b; 1989), and an
average sediment density of 2.69 +/-0.04 g.cm-3. Data and Ages are expressed with a 2-sigma error.

DMK

SAMPLE
ENAMEL
Dose (Gy)

2107±143

U (ppm)

1.46±0.24

U/238U

1.4134±0.0649

Th/234U

0.8076±0.0093

234
230

Thickness (m)

950±147

Water (%)

3±1
DENTINE

U (ppm)

19.19±1

U/238U

1.2018±0.0094

Th/234U

0.8882±0.0165

234
230

Water (%)

5±3
SEDIMENT

U (ppm)

0.65±0.22

Th (ppm)

1.35±0.45

K (%)

0.21±0.19

Water (%)

15±10
EXTERNAL DOSE

Beta Dose (μGy a-1)

31±17

Gamma Dose (μGy a-1)

335±68

Cosmic (μGy a-1)

220±65
INTERNAL DOSE

Internal dose rate
(μGy a-1)
Beta Dose rate dentine (μGy a-1)

116±78
77±52

P enamel

4.6359±0.7708

P dentine

1.8967±0.3315

Total Dose rate (μGy a-1)

779±134
COMBINE US-ESR AGE

AGE (ka)

2706±428

Table 4: Palaeomagnetic Data for the Drimolen Makondo Palaeocave deposits.
Sample

Declination
(o)

Inclination
(o)

Mean
MAD

K

Sample

VGPLat. Polarity

DMK02

160.9

9.6

8.05

77.3

3

-62.0

R

DMK04

190.2

39.2

6.20

163.6

3

-79.9

R

DMK01

276.4

25.2

4.48

26.2

6

-2.8

I

DMK03U

142.1

-66.9

4.23

59.4

3

-7.3

I

DMK03L

47.9

-66.5

8.00

17.9

3

46.5

N

Number
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Fig. 1 A) The location of the Hominid Fossil Sites of South Africa UNESCO World Heritage Site
(Cradle of Humankind); B) The height and location of Drimolen compared to other fossil bearing cave
sites in the CoH; C) The relationship of the Drimolen Makondo to the Main Quarry.

Figure 2. Photogrammetry model of the Drimolen Makondo at the end of the 2016 excavation season.
The sedimentological nature of the outcrops is shown as well as piece plotted locations of in-situ and
excavated fossils that are concentrated in the central breccia. The methodology for creating the
photogrammetry model is outlined in Armstrong et al. (2017). The named features of the site are also
shown (MM=Main Makondo; EM= Eastern Makondo; WM=Western Makondo; NM=Northern
Makondo; SM=Southern Makondo; NWR=North West Rift; MB=Maddie’s Bath; CG=Chris’ Gym;
TB=Traynorberg; TT=The Tongue; THR=The Hanging Remnant; UL=Uluru; SEB=South East
Breccia.

Figure 3. A) Looking south from the Northern Makondo across the Central Breccia of DMK and
showing the location of the ESR and U-Pb samples, as well as the various other Makondo features. B)
Example of well laminated siltstone and sandstone on the southern side of the Western Makondo. C)
The various small remnants of siltstone and sandstone along the southern dolomite wall of the
excavation area.

Figure 4. GPR survey undertaken around the Drimolen Makondo using a Mala© GPR ProEX System
with a 500 Mhz antenna. Typically, high-resolution imagery was produced between the depths of
1.5m-3m, although due to surface outcropping dolomite, and uneven ground surfaces some
radargrams show patches of off ground signals. Electrical contrasts are high between air filled
solution pockets and the surrounding dolomite, as a result these can be seen very clearly on the
radargram. The chert bedding to the southwest of the site that likely formed the former roof of the
cave clearly shows up on the left hand side of the radargram..

Fig. 5 Artec Space Spider 3D surface Sscans of Upper: U-Pb dated (−2.6 Ma) basal primary flowstone
(FS) overlying WAD in DMK-NWR and then overlain by siltstone and sandstone deposits (PM03);
Lower: Well laminated siltstone and sandstone (SS&SS) deposits from the very back (west) of the
cavity, showing secondary intrusive flowstone speleothem.

Figure 6. DMK Main Makondo photomosaics of west and south profiles. 1: slightly cemented coarse
dolomite and chert rubble, with red earth matrix. 2: strongly cemented and bone-rich
siltstone/sandstone, with chert and dolomite clasts. Location of US-ESR date discussed in section 6.3.
shown.

Figure 7. A) top: Fine granular microstructure with
enaulic coarse/fine related distribution pattern,
strongly cemented by medium-size dirty sparite
crystals. Few fine- to medium sand-size
monocrystalline and very few polycrystalline quartz.
Fe-oxide coatings cover some coarse grains (upper
centre and upper right). Frequent rounded aggregates
of fine material, stained by Fe-oxides. One altered
bone fragment (upper left). PPL, 2.5x objective. B)
middle: Single-grain microstructure, with very few
fine fraction organised in enaulic related distribution
pattern. Coarse- to very coarse sand-size chert grains,
moderately altered. Discontinuous Fe/Mn-oxide
coatings over almost all grains. Few Fe/Mn-oxide
infillings in cracks within mineral grains. One
slightly altered bone fragment (bottom, centre). PPL,
2.5x objective. C) bottom: Moderately altered bone
fragment; micromammal mandible, with in situ
upper part of tooth roots. Coarse sediment, including
very coarse sand-size chert grains and few
aggregates of fine material. Thin Fe-oxide coatings
on mineral grains. Anhedral to subhedral sparite
cement, locally forming a pavimentous pattern with
triple joints PPL, 2.5x objective.

Figure 8. Micromorphological thin section showing the structure of a micromammal tooth embedded
within the Makondo siltstones. The tooth has been cemented within the breccia by sparitic calcite, with
zones stained extensively by iron oxides (refer: far bottom left). Micromammalian tooth structures are
outlined on the image and are described as follows; A) Enamel; B) Dentine (note: also showing Dentine
Tubules along similar orientation to the arrow); C) Enamel Dentine Junction (EDJ); D) Potential
Neonate Line; E) Pulp Cavity and F) Striae of Retzius.

Figure 9. Palaeomagnetic demagnetisation spectra (Zijderveld, Stereo, Intensity) for samples from
Drimolen Makondo running from the base to the top of the stratigraphic sequence. A variety of sample
behaviours and polarities are shown along with examples from the three different methods of
demagentisation (Alternating field; AF; Thermal; TH; and hybrid).

Figure 10. Rock magnetic data for DMK-PM02 samples. A) MAX UnMix coercivity distribution of
backfield measurements to -1.3 T. B) FORC diagram composed of 132 individual FORCs with a
smoothing factor of 4 for the central ridge (Sb0), and 9 for the remaining plot (Sc0, Sc1 and Sb1).
Subtraction of the lower branch and removal of a first point artefact was undertaken during FORCinel
processing. C) Low temperature magnetic susceptibility at three separate frequencies. D) High
temperature magnetic susceptibility with a derivative plot insert. E) FC–ZFC low temperature data. F)
RT SIRM low temperature data.

Figure 11. X-ray absorption spectroscopy of DMK02 samples versus a range of magnetic standards.
This indicates that the bulk iron mineral in the sample is haematite (Fe2O3). This work was done at
the Australian Synchrotron.

Fig. 12 A: Geomagnetic Polarity Timescale compared against B: the stratigraphic sequence of DMK
showing the location and age estimate of U-Pb (red circle), US-ESR (blue circle) and Palaeomagnetic
(N=Normal, R=Reversed) samples. ; C: Tera-Wasserberg isochron age constructs for DMKPM05 from
the Melbourne laboratory. The slope of this line and the measured 234U/238U ratio are used to calculate
ages; D: The DMKPM05 dated flowstone sample showing the dated basal aragonite rich part.

