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Abstract

In South Africa Paranthropus fossils have been uncovered from multiple remnant cave
systems in the Cradle of Humankind (Cradle), specifically Coopers, Drimolen, Gondolin,
Kromdraai, Sterkfontein and Swartkrans. Paranthropus appears at ~2 Ma persisting through
multiple shifts in local hydroclimate from drier to wetter phases, until around 1 Ma, at which
point they are no longer present in the fossil record. Here we review the geology and dating of
Paranthropus bearing sites in the Cradle and outline a simple model of cave development and
depositional facies. The idea of this model is to demystify the stratigraphy and sedimentology
of the South African cave deposits and present a set of facies which can be applied, in
modified form, at all the fossil localities. The U-Pb flowstone chronology for these sites is
analogous to the eastern African chronology and should allow for meaningful future

comparison between these regions.
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Introduction to Paranthropus in South Africa

South Africa preserves a rich and varied record of early hominin evolution. The fossil
remains representative of Australopithecus, early Homo and Paranthropus are found
preserved in a series of eroded, remnant caves referred to as palaeocaves. The presence of
caves on the landscape is restricted geographically by the outcrop pattern of the
Palaeoproterozoic Transvaal dolomite host rock into three main areas: Taung, the
Makapansgat Valley and the area just north of Johannesburg known as the “Cradle of
Humankind’, referred to here as the ‘Cradle’ (Fig. 8.1). While caves from all three regions
preserve fossils (Dart 1925; Hopley et al. 2013) the Cradle is by far the richest with at least
ten hominin bearing cave sites! identified and the area has been the subject of much research
over the last 90 years. To date, the genus Paranthropus has only been recovered from the
Cradle, and in this region, from less than half of the hominin bearing cave sites; these are
Coopers, Drimolen, Gondolin, Kromdraai, Sterkfontein and Swartkrans (Broom 1938;

Menter et al. 1999; Keyser 2000; Kuman and Clarke 2000; Steininger et al. 2008) (Fig. 8.1).

[PLACE FIGURE 8.1 ABOUT HERE - FULL WIDTH]

The first specimen attributed to Paranthropus was discovered by a schoolboy at the
cave site of Kromdraai, and subsequently brought to the attention of Robert Broom, who was
the curator of what was then the Transvaal Museum (Broom 1938). Within some ‘bone
breccia’ the boy had uncovered most of a skull and lower jaw, and upon returning to the
location Broom was able to recover what remained in-situ. The fragments were assembled to
create a near complete cranium, what was to become the type specimen for the species
Paranthropus robustus [TM1514] (Broom, 1938). Hominin material was recovered from the

nearby site of Cooper’s in 1938 (Shaw 1939; 1940). Additionally, a partial Paranthropus



skull [COB101] from this site was identified in the collections of the Transvaal museum and
subsequently has no secure provenance beyond site level (Steininger et al. 2008; de Ruiter et
al. 2009). In 1948, Broom discovered the site of Swartkrans, from which an abundance of
fossils and teeth were recovered and attributed to Paranthropus crassidens (Broom and
Robinson 19504, b). Continued research at Swartkrans revealed a dense assemblage of
hominin fossils, including the first evidence for Paranthropus and early Homo within the
same deposit (Broom and Robinson 1950a; Clarke et al. 1970; Clarke 1977). Work in the late
1960’s and 70’s by Bob Brain, changed the narrative around the purported behaviour of
Paranthropus and early Homo, arguing that the dense accumulation of these fossils was the
result of predation, particularly by leopards (Brain 1970; 1981). Further evidence for the co-
occurrence of Paranthropus and early Homo came from the site of Drimolen discovered in
1992 (Keyser 2000; Keyser et al. 2000). Drimolen is located ~7 km north-east of Swartkrans
and during excavations of the Main Quarry in 1994 the most complete Paranthropus skull
[DNH 7] was revealed (Keyser 2000). This site has continued to produce Paranthropus
material during recent excavations (Herries et al. 2020). As with most Cradle sites, Gondolin
was heavily mined from the beginning of the twentieth century, which removed the bulk of
the cave material. While two in-situ deposits survived mining [GD1 and GD2] excavation of
this material has failed to identify any hominin material in the abundant faunal remains
(Adams et al. 2007; Grine et al. 2012). To date, the only Paranthropus material is known
from GDA, a dumpsite composed of ex-situ material (Menter et al. 1999; Herries and Adams

2013).

1 In South Africa individual cave localities are termed sites; in eastern Africa sites refer to significantly larger
geographic areas, in this scheme, the Cradle would be a ‘site’ and the various caves ‘localities’. We
acknowledge this difference between the two regions, but for the sake of consistency with the existing body of

work on the South African deposits will here refer to the individual caves as ‘sites’.



In this contribution, we provide an updated, simple, Cradle-wide model for the
accumulation of sediments, fossils and cave carbonates [speleothems] in the Cradle caves
(Table 8.1). The aim of this is to provide a framework for all the geological aspects of the
various sites and a general pattern within which the site-specific features can be
accommodated (Fig. 8.2 and Fig. 8.3). We review all previous work on dating the South
African record of Paranthropus, from the early biochronological work, to directly dating the
fossils themselves, and dating the various geological deposits found in association with the
fossils (Table 8.2). Finally, we present an overview of the Cradle record of Paranthropus
using the direct U-Pb based speleothem chronology of Pickering et al. (2019), which sets up a
local chronology for the sites that can now be directly compared to time equivalent deposits

in eastern Africa.

PLACE TABLES 8.1 AND 8.2 ABOUT HERE

Geology of South African hominin bearing cave sites

Regional geology

The fossil bearing localities in the Cradle consist of caves and eroded palaeocave remnants
formed within the 2.50 Ga Malmani Subgroup of the Transvaal Supergroup (Walraven and
Martini 1995). The host rock in this area has great antiquity having formed as a carbonate
platform within a Palaeoproterozoic epeiric sea (Eriksson et al. 1993; Walraven and Martini
1995). The dolomites of the Malmani Subgroup outcrop in an anti-formal structure around
the granite greenstone basement of the Johannesburg Dome (Anhaeusser 2006). These
dolomites have been divided into five formations, based primarily on the occurrence and
abundance of interbedded chert. From the base upward, these are the Oaktree, Monte Christo,

Lyttelton, Eccles and Frisco Formations (Obbes 2000). Fossil bearing cave sites typically



occur within chert rich units, with most localities clustered in the Oaktree and Monte Christo
formations; Gondolin is the northern most Paranthropus site and is found within the Eccles
Formation (Fig. 8.1).

The karst preserved in the Cradle has been shaped by numerous phases of tectonics
from the emplacement of the Bushveld Complex at ~2.06 Ga (Walraven and Hattingh 1993;
Buick et al. 2001) to the Vredefort Impact at 2.02 Ga (Gibson and Reimold 1999). The
Transvaalide Fold and Thrust Belt is an event dated to ~2.04 Ga, suggested to have caused
additional regional strain (Andreoli 1988; Alexandre et al. 2006), evidenced in brittle and
ductile deformation, layer parallel shear zones and multiple dykes and sills observed across
the Cradle region (Fig. 8.1C). These structural features, together with the bedrock lithology,
influence the location and formation of caves in the Cradle (Moon 1972; Martini et al. 2003;

Dirks and Berger 2013).

South African hominin bearing cave geology: sedimentary facies and depositional
environments.

Despite discussion in the literature regarding the complex stratigraphy of cave and
palaeocave infill within the Cradle, the sediments and general stratigraphy of fossil bearing
sites throughout the region are remarkably uniform. At the simplest level, the cave deposits
consist of just two sediment types: externally derived [allochthonus] clastic sediments [‘cave
breccias’, sandstone, siltstones, mudstones] and secondary carbonate deposits known as
speleothems [stalagmites, stalactites and flowstones], which form in-situ [autochthonous].
We acknowledge that there is considerable variability in the expressions of these two
sediment types, but after decades of confusion, we advocate for a simple, two end member
model approach to these deposits.

These two deposit types are intrinsically linked to variation in external hydroclimate



(Ayliffe et al. 1998; Moriarty et al. 2000; Pickering et al. 2007; Pickering et al. 2019). Clastic
sediments, and associated fossils, are derived from external material entering a cave either by
the action of water, wind or gravity. Cave entrances need to be open for these sediments to
enter the cave; the shape and position of the cave entrance itself plays a role in determining
the nature of the sedimentary deposits and may be a source of variation in the appearance of
deposits between sites. However, Brain (1958; 1995) suggested that the majority of the cave
entrances were simple sinkholes or aven entrances, with debris cone style talus deposits
accumulating underneath them. Cave entrances in narrow valleys are larger and result in
lateral fans of sediment building out into the caves (Pickering et al. 2007).

The process of cave infilling and facies distribution in a general Cradle cave is
addressed in the schematic diagram below (Fig. 8.2). An overarching model for the stages of
cave formation, stages of deposition and final erosion is summarised in Fig. 8.3. It is
important to note that while this model is applicable to most Cradle caves, it excludes sites
such as Gladysvale which have formed in a mountainous area and are consequently valley cut
[i.e. have a side opening]. The development of the Cradle caves would have begun when the
water table was high enough that the dolomites were submerged. During this time,
groundwater dissolves the dolomite, creating water filled caverns during Stage 1 (Fig. 8.3A).
Throughout this time, particles which are insoluble will fall out of suspension and accumulate
on the cave floor as wad. Following denudation of the Karoo sediments which overlaid the
Malmani Dolomite, the caverns entered the vadose zone. With the exposure and drainage of
the dolomite, Stage 2 of the model commences, with the first speleothems forming. During
this initial stage, the cave is completely closed and under the right hydroclimatic conditions,
extensive horizontally bedded calcium carbonate deposits known as flowstones form (Fig.
8.2). We term this phase of chemical sedimentation Facies E, defined by the presence of

flowstones, which strictly form when local effective precipitation is high enough that



abundant drip waters reach the cave and flow freely over the cave floor?. When local
conditions are less wet, rather than flowstones, stalagmites will form directly under the drip
point. Flowstones may be limited in lateral extend, restricted to areas underneath drip points
[well documented at Gladysvale Cave by Pickering et al. (2007)]. In these cases, breaks in the
sediment pile can still be discerned and traced laterally to the flowstone layers. While the
bulk of speleothem deposits were mined and almost all stalagmite material removed,
flowstones remain at site and are found either between the basal contact of the host rock and
clastic sediments, or interbedded between the fossil bearing sediments.

Through time surface erosion along prior joints and drainage pathways leads to the
separation and eventual collapse of the cave ceiling even in lieu of sediment or water (Bertran
and Texier 1999). This marks Stage 3 in the model, with the rockfall rubble labelled Facies B
creating an opening to the cave (Fig. 8.2). This facies is defined by large, angular blocks of
host rock [either dolomite or chert] and little matrix (Fig. 8.2, Fig. 8.3A). Once the cave is
open, the action of initial sediment accumulation, sorting and final deposition within the cave
follows basic sedimentary principles. While much has been made of their complexity, it is
argued here that externally derived sedimentary cave deposits follow the usual,
hydrodynamic sorting of their fluvial counterparts (Miall 1996; 2014). As such, more coarse
deposits occur proximally at and around the cave entrances [Facies B, C], be these vertical or
lateral; these deposits are then winnowed and have finer grained, distal equivalents which
form contemporaneously in the deeper reaches of the cave (Facies D) (Brain 1958; Brain
1995; Bosak et al. 2003; Pickering et al. 2007; White 2007). Gentle winnowing of fine
material from Facies C leads to the deposition of Facies D within the interior of the cave.
Facies D is defined by the fine grained, laminated nature of the sediment, indicative of the
process of deposition. Facies D is also associated with the accumulation of small bone

material. Figure 8.3 shows the lateral distribution of facies within an idealised cave setting;



we acknowledge this is an ideal case and that site specific variations will occur. These are

also summarized in Table 8.1.

[PLACE FIGURE 8.2 ABOUT HERE - 1.5 COLUMN]

With external shifts in climate leading to increased precipitation, vegetation around
the cave increases during Stage 4 (Fig. 8.3A). The presence of trees, shrubbery and possibly
loose blocks around the entrance to the cave limits allochthonous input into the cave system,
and the positive water balance initiates speleothem formation once again. Limited amounts of
detrital external material may still fall into the cave during this time and as such, flowstone
forming near the mouth of the cave may become contaminated. Surface erosion continues to
Stage 5 where increasing aridity sees a shift to grasslands. Continued erosion had resulted in
further ceiling collapse and the accumulation of clastic sediments at two ends of the cave
(Fig. 8.2). Aridity continues from Stage 5 and the cave is no longer able to precipitate
flowstone, erosion and minor clastic deposition are the primary processes. This is continued
through Stage 6, which sees further ceiling collapse (Fig. 8.3B) and Stage 7 which sees total
ceiling collapse. Stage 8 exhibits a palaeocave end member, representing what many sites in
the Cradle look like today. Extensive erosion has left discrete pinnacles of what would have

been a laterally continuous deposit.

[PLACE FIGURES 8.3a AND 8.3b ABOUT HERE, WITH a AND b FULL PAGE WIDTH

ON FACING PAGES]

The layer of clastic sediment sandwiched between a basal and capping flowstone is
termed a ‘Flowstone Bounded Unit’ [FBU] (Moriarty et al. 2000; Pickering et al. 2007).
Given the basic principle of hydrodynamic sorting, a clastic sediment accumulated at the

entrance of a cave will be coarser grained than the distal equivalent deposits; however, if



these two sediments are bound by the same flowstone, they can be grouped as a FBU.
Examples of FBUs from multiple Cradle sites are provided in Fig. 8.4. This
chronostratigraphic approach, using the flowstones to divide the sediments up into units,
avoids the issues of lithostratigraphy by recognising that flowstones form in discrete periods
and subsequently act as sedimentary timelines (Pickering et al. 2007). Pickering et al. (2019)
applied this method to look at regional speleothem formation and the restriction of sediment
accumulation within Cradle caves. U-Pb ages from 29 flowstones from 11 localities (8 sites)
across the Cradle show that speleothem growth occurred during periods of increased effective
precipitation beginning at ~3.20 Ma. As with Moriarty et al. (2000), this work also suggested
deposition takes place as one of two mutually exclusive modes; the first being “cave closed’,
with regionally wet conditions allowing for the uninhibited precipitation of flowstone. The
second mode, ‘cave open’, reflects regionally dry and erosive conditions which see the
general cessation of speleothem development and the introduction of allochthonous sediment

and bone into the cave system (Pickering et al. 2019).

[PLACE FIGURE 8.4 ABOUT HERE, LANDSCAPE]

1.We acknowledge that beginning the sequence with Facies E appears to be counter intuitive but in an effort to
retain consistency with the published facies descriptions for these sites, we retain the alphabetical facies labels

of Pickering et al. (2007), with A to D reserved for the externally derived clastic sediments

Site specific geology
Here we present brief summaries of the published stratigraphy and sedimentology for each of
the Cradle Paranthropus sites, listed in alphabetical order. Generally, sites will have a basal

flowstone which formed prior to any surficial opening. This is followed by clastic sediments,
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ranging from very coarse to fine with interbedded flowstone units. While there is some
variation between the sites, we wish to stress that these deposits are more similar to each
other than different and can be understood in terms of a simple, Cradle-wide set of cave
development, depositional environments and associated sedimentary facies (Table 8.1; Fig.

8.2, Fig 8.3).

Cooper’s D

The site of Cooper’s is composed of three fossil rich deposits [Cooper’s A, B and D]. While
hominin fossils were first recovered from either Cooper’s A or B in the late 1930s (Shaw
1939; 1940) and the site was investigated again in the 1950s (Brain 1958), there is no detailed
stratigraphy and hominin fossils recovered from this time have no secure provenance beyond
the two deposits (Brain 1958; de Ruiter et al. 2009). Cooper’s D has produced in- situ fossils
of Paranthropus (Berger et al. 2003) and the stratigraphy has been described in two detailed
sections Cooper’s D East and West (de Ruiter et al. 2009). It is suggested that the sediments
of Cooper’s D East and West each accumulated under a vertical to sub-vertical opening, and
differences in the sediments between East and West are subtle (de Ruiter et al. 2009).The
basal flowstone at Cooper’s D was dated to 1.53 + 0.09 Ma (de Ruiter et al. 2009) and later
refined to 1.37 £ 0.11 Ma (Pickering et al. 2019). Above the basal flowstone is the one FBU
preserved at Cooper’s D which is composed of Facies C and referred to as unit 1 (de Ruiter et
al. 2009). Unit 1 is capped by a flowstone which returned inconclusive U-Pb results (de
Ruiter et al. 2009). There is additional clastic sediment above the dated flowstone, referred to
as unit 2 (de Ruiter et al. 2009). Large and small dolomite blocks throughout the clastic
deposit provide evidence of ceiling collapse. The clastic sediments of units 1 and 2 consist of
massive red brown sandy with some fossil bone and finer grained, and the winnowed

equivalent, a laminated and bone rich, clast poor sediment with red brown matrix.
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Drimolen

Drimolen is composed of at least two spatially and temporally distinct deposits. The main
deposit, discovered in 1992, is known as ‘Drimolen Main Quarry’ [DMQ] which hosts
remains of Paranthropus, early Homo and Homo aff. erectus (Keyser et al. 2000; Herries et
al. 2020). The Main Quarry is a deroofed palaeocave which was heavily altered by mining in
the late 19" century. Reconstruction of the sediments suggest a vertical cave opening to the
east of the site (Herries et al. 2020). Extensive mining has exposed multiple sections which
can be divided into two major flowstone bound units, FBU 1 [lower] and FBU2 [upper]
(Herries et al. 2020). The lower FBU 1 lays between the basal flowstone dated to 2.67 + 0.10
Ma and the Walls of Jericho flowstone dated to 1.96 + 0.11 Ma (Pickering et al. 2019;
Herries et al. 2020). This unit is approximately 5.6 m thick and consists of a range of clastic
sediments from clast supported breccia [Facies A], matrix supported breccia to gravelly silty
sands [Facies B to C]. The thinner upper unit FBU2 [~1 m thick] formed between the Walls
of Jericho flowstone and the Warthog Cave Flowstone, which is dated to 1.79 + 0.10 Ma
(Herries et al. 2020). The sediments of FBU 2 range from a matrix supported breccia to
gravelly silty sands [Facies B, C].

The discovery of the oldest and topographically highest deposit, referred to as
‘Drimolen Makondo’ [DMK] followed the emplacement of a series of exploratory trenches
by Keyser in the late 1990s (Herries et al. 2018). Located ~50 m west of DMQ, the DMK is
currently non hominin-bearing, but faunal material has been recovered from the clastic
sediments (Rovinsky et al. 2015; Herries et al. 2018). As with most palaeokarst deposits
[Stage 8] the stratigraphy of the Makondo has largely been eroded, however the site
preserved a basal flowstone dated to 2.66 £0.39 Ma (Pickering et al. 2019). Additional US-

ESR and palaeomagnetic analysis suggest the clastic deposits of DMK formed during a
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magnetic reversal [~2.61 Ma] and so are potentially older than Sterkfontein Member 4 or

contemporaneous with parts of it (Herries et al. 2018).

Gondolin

The Paranthropus bearing site of Gondolin, is a deroofed remnant cave which developed
within the Eccles formation of the Malmani Subgroup, unlike sites like Sterkfontein and
Swartkrans that formed in the Monte Christo formation (Herries et al. 2006a). It has been
suggested that Gondolin formed as two individual cavities later joined by collapse (Herries et
al. 2006a).

The central area of the site was removed by lime mining and four section walls
preserved around the periphery are named GD1-4 (Watson 1993; Menter et al. 1999). The
first map for the Gondolin fossil site is provided in Watson (1993) with the first geological
description made by Menter et al. (1999) following the models of cave development proposed
by Brain (1958), Brink and Partridge (1965) and Keyser and Martini (1990). It was suggested
that GD1-4 represents a single large cave deposit, the entrance of which would have been
vertical or sub-vertical and located in the northwest corner of the site (Menter et al. 1999).
However, a more detailed geological and palaeomagnetic interpretation of the Gondolin
deposits, with a focus on GD2, is provided in Herries et al. (2006a). GD1 is located in the
NW of the cave and this deposit is described as interbedded speleothem, clastic deposit and
talus deposit. The section at GD2 includes one FBU, a basal flowstone followed by fine, red,
bone-bearing siltstone and capped with a flowstone. The density of the bone accumulation
and taphonomic indicators have been used to suggest that the clastic deposit at GD2
represents a carnivore accumulation (Adams 2006). A rift cavity filled with pink to red-
brown pebble rich siltstone is assigned as GD3 and a basal deposit which can be traced

laterally to the northern wall is known as GD4 (Herries et al. 2006a). While the Gondolin
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flowstones have not been radiometrically dated, palaeomagnetic analysis from Herries et al.
(2006a) of the GD2 section provides some indication of the age. The basal flowstone at GD2
preserves a reversed polarity, while the overlying clastic sediment has a normal polarity and
the capping flowstone shows a transition from normal to reversed polarity. The presence of
Stage 111 Metridiochoerus andrewsi indicates a biochronological age of 1.9-1.5 Ma and with
the normal polarity, it is reasonable to assume this clastic unit was deposited during the
Olduvai Normal Polarity Event (1.95-1.78 Ma). The reversed polarity recorded in the
overlying flowstone therefore likely represents the end of this event at 1.78 Ma, meaning the
clastic sediment and bones were accumulated sometime prior to 1.78 Ma (Herries et al.
2006a). The clastic bone-bearing deposits of the GD1 record a predominantly normal

polarity, indicating that they differ in age from the sediments at GD2 (Herries et al. 2006a).

Kromdraai

As with many palaeocave localities, Kromdraai consists of multiple cavities referred to as
Kromdraai A, B and C. It is the Kromdraai B ‘KB’ deposit which yielded the type specimen
of Paranthropus robustus [TM 1517], as well as an addition 27 hominin fossils between 1938
and 2009 (Thackeray et al. 2001; Braga and Thackeray 2003; Braga et al. 2013). Renewed
excavations from 2014 onwards have extended the excavation area and recovered additional
fossils from KB (Braga et al. 2016b; Bruxelles et al. 2016). Located ~30 m west of KB,
Kromdraai A has yielded faunal remains but no hominin specimens, and the peripheral
Kromdraai C has shown no evidence of hominin, faunal or cultural material (Braga et al.
2016a). The KB deposits fill an east-west oriented chamber measuring ~48 m long (Brain
1958; Braga et al. 2016a). Brain (1958) suggested that both KA and KB formed as solution
galleries along preexisting joint planes. It is further suggested that the initial opening to the

KB cavern would have been through a near vertical entrance, located at the eastern end of the
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cavern (Brain 1958). This is supported by his observation that the stratigraphy at the site is
dipping to the west (Brain 1958). The cave sediments at Kromdraai were later described
using the Member system (Partridge 1982), a practice which has largely been sustained to
this day (Bruxelles et al. 2016). Under this system, five chronostratigraphic Members were
originally defined (Partridge 1982), this was recently revised to seven Members, with
Members 4 and 5 reclassified as submembers 4.1 and 4.2 and parts of Members 1, 2 and 3
[KB West] reclassified as Members 5, 6 and 7 respectively (Bruxelles et al. 2016). While the
published stratigraphy does not identify any FBUs at KB, the sediments present at Kromdraai
again fit the facies and model described here, consisting of flowstone and clastic sediments
ranging from coarse talus deposits and gravity collapse to fine, bone rich sands and flood
wash (Bruxelles et al. 2016).

A capping flowstone sampled from above Member 3 returned a reversed polarity
which was interpreted as representing the period of the Matuyama Reversed polarity Chron
prior to the Olduvai event [1.95-1.78 Ma] (Thackeray et al. 2002; Braga et al. 2016a). A
biochronological age of ~2 Ma for the KB faunal assemblage has been suggested (Vrba 1981;
Vrba and Panagos 1982; Mckee et al. 1995). However, Braga et al. (2016a) note that this age
estimate attributed to the faunal assemblage should be considered with caution as previous
studies did not differentiate between samples from different lithological contexts [eg. in-situ
vs. ex-situ, calcified deposit vs decalcified deposit]. At this time there are no radiometric
dates available for the site of Kromdraai, though Braga et al. (2017) note that U- Pb dates

from tooth enamel may be available in the future.

Sterkfontein

This site boasts the largest collection of Australopithecus africanus remains in the world

(Tobias 2000; Wood and Richmond 2000), the most complete hominin skeleton ever
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recovered, STW 573 (Clarke 1998; Clarke and Kuman 2019) and of importance here, some
remains of Paranthropus (Kuman and Clarke 2000).

The system proposed by Partridge (Partridge 1978; Partridge and Watt 1991,
Partridge 2000) classified the sediments of the Sterkfontein Caves into Members 1-6 [oldest
to youngest]. While the use of this system extends to today, often with some modification
(Bruxelles et al. 2014), an alternative interpretation of the cave deposits based on sequence
stratigraphy and facies analysis is proposed in Pickering and Kramers (2010). The cave
system at Sterkfontein preserves extensive underground passages, however few of these are
fossil-bearing, with the exception of Jacovec cavern and Silberberg grotto (Clarke 1998;
Partridge et al 1999).

The bulk of fossils have been recovered from the older, upper caverns, which through
surface erosion are now exposed at the surface (Pickering and Kramers 2010). The sediments
here are referred to as Members 4 and 5 (Pickering and Kramers 2010). Member 4 consists
predominantly of breccias consistent with Facies A, although there is gradation and a
decrease in clast size noted towards the NW (Pickering and Kramers 2010). Member 5
consists of calcified, reddish brown clastic sediment with some fossil material consistent with
Facies B (Pickering and Kramers 2010). Two teeth [StW 566 Right M1, Stw 569 Left 11]
recovered from Member 5b have been attributed to Paranthropus, while a third specimen
[StW 584 composed of two upper molar fragments] bears affinity to the upper second molar
of TM 1517 (Kuman and Clarke 2000). The dating of the Sterkfontein deposits are
contentious (Granger et al. 2015; Kramers and Dirks 2017a, b; Stratford et al. 2017) and this
is also true for the dating Member 5, with age estimates ranging from 2.18+0.21 Ma based on
cosmogenics (Granger et al. 2015) to as young as 1.32 £+ 0.08 Ma (Herries and Shaw 2011).
U-Pb dating of the flowstone underlying Member 5 provides a maximum age of 1.79+0.09

Ma, suggesting that the sediments of Member 5 and the fossils recovered from Member 5 b
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are <2 Ma in age (Pickering and Kramers 2010; Pickering et al. 2019). This is supported by
combined ESR, palaeomagnetic and faunal analysis which concluded the sediments of

Member 5b were deposited between 1.40-1.30 Ma (Herries and Shaw 2011).

Swartkrans

Understanding the geology and stratigraphy of Swartkrans is key to contextualising the
occurrence of Paranthropus in South Africa since the oldest known Paranthropus specimens
have been recovered from Member 1 (Pickering et al. 2011a; Herries and Adams 2013). The
development of Swartkrans has been shaped by variation in the local geology with Brain
(1958; 1993) first recognising that the host rock was closer to a fault scarp breccia than the
standard dolomite observed at other sites. This is due to the occurrence of two faults which
trend roughly east-west and north-south across Swartkrans Hill (Brain 1958; 1993).

The preserved stratigraphy at Swartkrans is complicated by the preservation of an
‘outer’ (deroofed) cave deposit and an ‘inner’ cave deposit (Brain 1958; 1993). The majority
of recovered fossils have been found in the “outer’ cave sediments (Susman et al. 2001; de
Ruiter 2003). Similar to other sites, erosion and mining have both heavily impacted the site
and the remaining stratigraphy is discussed in terms of five ‘members’, which includes six
fossil bearing deposits (Brain 1993; Pickering et al. 2011a). From oldest to youngest these are
numbered Members 1 to 5. Member 1 represents the major fossil bearing FBU and is
inclusive of the Hanging Remnant [HR] and Lower Bank [LB] deposits from which extensive
Paranthropus remains have been recovered (Susman 1988; Susman and Grine 1989; Grine
and Susman 1991; Grine 1993; Susman et al. 2001). Specimens of Paranthropus have also
been recovered from an erosional gully between Member 1 and 2 (Brain 1981), Member 2
(Susman 1989) and Member 3 (Susman et al. 2001).

As with most other Cradle sites there have numerous attempts to date the sediments
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and fossils from Swartkrans, with different methods sometimes providing conflicting ages.
Vrba (1981) suggested an age range of 1.80-1.60 Ma for Member 1 (LB) on the basis of
biochronology. This age range was later extended by radiometric dating of the basal and
capping flowstones which bound Member 1 [LB and HR] (Pickering et al., 2011a). The age
for the basal flowstone is 2.25 + 0.05 Ma (HR) and 2.25 + 0.08 Ma (LB), while the capping
flowstone was dated to 1.80 £ 0.01 Ma (HR) and 1.71 = 0.08 Ma. The ages of these
flowstones are within error of one another, suggesting that despite a stratigraphic disparity,
they formed within the same temporal window [~2.2-1.7 Ma]. This is in general agreement
with dating of HR, with palaeomagnetic analysis suggesting an age of ~1.95 (Herries et al.
2009) U-Pb [tooth] 1.86 = 1.38 Ma and ESR [bovid teeth] a window of 2.2-1.8 Ma (Curnoe
et al. 2001; Herries and Adams 2013). Cosmogenic burial dating of bulk sediments [M1 LB]
found a similar age for the deposit [1.80 £ 0.09 Ma], while an older age [2.19 + 0.08] was

collected from a quartz cobble (Gibbon et al. 2014).

Dating Paranthropus caves sites in South Africa

The caves and palaeocaves in the Cradle represent the single richest accumulation of hominin
fossils in the world. As explained above, these fossils are preserved in clastic sediment,
which exists in distinct packages between flowstones. In comparison, key early hominin
fossils in eastern Africa are preserved between volcanic ash beds, allowing for
Potassium/Argon [K/Ar] or Argon/Argon [Ar/Ar] dating which brackets fossils and provides
high precision radiogenic age estimates (e.g. McDougall et al. 1992; 2012). The difference in
geological setting between eastern Africa and South Africa, and the lack of equivalent
volcanic material in the South Africa, has long obscured meaningful comparison. The
narrative of the Cradle caves being problematic and preserving complex stratigraphy not

amenable to absolute dating methods has dominated for decades.
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Since research began in the Cradle, a plethora of dating techniques have been applied, both to
the cave sediments and the fossils themselves with varying degrees of success.

Biochronology based on the eastern African record has been a mainstay of age
estimates. Within the last decade, there has been an increase in site specific dating and the use
of multi- disciplinary tools, such as the coupling of U-Pb, palaeomagnetism and Electron
Spin Resonance (ESR) to establish geochronologies (Dirks et al. 2010; Pickering et al. 2011a,
b; Dirks et al. 2017; Herries et al. 2018; Herries et al. 2020). However, the lack of a
consistent approach to geological contextualisation and facies classifications to accompany
geochronological investigations and age estimates for hominin bearing sites persists. While
much has been made of the complex nature of the stratigraphy in Cradle sites (Brain 1958;
Partridge 1978; Brain 1995; Patridge 2000; Bruxelles et al. 2014; Stratford et al. 2014), we
argue that the key to successfully in understanding the depositional histories of these deposits
is through the stratigraphy, sedimentology and development of facies models (Pickering et al.
2007; de Ruiter et al. 2009; Pickering and Kramers 2010). Here we present an overview of all
the previous approaches to dating the Paranthropus sites in the Cradle and provide a

summary of these ages in Table 8.2 and a graphical representation in Fig. 8.5.

Biochronology

Due to the lack of dateable volcanics, biochronology was embraced as a means of providing
age estimates for the South African cave deposits from the late 1950s onwards (Cooke 1957;
Cooke 1974; Vrba 1974; Brain 1981; Vrba 1985; Cooke 1991; Cooke 1993a, b; Vrba 1996;
Partridge 2000; Vrba 2000; Williams et al. 2007). Such estimates were based off the first
appearance datum [FAD] and last appearance datum [LAD] of a species, from dated and
secure stratigraphic contexts (Leakey 1948; Leakey 1951; Cooke 1957; Mckee 2001) and

resulted in comparisons of well dated eastern African faunal assemblages (Bishop et al. 1969;
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Bishop et al. 1975; Brown and Feibel 1986; VVrba 1996; Leakey et al. 1995; Leakey et al.
1998; Vrba 2000; Geraads et al. 2002) with the South African sites, forming the initial
chronological framework for the Cradle (Vrba 1974; Delson 1984; Delson 1988; Vrba 1996;
Vrba 2000; de Ruiter 2003; Pickford 2006). However, there are a number of issues with this
approach; the distance [3000-4000 km] between the eastern and South African sites, different
palaeoenvironmental and palaeoclimatic settings of these regions, as well as the still
developing understanding of dynamic biogeography and evolution of South African
mammals (Cooke 1957; Cooke 1974; Pickford 2004; Herries et al. 2010; Herries and Shaw
2011; Lorenzen et al. 2012). By using the eastern African fauna to provide age control for the
sites, the emphasis had to beg on the similarities between the two records, leaving no room

for investigating the differences, nor the nuances within a South African specific fauna.

Directly dating fossils

Directly dating hominin fossils is the holy grail of the chronology of palaeoanthropology.
Given how rare and precious the actual hominin fossils are and how destructive direct dating
techniques have been, this is not an area of research in which much development has been
possible. The two methods which have been applied in the Cradle are Electron Spin

Resonance [ESR] and U-Pb dating, both done on tooth enamel.

Electron Spin Resonance (ESR)

This contribution is not the place for a thorough review of the details of either of these
methods; for a review on ESR we refer the reader to Griin (1989) and Griin (2000). The ESR
signal of a material, in this case fossil tooth enamel, is a function of the age. The rate and
amount of radiation the sample receives from its environment is also important and is either

measured in- situ using gamma spectrography, or by measuring radioactive elements in the
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sediments or simply estimated. At Swartkrans, Curnoe et al. (2001) analysed two fragments
of a Paranthropus tooth [SKW11] and two bovid teeth from the Hanging Remnant of
Member 1 and two bovid teeth from Member 2; all samples were selected from the curated
material from the site, meaning that the exact provenience is unknown. The combined U-
series ESR age for SKW 11 is given as 2.20 £ 0.26 Ma and the two bovid teeth as 2.58 + 0.65
Ma and 1.65 + 0.44 Ma. The two bovid teeth from Member 2 are estimated to be between 100
and 200 ka, which is much younger than the 1 to 2 Ma faunal estimate for this Member.
Curnoe et al. (2001) suggest that these young ages point to mixing of fossil material between
the older and younger units. Blackwell (1994) found similarly young ages for teeth from
Member 3, and also attributes this to mixing of material. At Drimolen, Herries et al. (2020)
present combined U-series ESR ages of 2.04 + 0.24 Ma and 1.96 + 0.15 Ma on two samples
of bovid tooth enamel found associated with the partial neurocranium DHN 134 attributed to
early Homo erectus. A partial cranium of Paranthropus [DNH 152] was found in the same
flowstone bounded unit [FBU 1], which at between 1.95 and 2.04 Ma makes this the oldest
occurrence of Paranthropus.

ESR has never been a popular dating method in the South African context, partly due
to the way in which the age data are collected, presented and handled. Herries and Shaw
(2011) and Herries et al. (2018) note the importance of collecting fossils from indurated
deposits which are less likely to have experienced a loss/ gain of uranium due to
decalcification processes.

Herries and Shaw (2011) use the example of Member 5a at Sterkfontein, where
different ESR ages were returned for the decalcified and calcified breccias. It may then be
suggested that that ESR ages from fossils found in siltstones are more useful, as these
sediments are amenable to palaecomagnetism, meaning that the two methods can be combined

to produce an age estimate for the fossil. Clast rich breccia is not suitable for
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palaeomagnestism, leading these authors to urge caution in using ESR ages from fossils

recovered from these deposits.

U-Pb dating tooth enamel

The other technique used to directly date fossils from a Paranthropus site, in this case
Swartkrans, is U-Pb dating tooth enamel (Balter et al. 2008). These authors analysed
indeterminate curated fragments of tooth enamel attributed to Members 1, 2 and 3 for their
uranium and lead isotope ratios and use these, together with complex modelling of both
physical and chemical gain and loss of uranium [*3U and 2**] and thorium [*3°Th], to produce
ages. Rather than assess the age of each individual tooth through repeated analyses, they plot
all the U and Pb data together to give a general ‘bulk’ age for each Member. For Member 1
this consists of 8 measurements off 3 tooth samples and gives an age of 1.83 + 1.38 Ma; it is
worth noting that this is a 74% error, 14 times higher than the typical 5% errors on U-Pb
dating of speleothem. 10 analyses off 4 samples gives an age of 1.36 £ 0.29 Ma for Member 2
and 5 analyses off 4 samples an age of 0.83 + 0.21 Ma for Member 1. This method is yet to

be repeated at any other site.

Dating the sediments

Cosmogenic nuclide dating

In lieu of directly dating the fossils themselves, the next best approach is dating the clastic
sediments encasing the fossils and assuming this depositional age gives an age for the fossils.
Cosmogenic nuclide burial dating on quartz grains has been employed with mixed success in
the Cradle. This dating method is based on the radioactive decay of two isotopes (Al and
19Be) measured in quartz (Granger and Muzikar 2001). Cosmogenic nuclide burial dating

relies on several assumptions, firstly sediment must be exposed to cosmogenic radiation
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(sunlight) at the surface, sediment must then be buried both rapidly and deeply and not be
subject to further reworking following burial (Granger and Muzikar 2001). This method has
been applied to two of the Paranthropus sites, Swartkrans (Gibbon et al. 2014) and
Sterkfontein M5 Oldowan infill (Granger et al. 2015). Here Gibbon et al. (2014) dated three
samples: the quartz fraction from a bulk sediment sample from lower bank section Member 1,
a fluvially rounded quartzite cobble/manuport also from Member 1 and a bulk sediment
sample from Member 3. The cobble/manuport yielded an age of 2.19 £+ 0.08 Ma, with the
Member 1 sediments giving an age of 1.80 £ 0.09 Ma (it must be noted that these are one-
sigma errors; U-Pb errors by comparison are always quoted at the two-sigma level). The
Member 3 sample gave an age of 0.96 + 0.09 Ma.

In the two examples given above, there is reasonable agreement with the cosmogenic
burial ages and the other dating methods for the two sites. It is worth noting that this is not the
case at Sterkfontein, where this method was first applied, by Partridge et al. (2003) and again
by Granger et al. (2015). In both cases the ages produced were controversial, with the latter
suggesting an age as old as 3.67 Ma for the Silberberg Grotto and associated fossil StW573.
Recalculation of this data by Kramers and Dirks (2017a) shows that an alternative two-stage
burial model would produce an age ~1 Ma younger. The younger age of <2.80 Ma for this
deposit, recalculated by Kramers and Dirks (2017a) aligns closely with previously published
U-Pb, palaeomagnetic and faunal age estimates for the deposit (Pickering and Kramers 2010;
Herries and Shaw 2011). Makhubela et al. (2019) make a convincing case for complex burial
history of quartz grains within the caves, leading to overestimated cosmogenic burial ages.
The other aspect to dating the sediments themselves has focused on applying Ar/Ar dating to
the fine-grained mudstone component and manganese ooids and peloids (Makhubela et al.
2017). The Mn ooids and peloids yielded precise Ar-Ar dates, but Proterzoic in age. This

clearly points to the complex history of these sediments and recycling of material within the
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caves (Makhubela et al. 2017).

Palaeomagnetism

Palaeomagnetic analysis is a relative dating method which has been applied to clastic cave
sediments at fossil bearing sites in the Cradle for ~40 years (Brock et al. 1977; McFadden et
al. 1979; Jones et al. 1986). This method measures the ancient magnetic field stored in rocks
and sediments during their formation and deposition (Butler 1992). Palaeomagnetism is
useful as a correlative technique, in this instance more specifically referred to as
magnetostratigraphy, the aim of which is to correlate changes in polarity to specific ages
using well defined stratigraphic parameters (Butler 1992). Palaeomagnetism was first applied
at Makapansgat Limeworks and the Paranthropus bearing site of Swartkrans, with samples
exhibiting both normal and reversed polarities indicating the sediments were amenable to this
technique (Brock et al. 1977). However, further studies at Swartkrans and Kromdraali
returned erroneous results, which the authors attributed to sedimentation (McFadden 1980).
This led to the suggestion that the sampled sediments were unstable, and unable to provide
any chronological insight. Herries et al. (2009) suggested the sediments are likely the result
of collapse, and therefore were deposited rapidly allowing no time for grains to orient to the
ambient magnetic field. Later work on the sediments from Kromdraai B used a hybrid
technique of demagnetisation to achieve stable and consistent results for Members 1 and 2
(Thackeray et al. 2002). It is suggested the deposits cover the entire Olduvai period between
1.95-1.78 Ma and some of the preceding Gauss Chron at >1.95 Ma (Herries et al. 2009;
Thackeray et al. 2002). The age of Member 3 from which the Paranthropus material has been
suggested to derive was constrained to <1.78 Ma by Herries et al. (2009). However, it should
be noted that Braga et al. (2017) question this interpretation and suggest that Herries et al.

(2009) miscorrelated the original data from Thackeray et al. (2002). Braga et al. (2017) rather
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suggest that the Member 3 deposits predate the Olduvai event [>1.95 Ma], citing
biostratigraphic data.

Palaeomagnetic investigation of Gondolin GD2 sediments showed this sequence was
deposited during a period of normal polarity (Herries and Adams 2013). With the addition of
the biochronologically informative species Stage 111 Metridiochoerus andrewsi the authors
correlate this to the Olduvai Subchron, with a reversed polarity capping flowstone suggesting
an age of slightly older than 1.78 Ma for the sediments and fossils (Herries and Adams 2013).
In contrast, GD1 preserves a flowstone with a normal polarity and sediments with dominant
reversed polarity, leading the authors to conclude it is not contemporaneous with GD2 and
likely younger than the 1.78 Ma flowstone (Herries and Adams 2013).

Considering some initial difficulty, the published results of palaeomagnetic
investigation within the Cradle have been remarkably uniform. Mineral magnetic data for
investigated sites suggests that the magnetic signal is stored within stable grains of magnetite
and is therefore a reliable indicator of the ancient magnetic field (Partridge et al. 1999;
Partridge 2000; Thackeray et al. 2002; Herries et al. 2006a, b; Adams et al. 2010; Herries and
Shaw 2011). The use of palaecomagnetism on speleothem material is explored below. Where
palaeomagnetic data can be anchored to a radiometric date [e.g. U-Pb or in some instances
ESR] it is an extremely useful tool for constructing robust geochronologies (Pickering et al.

2011a, b; Herries et al. 2018; Herries et al. 2020).

Dating the flowstones

U-Series

Speleothems are widely recognised as archives of palaeoclimate, providing information on
conditions such as annual temperature, mean rainfall variation and the composition of surface

vegetation (Bar-Matthews et al. 1997; Ayliffe et al. 1998; Genty et al. 2003; Richards and
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Dorale 2003; McDermott 2004; Drysdale et al. 2005). The ability to date such archives was
restricted to the limit of U-Th [~500 Ka] until the development of the uranium- lead [U-Pb]
chronometer to such material (Richards et al. 1998; Woodhead et al. 2006). These advances
in analytical techniques have enabled the successful application of U-Pb dating to Cradle
flowstones from almost all the major hominin bearing cave sites (Walker et al. 2006; de
Ruiter et al. 2009; Dirks et al. 2010; Pickering and Kramers 2010; Pickering et al. 2010;
Pickering et al. 20114, b; Pickering et al. 2019). U-Pb dating of speleothems is not without
issues, such as low and uneven uranium concentrations, a dominance of common lead and the
possibility of recrystallisation (Pickering et al. 2010). However careful pre-screening of
speleothem samples and targeting uranium rich layers has successfully yielded multiple ages
with 2SE uncertainties under 10%, even as low as 1% in some instances (Pickering and
Kramers 2010; Pickering et al. 2010; Pickering et al. 2011a, b; Pickering et al. 2019), making
this the most precise method currently available for the Cradle sites. U-Pb dating is also the
only method applied to the older caves in the Cradle which different laboratories, using
slightly different protocols, have produced equivalent ages (Woodhead and Pickering 2012).
At the Paranthropus sites, the basal flowstone at Cooper’s D is dated to 1.37 + 0.11
Ma (Pickering et al. 2019). At Drimolen, the basal flowstones of the Main Quarry and
Makondo deposits date to 2.67 + 0.10 Ma and 2.66 + 0.39 Ma respectively. The flowstone in
the middle of the Main Quarry sediment pile, exposed in the Walls of Jericho Pinnacle, dates
t0 1.962 + 0.107 Ma, and the capping flowstone dates to 1.79 + 0.10 Ma. At Swartkrans, the
flowstones bracketing the Lower Bank section of Member 1 date to 1.71 £ 0.08 Ma and 2.25
+ 0.08 Ma; while the Hanging Remnant bracketing flowstones date to 1.80 £ 0.01 Ma and
2.25 £ 0.05 Ma. There is good preservation of flowstone at Gondolin and Kromdraai and no

reason, other than access, that U-Pb dating would not work at these sites.

26



Palaeomagnetism

While U-Pb is the dominant method of providing accurate ages for Cradle flowstones,
palaeomagnetism has also been successfully applied to speleothem material from fossil
bearing sites. Early work from Brock et al. (1977) and McFadden et al. (1979) on
speleothems from Makapansgat Limeworks showed that such samples were able to record a
reversed polarity, while subsequent publications have shown both normal and reversed
polarities are commonly recorded (Latham et al. 1999; Herries et al. 2006b; Herries et al.
2013).

However, in the case of speleothems, magnetic remanence can be complex. In
sediments, a magnetic remanence is related to the deposition of magnetic grains, which is
also the case with so called “dirty flowstones’. However, an additional source of magnetic
remanence can arise from the precipitation of goethite grains on the drip surface of a
speleothem (Strauss et al. 2013). Consequently, while clear flowstones are a priority for U-Pb
investigations, dirty flowstones which contain allochthonous impurities will likely provide
better palaeomagnetic results as the detrital particles are more likely to be Fe-rich.

In summary, each of these dating techniques carries its own assumptions, limitations and
associated error estimates. In an ideal situation, no single method is relied on and a combination
of methods, together with careful stratigraphy and sedimentology are used to provide a robust
age for the site. There is a growing trend towards using such an approach in the Cradle (Dirks

et al. 2017; Herries et al. 2018; Herries et al. 2020).

Discussion: a single U-Pb chronology for Paranthropus in South Africa

Cauve filling processes

The Cradle is a small, 10 x 15 km area, with at least 12 documented hominin bearing cave

sites. These localities have traditionally been discussed individually, with attempts to link the
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various deposits hampered by the lack of robust, direct chronology and the nature of the
deposits themselves. In this review, we stress that neither of these two issues need to remain
as barriers. The stratigraphy of the deposits and the sedimentology of the fossil bearing
sediments can be viewed through the simple facies model provided. We present a summary
of the sedimentary facies used at Gladysvale (Pickering et al. 2007), Cooper’s D (de Ruiter et
al. 2009), Sterkfontein (Pickering and Kramers 2010) and Bolt’s Farm (Edwards 2019) in
Table 8.1. The concept of sedimentary facies links observable sedimentological
characteristics with specific depositional environments, meaning that changes in the lateral,
and vertical, arrangement of facies reflects changes in the depositional environment within
the cave [see Miall 1996; 2014]. Given the small geographical area and the relative
consistency of bedrock across the region, we argue that the sedimentological mechanism for
accumulating deposits in the caves are the same across the region and form a predictable
sequence (Fig. 8.3).

Externally derived [allochthonous] clastic sediments, i.e. the soil profile outside the
cave, are washed into the caves through either lateral [in steep valleys e.g., Gladysvale] or
vertical entrances [plateau sites e.g., Sterkfontein, Swartkrans etc.]. This builds up a central
talus cone of coarse-grained material, often including cobble to boulder sized clasts of
dolomite host rock. Hydrodynamic sorting of material through winnowing sorts sediment into
progressively finer grain sizes away from the entrance. Fossils are often concentrated in the
finer sediments, because pre-fossilisation, bones are buoyant and would easily have been
washed further into the caves by running water.

This facies model is complicated by two issues: the first being the natural surface
erosion and lowering of the land surface, which often leads to the deroofing of the caves. The
erosional remnants of the caves themselves and their sedimentary infills are typically all that

is left today (Fig. 8.3). Secondly, these deposits were also subject to removal of material by
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lime mining, which specifically targeted speleothem but often damaged fossils and further
obscured the stratigraphy. Notwithstanding these issues, we argue that this simple set of
facies and associated depositional environments can explain the diversity of all the sediments
observed, and with careful fieldwork, it is possible to piece together the three-dimensional
sedimentary architecture of the deposits. Vertical facies changes are driven by shifts in
sediment supply and/or external hydroclimate, meaning that much can be read from the
sedimentary sequence through the lens of a facies model.

This facies based approach is a departure from the traditional one of dividing the
sediments up into ‘members’ based on their lithostratigraphic characteristics. The problem
with this approach is that sedimentary rocks that appear different lithologically, for example a
coarse- grained entrance facies [our A] and fine grained, deeper cave facies [our D] would be
classified as two separate members. This member system emplaces a temporal bias, assuming
that the lithological distinction correlates to a temporal one. The persistent use of such a
system has generated confusion and confounded the perception that Cradle cave stratigraphy
is excessively complicated. Using a facies approach, the two sediments, given as examples
here, are classified as lateral equivalents of each other, and therefore can be assigned to the
same depositional time window.

The other major rock type, which appears in all the cave deposits, are speleothems.
While, the bulk of these deposits were mined away, the laterally extensive horizontally
bedded flowstones remain ubiquitous features at all the caves. As discussed earlier, these
deposits have the dual utility of dividing the clastic sediments up into ‘flowstone bounded
units’, allowing for the application of sequence stratigraphy, and being amenable to U-Pb
dating, consequently providing a direct chronology for the sites. As time markers, the
flowstones are therefore invaluable and should form the basis of the stratigraphy at all the

sites. In this way a chronostratigraphic framework can be built up, with distinct, and arguably
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mutually exclusive, times of flowstone and clastic sediment accumulation. Within the FBU,
the sediments can be further classified into facies relating to the shifting depositional
environments within the cave, themselves driven by changes in sediment supply and
hydroclimate outside the cave. The cave stratigraphy is thus transformed from being too
complex to understand, to providing information on local conditions during the period of

fossil accumulation.

Paranthropus as part of an evolving landscape

Two recent attempts have been made to pull records from the separate caves together into a
more coherent picture. Herries et al. (2019) focus on the Drimolen Makondo deposits and
place these within a wider context and review the various models of cave formation and
landscape evolution. Pickering et al. (2019) use U-Pb dating of flowstone layers from eight of
the major hominin-bearing caves to produce a single record of periods of flowstone formation
across the region. These are termed ‘Flowstone Growth Intervals’ [FGIs] and are interpreted
as major wet phases during which the caves were completely, at least partially, closed to
incoming clastic sediments and fossils. The intervening periods, during which external
conditions were drier and the caves were open, are represented by the clastic cave fills and
associated fossils (Pickering et al. 2019). Between 3.2 and 1.3 Ma, there are only six of these
sedimentary windows [termed SED].

A modified version of this record is given in Fig. 8.5, with the FGI and SED time
windows marked, and their start and end dates determined off the U-Pb chronology. The
clastic sediments of the Paranthropus bearing sites are given in bold and are restricted to
SED 4 [2.0- 1.82 Ma], SED 5 [1.63 - 1.41 Ma] and SED 6 [< 1.32 Ma]. These time windows
are compared with the existing age constraints for Paranthropus [as detailed in Table 8.1]

graphically in Fig. 8.5; the sites are presented in alphabetical order.
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[PLACE FIGURE 8.5 ABOUT HERE, FULL PAGE LANDSCAPE]

The faunal range of Cooper’s D of 1.90 to 1.60 Ma (Berger et al. 2003) is
considerably older than the U-Pb chronology, based on the basal flowstone, of <1.30 Ma
(Pickering et al. 2019). Drimolen is a good example of a facies-based approach to the
stratigraphy, using flowstones to divide the sediments up into FBU, and using multiple
chronometers [U-Pb, ESR, palaecomagnetism] to constrain the age of the fossils (Herries et al.
2020). Gondolin and Kromdraai stand out from the other Paranthropus sites due to the lack
of direct chronology available for these deposits; there is no geological reason why U-Pb and
ESR are not applicable. The faunal and palaeomagnetic age range for Gondolin (Herries et al.
2006a; Adams et al. 2007) is consistent with SED 4 and places the Paranthropus material
from Gondolin on the older end of the South African age spectrum. The faunal and
palaeomagnetic age range of Kromdraai encompasses the entire age range of Paranthropus in
South Africa, from 1.90 to 1.30 Ma and needs to be further refined. Swartkrans, particularly
Member 1, has the largest collection of geochronological data (Table 8.2). It is likely that
Member 1 dates to a single SED interval, given that the deposit itself consists of a simple
package of sediments bound at the top and bottom by a flowstone. The basal flowstones of
the Hanging Remnant and Lower Bank both date to ~2.20 Ma (Pickering 2011a), meaning
that it is possible that the sediments of these two components of Member 1 could correspond
to SED 3 between 2.17 and 2.12 Ma. The one cosmogenic burial age of 2.19 £+ 0.08 Ma for a
quartz cobble support this (Gibbon et al. 2014), as do the ESR ages of 2.20 + 0.26 Ma and
2.58 £ 0.65 Ma (Curnoe et al. 2001). However, the other cosmogenic burial age on the bulk
sediments is 1.80 + 0.09 Ma and there is an ESR age of 1.65 + 0.44 Ma. Together with the
fauna, this points to a SED 4 accumulation for Member 1 between 2.00 and 1.80 Ma.
Member 2 has few age constraints and likely dates to SED 5 between 1.60 and 1.40 Ma

(Pickering et al. 2019). Member 5b at Sterkfontein also has a range of ages from different
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methods, however we suggest that the age of the flowstone underlying fossil-bearing
sediments (1.79 + 0.09 Ma) indicates they are <2 Ma in age. This is in agreement with faunal
and palaeomagnetic data which suggests an age of 1.40-1.30 Ma (Herries and Shaw 2011).
While an age of 1.40-1.30 would correspond to FGI6, we rather suggest that these sediments
accumulated during SED 5, along with Swartkrans Member 2 (Fig. 8.5). The cosmogenic
burial age [2.18 £ 0.21 Ma] for this deposit does not align with the published U-Pb,
palaeomagnetic of biochronological dates.

Based on all available chronological data, we propose an age range for Paranthropus
in South Africa of 2.00 to ~1.30 Ma. This places the appearance of Paranthropus at 2.00 Ma
in South Africa some 500 ka later than in eastern Africa (Walker et al. 1986). The speleothem
U-Pb chronology has built in assumptions about the broad local palaeoenvironments, with
FGI representing wetter local conditions and SED intervals relatively drier (Pickering et al.
2007; 2019). This means that the Paranthropus record from South Africa is restricted to
relatively dry phases and places a dry-adapted bias on the fossils themselves. Paranthropus
appears in South Africa following a major wet phase from 2.28 to 2.00 Ma and then goes on
to survive two more major wet phases between 1.80 and 1.60 Ma and again between 1.40 and
1.30 Ma. After 1.30 Ma, the record is restricted to Cooper’s D and Swartkrans M3, after
which it fizzles out; along with the eastern African record. This may be in part due to the
global drying trend around this time, just preceding the Mid Pleistocene transition (Scheful et

al. 2003).

Summary and future gazing
The caves in the Cradle of Humankind, South Africa have acted as sediment traps for at least
the last 3 Ma, and within these deposits we find the world’s single richest collection of early

hominin fossils, including Paranthropus robustus (Wood and Boyle 2016). The geology of
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these cave infills has long been viewed as extremely complicated at best and unknowable at
worst. Here we wish to deconstruct this narrative and present a simple, Cradle-wide model
for how the caves form, open to receive and preserve externally derived clastic sediment and
fossils, close to form secondary carbonates and finally reach their current level of exposure
through surface erosion (Fig. 8.3). We acknowledge that site-specific nuances will also be
present, and that, while a careful assessment of the stratigraphy, sedimentology and
depositional setting of the fossils is always important, we wish to stress that at a first order,
all the Cradle caves are more similar to each other than different and the same broad stages of
cave formation can be applied. This is in no way a novel observation; the model we present in
Fig. 8.3 is based on Brain’s 1958 version.

The deposits themselves have been described as ‘beset by several difficulties’
(Partridge 2000, p. 102). To be specific: the older fills are heavily cemented, making
excavation time consuming, the existing exposures are limited, and much material was
destroyed either by the lime mining activity or natural erosion (Partridge 2000). This view,
together with apparent lack of suitable direct dating techniques given the absence of volcanic
material, has long coloured our view of the geology and dating of the Cradle deposits. To
counter this, we present a simple, Cradle-wide set of sedimentary facies, as end members to
all the variation of sediments we have observed with the caves. There are only six facies in
total; the model is kept deliberately simple. We link these facies to specific depositional
environments, which vary spatially through the caves and, by combining the three-
dimensional sedimentary architecture, we can explain the occurrence and distribution of all
the observed sediments.

We urge current and future workers to adopt these facies in describing the deposits
found at existing and new cave deposits, to begin a new era of demystifying the geology and

stratigraphy of these sites and allowing for easier and clearer linking and comparisons
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between sites.

Attempts to directly date the fossils themselves, through ESR and U-Pb on tooth
enamel, provide at best reassuringly familiar age estimates and at worst misleading numbers
with enormous errors. This is an obvious avenue for future research, although the clear caveat
is the destructive, or so-called ‘semi-destructive’, nature of such analyses, meaning that little
new development work can take place on precious hominin fossils. Laser ablation of tooth
enamel is proving fascinating new insights into hominin teeth (Joannes-Boyau et al. 2019)
and laser ablation U-Pb dating of carbonates is an exciting new development (Li et al. 2014;
Roberts et al. 2017). We predict that an intersection of these two endeavours may lead to
resolving issues on directly dating hominin tooth enamel.

The mainstay of dating Paranthropus, and indeed the rest of the cave sites in South
Africa, has long been biochronology and faunal ages. The new, direct U-Pb chronology for
the Cradle sites (Pickering et al. 2019) exposes no glaring clashes with these age estimates
[with the exception of Cooper’s D], a tribute to the care taken with and quality of this work.
However, with a direct chronology for the Cradle sites, we are now able to revisit the South
African faunal record and to look for differences, instead of focusing on similarities, with the
eastern African record. This heralds the beginning of a new era of comparison and regional
palaeobiogeography — we predict this as an area of future growth.

The geological deposits associated with the fossils fall into two broad groups: the
clastic sediments and the secondary carbonates, in this case flowstones. Attempts at dating
the clastic sediments have revolved around cosmogenic nuclide burial dating quartz grains
(Partridge et al. 2003; Gibbon et al. 2014; Granger et al. 2015) and Ar/Ar dating Mn ooids
and peloids and the fine-grained mudstone component of the sediments (Makhubela et al.
2017). While both methods are theoretically ideal, the complex history of the sediments

belies them. An exciting new avenue of research into the infrared radioflourescence [IR-RF]
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signal of K-feldspars holds great potential for dating the Cradle cave sediments. This method,
in the same family as the better-known luminescence dating technigques such as OSL, is
thought to be unaffected by anomalous fading [a problem with conventional feldspar
luminescence] and holds the potential to date buried sediments of several million years old
(Frouin et al. 2017).

Dating the speleothem layers found sandwiched between the fossil bearing sediments
has proved to be the most successful, most widely applied and most precise dating method for
the Cradle (Pickering et al. 2019). A decade ago, this technique was still experimental but
today it can be applied routinely, with high success rates. There is always scope for future
development of the chronometer; new protocols (Engel et al. 2020) promise to speed up the
considerable amount of laboratory time required for each analysis. Novel in-situ laser
ablation dating technology (Roberts et al. 2017) opens up the possibility of working on
material too marginal for traditional solution work. Palaecomagnetism is the one method
applicable to both the clastic and chemical sediments (Latham et al. 1979) and can often be
applied to the entire sequence represented at the sites. While it remains a relative dating tool,
it is nonetheless very useful and can narrow down sometimes necessary wide U-Pb age
windows (Pickering et al. 2011b; Edwards 2019; Edwards et al. 2020).

The direct dating of Paranthropus in South Africa was long viewed as more or less
impossible given the different geological setting and the lack of volcanic ash beds as found in
eastern Africa. We hope that, in this review, we have made it clear that there are many viable,
some less viable, some experimental and some future methods, which are applicable to the
South African cave context. For now, U-Pb dating the ubiquitous speleothem layers found
preserved at all the Cradle sites is the best and simplest way to provide a chronology that is
both local and precise. Future challenges include resolving the ages of the clastic sediments

encasing the fossils and exploring more detailed comparisons between the eastern African
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age equivalent Paranthropus bearing deposits.
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Table 8.1: Simplified facies model for all geological deposits present in Cradle caves
(modified from Pickering et al. [2007]; Edwards et al. [2020]).

Facies |Description Interpretation Cave Setting External hydroclimate
A Large dolomite and chert |Gravity fall/roof collapse |First opening End of major wet phase,
blocks, very little matrix, drying out
calcite cement
B Red brown sandy clastic |Washed into cave Open Flood wash= wet
sediment Silty Sandstone = dry
C Red brown finer grained |Winnowed equivalent of [Open Dry
clastic sediment, bone B
rich
D Brown fine grained, Winnowed equivalent of |Open Dry, possible small standing
layered silty mud, rich in |C pools of water in the deep
microfauna reaches of the caves
E Flowstone Chemical sedimentation, |[Closed/mostly Wet
degassing of CO,driving |closed
calcite formation
F Cave Insoluble fraction of host |Closed/mostly Wet, raised water table
earth/wad/weathered rock closed
dolomite
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Table 8.2: A summary of all the geochronology at the Paranthropus bearing sites in the Cradle, including a list of hominin specimens, geology, dating

technique and resulting ages. Dates are presented as published. *Isolated teeth from Swartkrans M1 published in Brain 1981 not included.

Site Paranthropus fossils References Unit Method and age References
COB 101 Steininger et al. 2008 Ex-situ
o (Cooper’s D) U-Pb fs: 1.526+0.088% Ma de Ruiter et al. 2009
. Basal Fs U-Pb fs: ~1.40 Ma
g Middle FS
§ (Cooper’s D) U-Pb fs: 1.375+0.113% Ma Pickering et al. 2019
Basal Fs
Cooper’s D Fauna: 1.90-1.60 Ma Berger et al. 2003
DNH 1-8, 9? Keyser et al. 2000 Main Quarry- Capping fs U-Pb fs: 1.789 + 0.104 Ma Pickering et al. 2019
DNH 10, 12 Moggi-Cecchi et al.
DNH 11? 2010
DNH 13? Smith et al. 2015
DNH 14-22 Main Quarry (all) Fauna: 2.00 - <1.40 Ma Herries and Adams 2013
- DNH 23?
S DNH 25-31 ESR: 1.96 +0.147 Ma; 2.04£0.24 | Herries et al. 2020
£ DNH 32? Ma
° DNH 33 Main Quarry- Basal fs U-Pb fs: 2.673+0.103 Ma Pickering et al. 2019
DNH 38? B
DNH 41, 44, 46-49
DNH 55?
DNH 68, 73-79, 81,82, 84
DNH 107, 108
DNH 152
Drimolen Makondo- Basal fs U-Pb fs: 2.664 + 0.392 Ma Pickering et al. 2019
GD1 Palaeomag + fauna: ~1.78Ma Herries et al. 2006a
Adams et al. 2007
£ GD2 Palaeomag +fauna: 1.95- ~1.78 Ma | Herries et al. 2006a
g Adams et al. 2007
3 GDA-1 GDA (dumpsite, ex-situ) Menter et al. 1999
GDA-2 GDA (dumpsite, ex-situ) Fauna: 1.95- ~1.78 Ma Menter et al. 1999

Grine etal. 2012
Herries and Adams 2013
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Site Paranthropus fossils References Unit Method and age References
TM 1517 Broom and Schepers Ex-situ (possibly M5- Braga et al., Fauna: 1.80-1.30 Ma Vrba 1981
m (type specimen) 1946 2016b) Mckee et al. 1995
g Palacomag: ~1.90 Ma Thackeray et al. 2002
e
E TM 1536 Broom and Schepers Ex- situ/ Unprovenanced
X KB 5503 1946
TM 1600 Braga et al. 2016b
TM 1601b,1601c Braga et al. 2017
TM 1603
STW 566 Cooke 1994 Member 5B (Oldowan Infill) Fauna: 2-1.7 Ma
STW 569 Kuman 1996 Cosmogenic burial: 2.18+0.21 Ma | Granger etal. 2015
< STW 584? Kuman and Clarke 2000
£ ESR: 1.32 £ 0.08 Ma (3 bovid teeth) | Herries and Shaw 2011
§ Combined palaecomagnetism, ESR,
& U-Pb, fauna: 1.40-1.30 Ma
U-Pb: 1.794+0.09 Ma (fs at base of | Pickering etal. 2019
M5) = sediments of M5 <2 Ma
SWT1/LB2-3 Grine 1993 Member 1 (Lower Bank) Fauna: 1.60-1.80 Ma Vrba 1985
SWT1/LB10-16 Sysma_n 1988; 1989; 1993 U-Pb fs: 1.71 + 0.082 Ma (capping Pickering et al. 2011a
SWT1/LB18-20 Pickering et al. 2012 fs); 2.25 + 0.08% Ma (basal s)
@ zi 2228(1) Pickering etal. 2016 Cosmogenic burial: 2.19 + 0.08* Gibbon et al. 2014
g Ma (quartz cobble); 1.80 + 0.09* Ma
=5 SKX 5016-5022 .
S (bulk sediments).
E SKX 3602
SKX 3774
SKX 4776
SKX 8761
SKX 8963
SKX 9449
SKX 19476
SKX 15468
SKX 45690
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Site

Paranthropus fossils

References

Unit

Method and age

References

Swartkrans

SK 23,25

SK 34,37
SK46-49
SK50,52,54
SK 61-64,66
SK 74,79

SK 81-83

SK 84

SK 89-91

SK 96,97

SK 438

SK 821

SK 838, 839
SK 841-844
SK 848

SK 852, 854 SK 858, 859
SK 861, 862
SK 876, 878
SK 881-883
SK 1512,1514
SK 1585,1586
SK 1588

SK 1590

SK 1648

SK 2598

SK 3978

SK 3981

SK 14003
SKX 3602 SKX 3699
SKW 5,11,12
SKW 19
SKW 33

SWT 1/ HR-1 (dump find)

Napier 1964

Robinson 1970

Brain 1981*

Grine and Susman 1991
Grine and Daegling 1993
Grine 1993

Pickering et al. 2012

Member 1 (Hanging Remnant)

ESR: 2.20 £ 0.26 Ma (SK11), 2.58 +
0.65 Ma, 1.65 + 0.44 Ma (bovid
teeth)

Curnoe et al. 2001

Palaeomag: ~1.95 Ma

Herries et al. 2009

U-Pb tooth: 1.86 + 1.38 Ma

Balter et al. 2008

U-Pb fs: 1.80 £ 0.01 Ma (capping
fs); 2.25 + 0.052 Ma (basal fs)

Pickering et al. 2011a

ESR:2.0-1.8 Ma

Herries and Adams 2013
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Site Paranthropus fossils References Unit Method and age References
SKW 12 Brain 1981 Erosional gully M1/M2 Unknown
SKX 1084 Susman 1989 Member 2 U-Pb tooth: 1.36 + 0.29 Ma Balter et al. 2008
SKX 3699 Pickering et al. 2016
SK 3121
" SWT3-1 Pickering etal. 2016 Member 3 ESR: 1.30 - 0.60 Ma Blackwell 1994
g SWT3-2 Susman et al. 2001 Herries and Adams 2013
= SWT3-2433 Cosmogenic burial: 0.96 + 0.09* Gibbon et al. 2014
2 SKX 19495 Ma (bulk sediment)
SKX 38653 U-Pb tooth: 0.83 £ 0.21 Ma Balter et al. 2008
SKX 31117
SKX 33380
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Figure 8.1: A) Location of the Cradle within South Africa B) Location of important fossil
bearing sites in the Cradle C) Synthesis of Cradle geology with key fossil sites numbered.

Paranthropus bearing sites are highlighted in red.

Figure 8.2: Schematic representation of facies developed for Cradle palaeocave deposits.

Facies model adapted from Pickering et al. (2007), FBU = Flowstone Bounded Unit.

Figure 8.3: A simple eight stage model of cave development for the Cradle caves, adapted
from Brain (1958) and de Ruiter et al. (2009). The model shows the life cycle of a cave from
dissolution of a cavern (stage 1), first speleothem deposition (stage 2) through to the opening
of acave which may act as an accumulator of sediment (open- stage 3,5,6) or have a partially
obscured entrance which allows for uninhibited growth of flowstone (closed- stage 4). Later
stages (7 and 8) demonstrate how extended periods of erosion can result in the disparate

pinnacles of rock preserving various sedimentary facies in a palaeocave.

Figure 8.4: Examples of Flowstone Bound Units (FBUs) from the Cradle. A) Perhaps the
best example of a series of FBUs from the non- Paranthropus-bearing Pit 7 at Bolt’s Farm,
shows sequential and isolated formation of flowstone, clastic unit and flowstone again. B)
Swartkrans, shows M1 (LB) and M2 separated by the dated flowstone SWK9. C) Two FBUs
from Drimolen, separated by the Walls of Jericho flowstone (WOJFS), D) Basal flowstone
and breccia from Cooper’s and E) Example from Sterkfontein, showing the M4 capping

flowstone.

Figure 8.5: A summary figure of the chronology of the Cradle Paranthropus bearing cave

sites (modified from Pickering et al. 2019). Cradle flowstone U-Pb ages are summed together



a KDE to produce a single curve, the peaks of which represent wet phases (blue bars, FGI =
flowstone growth interval) and the troughs dry phases during which sediments and fossils
accumulate in open caves (yellow bars, SED = clastic sedimentary intervals); Paranthropus
sites are bolded. This curve suggests an age range for Paranthropus in South Africa from~2.0
to ~1.3 Ma. All available age data for the South African Paranthropus sites are plotted above
this, listed by site in alphabetical order. Faunal and palaecomagnetic age ranges are given as
grey bars, U-Pb speleothem ages as open circles, ESR closed circles, cosmogenic burial ages
as closed diamonds and U-Pb tooth enamel as open diamonds; whiskers on individual data
points represent the errors, 2-sigma for U-Pb speleothem, 1-sigma for cosmogenic burial

ages.
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