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A B S T R A C T

Radon, a naturally occurring radioactive gas, has become a subject of increasing interest and concern, particu
larly in the context of subterranean environments such as caves. This research investigates these dynamics in the 
Sterkfontein Cave in South Africa, which has formed in the karst geology of the Cradle of Humankind, Gauteng. 
Additionally, it set out to compile a radon map for the cave, identifying potential radon hotspots. Twenty-four 
electret ion chambers were placed in the tourist section of the cave and left for a period of 24 h. The radon 
concentrations were found to be between 53 Bq/m3 and 2770 Bq/m3. Three regions within the cave exhibited 
elevated radon concentrations, with these occurrences being linked to phosphatic deposits. A subterranean lake 
also concentrates radon gas in the lower areas of the cave. While the cave's average radon concentration of 427 
Bq/m3 exceeds the World Health Organization's (WHO) hazardous level of 300 Bq/m3, occupational exposure 
remains minimal during a typical cave tour. Consequently, there is no discernible risk during an average tour 
through the cave.

1. Background

Enclosed environments in caves can result in the build-up of radon 
gas and the risk of exposure. Radon in caves has consequently been 
studied for many years, and a substantial quantity of information is 
available on the behaviour of this gas in cave systems. In general, carbon 
dioxide and radon concentrations positively correlate in caves, which 
renders them useful tracers for cave climate and ventilation studies 
(Cigno, 2005). However, prior research has mainly concentrated on 
caves with carbonate lithologies, resulting in karst landscapes receiving 
the most attention. The Sterkfontein area in South Africa is dominated 
by dolomite lithology, but several other rock units are also represented 
in the Sterkfontein Cave.

The Sterkfontein Cave lies within the Cradle of Humankind World 
Heritage Site in the north-west of the Gauteng Province, South Africa. 
The Cradle earned World Heritage Site status due to its fossil- and 
artefact-bearing landscape-exposed palaeocave infills, which formed 
within karstified dolomitic limestone. The Sterkfontein Cave represents 
one of the richest hominin-bearing sites in the world, with over 800 
specimens being recovered from excavations of the landscape-exposed 
palaeocave infills and deposits that are preserved in the underground 
network. Notable discoveries at Sterkfontein include: TM1511, the first 

adult Australopithecus specimen; Mrs. Ples, which was the most com
plete Australopithecus cranium until the discovery of Little Foot, StW 
573; three partial Australopithecus skeletons, the most complete early 
hominin skeleton discovered to date (Thackeray, 2020).

The karstic cave with chert bands and occasional shale beds devel
oped within the dolomite of the Transvaal Supergroup (Wilkinson, 
1983) (Eriksson and Reczko, 1995). The dolomite was formed as part of 
a carbonate ramp sedimentary environment and is overlain by the 
Transvaal sequence. The present-day cave, which is partly infilled, were 
created around 20 million years ago and were only revealed to the 
surface approximately 5 million years ago (Stratford, 2015). Within the 
cave, there are sediments containing fossils and artefacts from the 
Plio-Pleistocene period, which are distinct from the sedimentary history 
of the host rock. The fossiliferous breccia accumulated at talus cones in 
underground cavities through the deposition of sediments introduced 
through avens-style openings in the cave ceilings (Wipplinger et al., 
2003). Opening of the cave to the surface occurs through localized 
meteoric denudation at faults and collapses in the vadose zone. There 
are 25 such openings and some are often deep and even connect the 
surface directly to the base of the cave (Kuman, 1994).

The Sterkfontein Cave lies beneath the Swartkrans hill on the south 
side of the north-west flowing Blaaubank River, which springs from the 
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Witwatersrand ridge. The Sterkfontein Cave tourist section contains four 
largely northwest to southeast-facing chambers, the largest of which are 
the Milner Hall (Gallery A in Fig. 1) and the Elephant Chamber (Gallery 
B in Fig. 1), that slope downwards toward the Blaaubank River (Fig. 1). 
These chambers are joined by interconnecting tunnels and share a 
subterranean lake. The highest subterranean section of the cave is the 
Exit series of tunnels leading and the Graveyard Chambers (Gallery C in 
Fig. 1). Many of the cave's natural openings to the surface were influ
enced by the structural geology of the cave. Several of its modern 
openings, however, are a combination of natural and anthropogenic 
entrances. The tourist section of the Sterkfontein cave covers only about 
15 % of the accessible system. The remainder of the known cave, which 
cumulatively adds up to about 5 km of passages and chambers, is only 
accessible to researchers and palaeontologists.

According to the National Council on Radiation Protection and 
Measurements (NCRP), approximately 10 % of the radon produced 
within the initial meter of soil that is exposed to the atmosphere elimi
nates into the atmosphere (NCRP, 1988). Two mechanisms, namely 
diffusion and gas transport, enable radon to escape from unexposed soil 
and rock. The diffusion rate is determined by intergranular channels, 
capillaries, and smaller pores. The transport rate depends on the 
porosity and cracks in the soil, sediment, or exposed rock, which makes 
this process more prevalent in fractured soil or rocks with higher surface 
areas (Tanner, 1978). Clastic sediments that have accumulated in the 
cave, along with large areas of exposed host rock within the cave system, 
can therefore significantly support radon diffusion and transport.

Radon concentrations are influenced by several factors, which 
include air and water flow, atmospheric pressure, seismic activity, 
anthropogenic and biogenic activities, as well as seasonality. Seasonal 
trends of radon generation and accumulation in caves generally peak in 
summer and reduce in winter (Hakl et al., 1997). The density difference 

between the air in cave cavities and the air outside causes cave 
breathing. These density differences result from variations in tempera
ture and air pressure. Generally, the vadose zone of karstic caverns, such 
as at Sterkfontein, has a fractured structure that regulates cave venti
lation patterns (Gabrovsek, 2023). When studying radon within a cave, 
it is therefore important to consider the varying ventilation patterns of 
different cave systems.

This research explores the unique dynamics of radon distribution 
within the tourist section of the Sterkfontein Cave and examines the 
potential causes for radon concentration variations. A key contribution 
of this study is the creation of detailed radon concentration maps for the 
cave, which highlights potential radon hotspots and offers new insights 
into radon behaviour in such complex subterranean environments. This 
mapping provides valuable data that can inform both geological studies 
and public health considerations related to radon exposure.

2. Method

2.1. Radon measurements

Electret ion chambers (EICs) from Rad-Elec Inc., called E-PERM™, 
were utilized to measure the radon levels in various areas of the cave, 
predominantly along the tourist route. Before entering the cave, the 
starting potential of each electret was measured using a surface potential 
electret voltage reader (SPER), also from Rad-Elec Inc. The electrets 
were distributed throughout the cave by placing the EICs in 24 locations, 
as shown in Fig. 2. These locations were selected based on their occu
pancy by tourists and guides, surrounding geology, ventilation, and 
potential to accumulate radon. The EICs were deployed starting from the 
Tourist Entrance, working in a clockwise direction through the cave 
toward the Tourist Exit. In each of these locations, the EICs were placed 

Fig. 1. Geomorphological map of the Sterkfontein Cave indicating the faults and cavities. The upper-level fossil cavern is shown with a bold black line 
(Stratford, 2017).
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at least one meter away from the cave walls where possible, and on top 
of the geological formations.

Measurements were done at the start of February during the warmer 
summer months of the southern hemisphere. The EICs were left for 24 h, 
where after their final potentials were measured. The selection of this 
short timeframe stems from high radon levels typically found in caves, 
which could deplete the electric charge of the EICs. The measured po
tential difference was then used to calculate the airborne radon con
centration using the expression 

RnC =

(
Vi − Vf

)

(T)(CF)
− BG (1) 

where RnC represents the indoor radon concentration, Vi and Vf the 
initial and final electret potentials respectively, T the deployment time 
in days, CF a linearization coefficient (Kotrappa et al., 1990), and BG the 
radon concentration equivalent of natural gamma (γ) radiation back
ground. A background radiation correction was made by assuming a 
typical gamma radiation of 32 Bq/m3 (Shahbazi-Gahrouei et al., 2013). 
This value also correlates to a prediction by Bezuidenhout (2023) who 
used the geology of the area to predict a dose rate of between 50 and 100 
nGy/h. Assuming a worst case of 100 nGy/h, this translates to a radon 
equivalent of 32 Bq/m3 (Kotrappa et al., 1990).

2.2. Radon map

The mapping, plotting, and analysis of the data were conducted in 
QGIS. The measured radon values were interpolated using the Inverse 
Distance Weighting (IDW) interpolation method, which is available in 
the Processing Toolbox of QGIS. All the layers were generated as grad
uated red colour ramps that were divided into quartile intervals. Sub
sequently, the interpolated layers representing radon concentrations 
were superimposed onto geographic images of the Sterkfontein Cave 
and a lateral depiction of the Milner Hall, shown in Fig. 2 and Fig. 4.

3. Results and discussion

Fig. 2 shows the interpolated radon concentration overlay super
imposed on a map of the Sterkfontein Cave. The 24 measurement lo
cations are also indicated, with the measured radon concentration at 

each location listed in Table 1. The average radon concentration of 427 
Bq/m3 is also listed in the table.

As can be seen in Fig. 2, three main areas with elevated radon con
centrations were identified. The first is the lowest-lying area of the cave 
above the subterranean lake, mainly in the confined western sections 
and lower parts of the Milner Hall (measurements 8 and 10 in Table 1). 
An average radon concentration of 1059 Bq/m3 was measured in the 
western section of the Miler Hall. Radon gas is approximately 7.5 times 
heavier than air (Kolarž et al., 2009), and consequently tends to accu
mulate in low-lying areas. It is also water-soluble (Appleton, 2012), and 
therefore notably elevated in subterranean waters (Dimova et al., 2013). 
The Lake located at the bottom of the Elephant Chamber and Milner Hall 
therefore contributes to the emanation of radon gas into these chambers. 
Due to the confined space above the subterranean lake and constricted 

Fig. 2. A radon map of the Sterkfontein Cave with a graduated radon concentration overlay and the locations of the measurements indicated with numbers.

Table 1 
A list of the measured airborne radon levels at the different cave locations.

Measurement nr. Location Radon Concentration (Bq/m3)

1 Tourist Entrance 157
2 Entrance Passage 168
3 Entrance Passage (Left) 371
4 Entrance Passage (Right) 307
5 Silberberg Grotto 70
6 Original Entrance 58
7 Elephant Chamber 459
8 Milner Hall West 1059
9 Elephant Chamber link tunnel 72
10 Milner Hall 119
11 Elephant Chamber link tunnel 187
12 Milner Hall East 942
13 Tuff Chamber 136
14 Tuff Chamber passage 268
15 Jacovec access passage 265
16 Jacovec access passage 139
17 Fossil Cavern 602
18 East Chamber 675
19 East Chamber (North) 1048
20 East Chamber (South) 2771
21 Graveyard 54
22 Exit Series 94
23 Graveyard (exit) 129
24 Tourist Exit 85

Average 427
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ventilation, radon concentrations are elevated in this area of the 
chamber. It is also the furthest from any of the openings to the surface, 
which further impairs ventilation.

The second area where elevated radon concentrations were 
measured was in the eastern part of the tourist section, denoted East 
Chamber, which formed within sediment that accumulated in the cav
ities of the denudated dolomite of the cave. Most of these sediments 
were found to originate from sources outside the cave and showed 
limited mixing with the cave earth (Stratford et al., 2014). This sedi
mentary fill in the karstic cavities of the cave is illustrated in Fig. 3, with 
the Name Chamber denoted by A. The lithology in this part of the cave is 
consequently different from its general karst character, due to the 
composition of the fill sediment. The rock in this part includes deposits 
of breccia with a phosphatic character (Hakl et al., 1997). Phosphatic 
deposits are generally accompanied by high concentrations of uranium, 
and its daughter nuclides, such as radon (Menzel, 1968). Elevated radon 
concentrations are therefore expected in this part of the cave. The 
diffusion and transport rate of radon in clastic sedimentary rocks like 
breccia is high which will also enhance radon emissions.

The eastern section of the Milner Hall (demarcated as number 12 in 
Fig. 2), down into the Name Chamber also demonstrated elevated radon 
concentrations. As can be seen in Fig. 3, this part of the cave, denoted by 
B, is relatively confined. Stratford et al. (Stratford et al., 2014) also 
found sediment flowing into this area from the Name Chamber and 
Silberberg Series. This section therefore contains similar fill deposits, 
contributing to elevated radon concentrations that are further exacer
bated by poor ventilation. Consequently, as illustrated in Fig. 4, similar 
radon concentrations were measured in the upper and lower sections of 
Milner Hall.

Surficial palaeokarst deposits are also abundant above the eastern 
section of the cave system (indicated by the bold black line in Fig. 1), 
which also contained the repository where the Australopithecus fossils 
were found (Tobias, 2000). The majority of these early hominin speci
mens originated from subterranean deposits that built up in deep 
dolomitic caves, connected to the surface through avens (Moggi-Cecchi 
et al., 2007). The accumulation of hominin assemblages was likely 
influenced by factors such as large carnivores, natural traps, and slope 
wash (Brain, 1981). Once underground, the specimens became buried in 
talus deposits, solidifying into robust breccias cemented with calcite. 
This phosphatization process affects the uranium sorption of the mate
rial and has consequently been linked to high radioactivity (Farmer 
et al., 2008) (Długosz-Lisiecka et al., 2021). Since radon is part of the 
decay chain of uranium, this process also contributes to the elevated 
radon concentrations measured in the eastern part of the cave. The 
proportion of radon that is released directly from the soil is contingent 
upon both the depth at which it is generated and the permeability of the 
underlying earth (Gabrovsek, 2023).

Table 2 shows how the radon concentrations in the Sterkfontein Cave 

compared to measurements performed in other caves. Most notably, the 
radon concentrations of two other South African caves are also listed: 
the Sudwala and Cango caves. It is worth noting that the maximum 
radon concentration measured in the Sterkfontein Cave exceeds that of 
the Sudwala Cave by 948 Bq/m3, despite many similarities between the 
two caves. Both caves are formed in dolomite lithologies and both 
maintain constant temperatures of around 18 ◦C. Dolomite lithologies 
typically have low uranium concentrations (GEOROC database, 2021).

Le Roux et al. (le Roux et al., 2023) linked the elevated radon levels 
in the Sudwala Cave to insufficient ventilation from its single known 
entrance, with cave breathing diffusing radon from deep within the 
cave. However, this does not apply to Sterkfontein Cave since the cave 
has multiple openings to the surface. Consequently, the Sterkfontein 
Cave is better ventilated than Sudwala. This is apparent from the low 
radon levels measured at both the Tourist Entrance and Exit, along with 
the overall low average radon concentrations. Though cave breathing is 
still likely to occur, the areas in the Sterkfontein Cave exhibiting 
increased radon concentrations result from the presence of phosphatic 
deposits. Though these primarily originated from the surrounding 
environment, the biogenic activity in the cave can also contribute to 
these deposits. Considering the number of openings to the surface, many 
cave-dwelling organisms, such as porcupines, insects, and small bat 
colonies, inhabit the cave. As they migrate through the cave and use 
different entrances for access, these organisms add to the phosphatic 
build-up through their diet which over time contributes to the accu
mulation of guano and other organic materials. The mineralization of 
these materials over time can also increase the phosphatic deposits 
found in certain cave cavities. Additionally, the subterranean lake also 
concentrates the radon gas in the low-lying sections of the cave.

4. Conclusions

Radon concentrations in the tourist section of the Sterkfontein cave 
were measured using 24 electrets ion chambers. Notwithstanding the 
cave's comparatively favourable ventilation conditions, elevated radon 
concentrations ranging from 942 Bq/m3 to 2771 Bq/m3 were identified 
in three general areas along the tourist route. Even though this was 
comparable to previous summer measurements in a similar South Afri
can cave, the average radon concentration was found to be 3 times less at 
427 Bq/m3. The lowest radon concentration measured in the Sterkfon
tein cave was also lower, a phenomenon attributed to the effective 
ventilation at the Tourist Entrance and Exit. The restricted ventilation in 
the deeper cave sections allows for the accumulation of radon gas.

Despite dolomite inherently having low uranium concentrations, 
elevated radon concentrations were found in the low-lying areas of the 
cave's tourist section. Many of these areas are characterized by phos
phatic fill deposits, which are typically associated with increased radon 
levels. Owing to its density, radon gas also naturally tends to accumulate 
in low-lying areas, further exacerbating the concentrations found these 
areas.

Radon gas is also water soluble, leading to its dissolution in the cave's 
groundwater. This groundwater accumulates in a subterranean lake in 
the western part of the tourist section. Its low-lying location combined 
with radon diffusion into the confined space above the lake resulted in 
elevated radon concentrations being measured in this area.

The WHO stipulates 300 Bq/m3 as a hazardous level for indoor 
radon, based on the occupational exposure of the inhabitant. Even 
though certain sections of the Sterkfontein cave exceed this level by up 
to 9 times, the general occupancy of the cave by tourists is quite low. 
Consequently, there is no discernible risk due to the limited time spent in 
the confined cave sections with elevated radon concentrations.
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