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ABSTRACT

A GPR survey was carried out in advance of archaeological excavations at Madjedbebe (formerly known as Malakunanja II),
a sandstone rock shelter in western Arnhem Land (Australia) containing numerous Aboriginal burials. GPR revealed subsurface
patterning of rocks in the shelter deposits and archaeological excavation demonstrated that these were related to burials.
Post-excavation, GIS and statistical analysis further elucidated the relationship between the rocks and human burials. This integration
of detailed mapping, GPR and excavation afforded the opportunity to test a way to identify unmarked burials using GPR in sandstone
rock shelters and to document a marker for burial identification in this region. Application of the methodology developed through this
case study provides a useful management tool for Indigenous communities and other heritage practitioners.
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INTRODUCTION

In Australia, where the density of burials tends to correlate
strongly with population densities, and where burials may
be found within residential spaces, developing methods for
the detection of burials is an area of keen research and
management interest. Geophysical techniques provide a
non-invasive way to investigate subsurface features
(Gaffney & Gater 2003; Johnson 2006; Witten 2006), and
for these reasons these techniques, particularly
ground-penetrating radar (GPR), have become very
popular in projects where burials are anticipated.

GPR works by transmitting electromagnetic energy in
the form of radar waves into the ground (Bevan 1998;
Conyers 2012). When the wave encounters a contrasting
material in the soil (such as air voids, stone or moisture
content), a reflection occurs, sending part of the wave back
to the surface, where it is received and recorded. The
remainder of the wave continues downward until it too is
reflected back to the surface by deeper objects, or
dissipated through absorption by subsurface materials. The
depth of radar wave penetration and velocity is highly
dependent on soil type and moisture conditions, or the
dielectric properties (the ability of a radar wave to hold
and transmit an electric charge).

Conyers (2006: 66) suggests that the physical features
frequently associated with burials that can be identified by

GPR include: (1) “undisturbed” sediment below and
surrounding the grave shaft; (2) a buried coffin or human
body and associated artefacts; (3) “disturbed” sediment
used to fill the grave shaft; and (4) any surface sediments
that have accumulated above the shaft and surroundings
after internment (Conyers 2006: 66). The identification of
areas of soil compaction and void spaces is also of
particular relevance, especially in Indigenous burials. As
Lowe (2012) has discussed, it is for these reasons, coupled
with the ease of access to GPR equipment, that this has
become the most routinely used geophysical instrument for
identifying burials in Australia (cf. Bladon et al. 2011;
Brown et al. 2002; L’Oste-Brown et al. 1995; Moffat et al.
2010; Powell 2004, 2010; Randolph et al. 1994; von
Strokirch 1999; Yelf & Burnett 1995).

Yet GPR does not offer foolproof detection of all
graves, sometimes producing false positives due to other
sources of disturbance or, in cases where graves are
indistinguishable from the surrounding strata, false
negatives or no results (Bevan 1991; Dalan et al. 2010;
Davenport 2001; Nobes 1999). Unmarked burials, which
are common in Australian historical archaeology and
almost exclusively the case in Australian Indigenous
archaeology, present specific challenges. The particular
form of these burials (e.g. bundle, cremation, limited grave
goods, shallow depth, no coffin etc.; see Meehan 1971)
and the nature of the geologically ancient sediments into
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which interment occurs, often impedes their identification
with GPR. Further, in areas where the sedimentary matrix
consists of gravelly, shelly or cobble-rich sediments, there
can be significant “distortions” in the data for both the
disturbed area of the grave shaft and undisturbed areas
adjacent to the grave, adding to the complexity of
interpretation (Conyers 2006). The limited case studies
with which to compare and contrast results in Australia
also mean that interpretation is often speculative, with
excavation rarely carried out to confirm the specific nature
of GPR-identified anomalies.

In this paper, we detail how GPR was combined with
archaeological excavation data using a geographic
information systems (GIS) approach to test and identify
numerous unmarked burials in a rock shelter context. The
results were also tested with statistical analysis to confirm
that the documented association was deliberate rather than
random. Burial methods across Arnhem Land are known
ethnographically to include secondary rock shelter burials,
excarnation, tree burial and hollow-log coffins (Meehan
1971), though there is little evidence of why certain
individuals might receive particular treatment, or whether
this changed through time. While several accounts have
been documented in our study region, none have been
reported for our study site.

In addition, changing legal codes over the past 30 years
defining Indigenous peoples as the primary holder of rights
regarding decision-making in respect to their heritage have
done much to improve the relationship between

archaeologists and Traditional Owners, though they have
also resulted in fewer burial site investigations being
carried out in Australia. When our research partners, the
Gundjeihmi Aboriginal Corporation (GAC) – representing
the Traditional Owners of the study area, the Mirarr –
granted permission to study the Madjedbebe rock shelter
in northern Australia as part of broader heritage initiatives,
it afforded a rare opportunity to perform a detailed
geophysical survey prior to archaeological ground
disturbance.

THE MADJEDBEBE SITE

Madjedbebe (formerly known as Malakunanja II) is a
Pleistocene-aged rock shelter located in Arnhem Land,
Australia (Figure 1). The shelter is a narrow,
north-west-facing sandstone overhang at the base of the
Arnhem Land Plateau escarpment, located approximately
40 km west of the East Alligator River. The shelter wall
contains a gallery of pigment art, and the shelter floor is
generally flat, sandy and mostly vegetation free. The
archaeological deposits at Madjedbebe comprise a ∼70 cm
thick Holocene-aged shell midden unit, underlain by a
further ∼3 m of late Pleistocene-aged cultural deposits
(Kamminga & Allen 1973). This subsoil parent material is
a mix of sand and silt weathered from the adjoining
quartzose sandstone escarpment of the Middle Proterozoic
Kombolgie Formation (East 1996: 40). For this study, it is
only the shell midden unit with which we are concerned.

Figure 1. The study area location in western Arnhem Land. Areas shaded in grey indicate the East and South Alligator
River catchments (Geoscience Australia 2004).
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Madjedbebe has been the focus of several archaeological
investigations, being first excavated in 1972 (Kamminga
& Allen 1973) and again in 1989 (Roberts et al. 1990);
the latter investigation yielded luminescence dates of
50000–60000 years BP. While these investigations involved
only small test-pits, they did reveal that burials were present
within the midden unit, though they were assumed to be
few in number and primarily secondary bundle burials
(Smith 1989). This prior identification of burials caused
concern when the site was to be reinvestigated, and thus a
geophysical survey was conducted prior to re-excavation to
allow researchers to be better informed about what they
might encounter.

METHODS

In late 2011, a geophysical survey grid measuring
8 × 18 m was established adjacent to the Madjedbebe
shelter wall (Figure 2). This grid was used to conduct two
surveys: one with transects spaced by 0.25 m, running
parallel to the shelter wall, and the other with transects
spaced by 0.50 m, running perpendicular to the shelter
wall. This methodology provided the necessary high
spatial resolution for discerning small, discrete features.
GPR data were collected with a Geophysical Survey
Systems, Inc. (GSSI) SIR-3000, 400 MHz antenna and a
model 620 survey wheel. Sixteen-bit data were collected
with an 80 ns time window, 512 samples per scan and
with 25 scans per metre. Data were processed and
converted into slice-maps using GPR-SLICE v7.0. Time
slices were made using the hyperbola fitting function to

estimate the relative dielectric permittivity, which is
calculated from the two-way travel time to depth
(Goodman & Piro 2013). These depth estimates
generated in the software were then verified in the
excavations.

Archaeological excavations and detailed mapping using
a Nikon Total Station with Trimble Survey Pro software
were carried out in mid-2012. Nine adjoining 1 × 1 m
(Squares C2, C3, C4, D2, D3, D4, E2, E3 and E4), and
two smaller (B2 and B3) test-pits were established within
the overhang and geophysical survey grid, adjacent to the
previous investigations. These test-pits were excavated in
5 cm spits in the upper midden deposit and in 2 cm spits
in the lower sands. Excavation was discontinued in
Squares E3, E4 and D4 at a depth of 1.2 m to create a step
down into Squares C2, C3, C4, D2, D3 and E2, which
were excavated to a depth of ∼3 m. Squares B2 and B3
were excavated to a total depth of ∼3.5 m.

All excavated material, with the exception of the human
remains, was dry-sieved through 3 and 7 mm sieves and
sorted in the field. A complete 1 × 1 m bulk sample for
flotation analysis was retained from every spit of C2, as
well as from all hearth features. Analysis of collected
material from the investigations, including radiocarbon and
optically stimulated luminescence dating, are ongoing and
therefore are not included as part of this study.

A comprehensive mapping regime was designed and
implemented to allow the creation of a high-precision map
of the site as a means by which to digitally archive the
spatial excavation data. This form of total station
archaeology is highly effective at enabling rapid data

Figure 2. A topographic map showing the location of the 1972, 1989 and 2012 excavation areas and that of the 2011
geophysical survey at Madjedbebe.
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integration and for understanding site formation processes
(cf. Marean et al. 2007; McPherron 2005), as well as for
managing and analysing field data (McCoy & Ladefoged
2009; Tripcevich & Wernke 2010). A dictionary of all
collected data was established and used to build a
database/attribute file and vector data for analysis in ESRI
ArcGIS 10.2. These data were used to examine the spatial
relationships between rock deposits and human burials
within the sedimentary sequence.

The output of the collected GIS data was also used to
look at the statistical relationships between particular
archaeological features. While one could visually observe
and develop a “sense of” some of these patterns during
excavation, they were rigorously verified post-excavation
statistically. In this case, resampling methods and
geometric morphometry were used to investigate the
relationship between human burials and rocks by
determining if the rocks were randomly or deliberately
(anthropogenically) positioned as part of the burial
practice. Statistical measurements were computed in

R3.0.1 and RStudio 0.97.336, using the GIS vector data of
both rock and burial features.

RESULTS

The GPR data revealed the complex nature of the shelter
deposits. The local sandstone geology was a critical factor,
with large rocks in the deposit causing very strong
reflections and slight contrasts in the data (Figure 3a).
These were interpreted as dense roof-fall, since the
reflections occurred directly below and beyond the
shelter’s drip-line. A subset of the GPR data/dataset
adjacent to the shelter wall and within the drip-line was
selected for additional post-processing to investigate the
area within the drip-line that appeared to have no roof-fall
and where human activity would probably have been more
regular.

The original GPR reflections became much clearer after
the selected subset of the original dataset was processed.
The subset revealed a number of strong reflections within

Figure 3. (a) Amplitude slice-maps of Madjedbebe (49–61 cm). Areas with higher reflections are denoted by yellow and
red. (b) A resampled amplitude subset. Squares E2, D2, C2 and B2 were located under the shelter wall and were not
surveyed.
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the drip-line and adjacent to the shelter wall (Figure 3b).
These were apparent in both the amplitude slices and
reflection profiles, and defined easily even amongst the
shell midden (Figure 4). Excavation revealed that these
reflections were from medium (15–50 cm diameter) sized
rocks. While other hyperbolic reflections were apparent in
the reflection profiles resembling those defined as rocks
(see Figure 4), these were not excavated and therefore their
cause is unknown.

The 2012 Madjedbebe excavations unearthed 17
individuals (coded as skeletal remains, hereafter SR) in
various states of completeness (Figure 5). These comprised
predominantly primary interments (n = 13) dug into, or
just through, the shell midden unit into the uppermost
level of the underlying sand unit. All of the burials
contained minimal amounts of grave goods and occurred
in both flexed and extended positions.

Although narrow GPR survey transects (i.e. 0.25 m)
were used at Madjedbebe, the identification of human
bones, burial shafts or void spaces within the shell midden
unit in the collected GPR data was not possible. However,
at least nine of the burials were associated with rocks, a
tradition similar to that documented by Schrire (1982) at
the nearby site of Nawamoyn. At Madjedbebe, most rocks
were placed on the individual’s head and, in two instances,
rocks were placed on both the head and feet (SR1 and
SR5), while one burial had a rock placed only on the feet
(SR4). With the exception of two burials in a single grave

(SR3 and SR14), the rocks associated with each burial
were similar in size, averaging 20 cm in diameter – a size
small enough to be moved by an individual, but unlikely to
be displaced by animal activity or bioturbation as indicated
by the relatively intact and articulated nature of the burials.
Plotting of the rocks during excavation revealed that they
coincided with the burials (Figure 6) and when compared
with the GPR data, it became clear that the high-amplitude
reflections in the GPR data corresponded with these rocks
and, in turn, with the primary interments (Figure 7).

Considering that naturally deposited sandstone rocks
were also present on the surface and in the deposits at the
site, statistical analysis was used to determine if the
association of the rocks with the burials was random or
deliberate (anthropogenic). To test this, the GIS vector
data of all rocks and skeletal remains in the excavated
deposits were used to compute the probability that the
observed amount of overlap was due to random process.
One thousand random arrangements of the rock polygons
were simulated in the excavation area and the area of
overlap with the skeleton polygons (whose locations were
kept constant) was computed for each random
arrangement. The mean area of overlap in the random
permutations was 0.34 ± 0.09 m2, compared to the
observed area of overlap of 0.53 m2. Only 2.5% of the
random permutations have an overlap area equal to or
greater than the observed area, indicating that the observed
area of overlap of rocks and skeletons is significantly

Figure 4. A resampled selected amplitude slice-map of subsets (left) showing selected (A–E) high-amplitude features/
concentrations in two selected reflection profiles (right). Areas outside the black rectangle are unexcavated.
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Figure 5. The locations of burials identified in the nine 1 × 1 m test-pits (Squares C2, C3, C4, D2, D3, D4, E2, E3 and
E4) and two smaller test-pits (B2 and B3). Note that there is no SR12.

Figure 6. A plan view map showing the location of rocks on the skeletal remains.
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non-random (Figure 8) (for supplementary information, see
http://dx.doi.org/10.5281/zenodo.10616).

DISCUSSION

It was expected that burials would be present at
Madjedbebe, which were thought to have caused
alterations in the subsurface material. However, as the
burials were initially anticipated to be small secondary
bundle burials, the initial geophysical survey was designed
with the primary goal of mapping more distinctive and
larger features such as bedrock and roof-fall. Even when a
subset of the GPR data was selected for detailed post-data
processing, Conyers’ (2006: 66) list of four physical
features used for geophysical burial identification was
largely inapplicable, since no changes in natural soil or
surrounding material were apparent, coffins were not used
and vertical shafts were impossible to distinguish in the

shell-rich deposits. The GPR survey thus did not identify
grave cuts or fill; it was the combination of ethnographic
and archaeological evidence with detailed GIS plots that
demonstrated the mortuary practice involving placement of
rocks over the burials.

Much research in Australian archaeology has explored
regional variations in material culture (e.g. tula adzes and
cylcons), burials, rock art and biology, and attempts have
been made to utilise the results to extrapolate past
territorial organisation (e.g. David 1991; David & Chant
1995; David & Cole 1990; Franklin 2004; McDonald
2008; Pardoe 1988, 1994, 1995; Wade et al. 2011). With
respect to mortuary practices, any regional patterning
present may be strongly dependent on external – rather
than cultural – factors, such as the presence of trees
suitable for burial or excarnation (flesh removal), a soft
substrate into which to dig a grave or rock shelters for
placement of bundles.

Figure 7. Both an amplitude slice-map and a subset showing the cause of the high reflections; the cluster of rocks
identified in the 2012 excavation (grey circles). Burials are noted as circles.
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The ethnographic and archaeological documentation of
burial practices amongst groups in the Arnhem Land
region has demonstrated that variations exist. The Gagadju
(Kakadu) were reported to have taken the body into the
bush, covered it with grass and leaves, then earth and
finally stones to discourage dogs from digging the bodies
up (Berndt & Berndt 1992: 463; Spencer 1914: 240–9). At
the Nawamoyn rock shelter site, not far from Madjedbebe,
archaeological evidence for both an intact flexed and an
extended burial has been observed (Schrire 1982). It was
noted that the body was placed on the surface of the
midden and large rocks put on top, one of 36 kg on the
ribs and two, of 23 kg and 12 kg, on the pelvis. Smaller
rocks were placed on the legs just above the knees,
potentially to protect the body from predators or as
markers of its position (Schrire 1982: 126). Among the
Murngin of north-east Arnhem Land, a similar style of
burial was practiced, but with the body placed face
downward and not flexed (Warner 1969 [1937]: 422).

Secondary burial is also common in Arnhem Land, with
the body first being either excarnated on a platform built
in a tree, or buried for a season, before disinterring and
wrapping in paperbark to be placed elsewhere, perhaps on
a rock ledge and into rock shelters (White 1967: 431). At
the rock shelter sites of Paribari and Malangangerr, also
close to Madjedbebe, Schrire (1982: 56) found abundant
evidence of secondary burials in the form of bones that
had been “burnt, broken and stuffed into the [rock shelter]
niche packed around with grass, bark and other debris”.
While this anthropogenic process does not require
subsurface burial, when placed into rock shelters the
remains can become buried by the natural accumulation of
sediment through time; prior to the 2012 excavations, it
was thought that these would be the primary form of
burial at Madjedbebe.

Our engagement with the Mirarr custodians who were
involved in overseeing the excavations also provided
insight into local burial practices. Although it was
unknown explicitly why rocks were used as part of their
mortuary practice, one possible reason may have been to
protect the remains of the deceased from disturbance by

scavenging animals such as dingoes (or Tasmanian tigers),
as noted by Baldwin Spencer during his 1912 visit to this
region (Batty et al. 2005: 161). However, protecting the
living from the spirits of the deceased may also have been
another consideration (Mark Djandjomerr, July 2012).

Graves were dug into the shell midden deposit and
rocks were placed on the individuals before they were
covered. These rocks were the source of the strong
reflections in the GPR data, and detailed archaeological
mapping and excavation verified their location. Statistical
analysis of the rock subsurface distributions using
resampling and geometric morphometry over the burials
confirmed that the rock placement was unlikely to have
resulted from random processes, and indicates deliberate
placement of rocks and not natural roof-fall deposition.
While these are not considered as grave goods in the usual
sense, the inclusion of the rocks placed on an individual’s
head and/or feet was a cultural aspect of the burials, and
introduced a substantially different physical element to the
subsurface deposit that was detectable using geophysical
techniques.

By integrating GPR with archaeological excavations,
GIS and statistics, we have provided a powerful way to
identify human burials in this part of Arnhem Land.
Despite rock shelters being common, and one of the most
regularly excavated site types in Australia, there has been
minimal work on geophysical investigations of Australian
rock shelters (Conyers 2012), though internationally this is
not the case (Conyers 2011: 19; Horle et al. 2007; Porsani
et al. 2010). In combination with GIS mapping and
archaeological excavation, we have demonstrated the
successful application of GPR in an Australian sandstone
rock shelter environment. The GPR results provided, first,
information on subsurface material associated with
geological features such as bedrock and roof-fall and,
second, cultural material, in the form of deliberately
positioned rocks associated with human burials.

The success of this study has important implications for
future investigations and/or management of other sites in
Mirarr country and elsewhere. While in this instance the
presence of a thick shell midden unit in the Madjedbebe

Figure 8. The distribution of areas of overlap of rocks on burials resulting from 1000 random permutations of rock
locations (for data and code for this figure, see http://dx.doi.org/10.5281/zenodo.10616).
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site provided conditions conducive to bone preservation,
sandstone environments are typically acidic and rarely
preserve bone. In addition, water table fluctuation, soil
fauna (e.g. ants and termites), soil acidity and mineralogy
are also all known to strongly influence bone preservation.
For deposits lacking suitable conditions for bone
preservation, such as the Pleistocene levels of the
Madjedbebe site, GPR identification of subsurface rocks
could provide a tentative indication of burials, which
might be further supported by subsequent excavations, GIS
and statistical study. GPR identification of rock patterns in
midden deposits at other sites in Arnhem Land might also
alert researchers and managers to the possibility of burials
being present, thereby allowing communities to be more
informed prior to considering permission to excavate or in
other cases, choose avoidance. Further, GPR can be used
to investigate the spatial layout of these rock shelter sites,
by defining subsurface geological features such as buried
bedrock or areas affected by natural processes such as
roof-fall concentrations.

CONCLUDING REMARKS

This research has highlighted the importance of detailed
data recording and integration when attempting to
investigate and map complex archaeological sites.
Although GPR surveys are extremely rare in Australian
rock shelter studies, the study described herein
demonstrates their potential value. The integration of GPR
and excavation results through GIS proved to be very
beneficial in understanding burial practices at Madjedbebe
because of the specific way in which individuals were
interred at this particular site. The initial GPR study
identified the presence of numerous subsurface rocks of
unknown origin; subsequent excavation identified they
were associated with 17 burials, and statistical analysis
indicated that the association was deliberate, rather than
random. Studies such as this indicate the potential of GPR
to shed light on intra- (individual burial and cemetery
practices) and inter-site (regional variation and territorial
organisation) variability, particularly where information
about cultural history is lacking.

The partnership with the Mirarr community and the
formal approval process adopted to facilitate its
development and continuance were critical aspects of this
project. While research at Madjedbebe is ongoing, this
partnership could potentially lead to future research
collaborations, offering additional opportunities to explore
further applications of archaeological geophysics in Mirarr
Country.
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