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A B S T R A C T

The Wallacean archipelago is a vast, unique maritime area where many islands remain archaeologically largely 
unexplored. Alternatives to conventional excavation are crucial to increase the rapidity of exploration and dis
covery in this under-investigated region. Here we show that a minimally invasive method of site prospection 
involving the coordinated use of ground-penetrating radar, augering, microscopic identification of artefacts from 
sediment auger samples, dating, magnetic susceptibility and isotope analysis facilitates rapid discovery of the 
nature of archaeological deposits. We demonstrate that this approach was successful in rapidly characterising the 
subsurface structure of six very different archaeological sites on Roti, Nusa Tenggarra, determining the depth of 
deposit, yielding numerous artefacts and other cultural materials and dating first occupation up to 30 ka. We 
recommend this approach to archaeologists seeking to rapidly characterise the archaeological record of a region 
and guide decision-making around where to conduct future archaeological excavation.

1. Introduction

Archaeological excavation is an inherently destructive, expensive, 
and time-consuming enterprise. Moreover, sites chosen for excavation 
based on surface characteristics alone can prove disappointing and 
consume valuable project resources. It is therefore desirable to employ 
approaches that increase the probability of excavating only those sites 

that best address project aims and answer key research questions. 
Exploring alternatives to conventional excavation is therefore worth
while as a means of increasing the probability of discovering appropriate 
sites to excavate while maximising returns on research budgets and field 
time. This is particularly so in under-explored or poorly understood 
regions where informed decisions about how to allocate project re
sources can be difficult to make.
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One such region that presents a suite of unique challenges for the 
archaeologist is the Wallacean archipelago, a vast biogeographic mari
time area comprising over 1600 islands spread over an area of 
340,000 km2 (Fig. 1). The physical challenges of the region are com
pounded by the complexity of the archaeological and fossil record, with 
Wallacea and greater Island Southeast Asia having the largest number of 
archaic hominin species found outside of Africa (Brumm et al., 2016; 
Detroit et al., 2019; Ingicco et al., 2018; Jacobs et al., 2019; Mahirta, 
2003; Mijares et al., 2010; Rizal et al., 2020; Sutikna et al., 2016; 
Zaim et al., 2011). The archaeological record of the region has already 
greatly enriched our understanding of hominin diversity and evolution, 
early human behaviour, and the great antiquity of seafaring, pelagic 
fishing, human surgery and figurative art (Maloney et al., 2022; 
O'Connor et al., 2011; Oktaviana et al., 2024). Despite many decades of 
research, much of the archipelago still remains archaeologically un
known (Norman et al., 2021).

In this study we test an alternative to traditional surface-guided 
excavation. The first phase aims through subsurface prospection and 
augering to quickly and inexpensively obtain the age of first occupation, 
the types of cultural materials present, the resolution and density of 
deposits, and the geochemistry of the sediments in a site. When con
ducted across a range of sites, this enables the regional distribution of 

site types, chronologies and cultural contents to be assessed. It also aids 
the determination of which sites are most suitable for answering certain 
questions (e.g. about subsistence, technology or first occupation) and 
thus which sites to excavate. This first stage can also help understand 
any trade-offs that might exist between age and resolution of the deposit, 
for instance shallow but ancient sites versus deep sites covering shorter 
timespans at higher resolution. Rapid prospection is particularly critical 
when searching for rare phenomena, such as sites with older occupation 
records, with a larger sample enhancing the probability of success. Once 
the first phase is complete, archaeologists can make informed decisions 
about where to excavate in the second phase of research.

In this paper we report on the results of an extensive rapid survey, 
subsurface imaging and augering program designed to characterise the 
diversity and age of archaeological sites on the island of Roti in Nusa 
Tengara, Indonesia. Survey and excavations were undertaken on Roti in 
1986 and between 2006 and 2009 by the Indonesian National Archae
ological Research and Development Center (Jakarta) and identified a 
number of occupation sites across the island (Jatmiko, 2010; Mahirta, 
2003). In 2018, we returned to Roti to test the rapid prospection and 
subsurface testing techniques to determine which sites were suitable for 
answering questions about long-term human occupation of the island. 
The approach adopted involved the coordinated use of ground 

Fig. 1. Map of study area with the Wallacean archipelago shown by the dashed box and bordered by the Pleistocene continents of Sunda and Sahul. Wallace and 
Lydekker biogeographic boundaries shown to the east and west. A The Nusa Tenggarra region showing the location of Roti in the archipelago, with intervisibility 
between Roti and the Sahul palaeo-island chain to the south shown by red lines (Norman et al., 2018). B Topographic map of Roti showing the distribution of known 
archaeological sites. Sites 1-6 show the location of caves and rockshelters where rapid prospection was undertaken. C Satellite imagery of a large valley in 
south-central Roti with a high concentration of archaeological sites. Data: 1 s SRTM Level 2 Derived Digital Elevation Model v1.0, Australian Bathymetry and 
Topography Grid, courtesy of Geoscience Australia. Landsat image courtesy of the U.S. Geological Survey. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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penetrating radar (GPR), sediment sample collection via augering, 
macro and microscopic identification of artefacts, dating of cultural 
material, magnetic susceptibility and sedimentary geochemistry. The 
study had four main objectives: (1) assess the success of the rapid pro
spection approach in evaluating new archaeological sites; (2) to estimate 
the distribution of site establishment across Roti; (3) to assess the sub
surface topography and depth of deposit, stratigraphic changes, pres
ence or absence of cultural materials, range of artefact types, presence of 
dateable materials and their age, indications of in situ burning, and soil 
geochemistry at each site; and (4) to identify sites suited to answering 
key questions about long-term cultural change, which can then be 
explored in future targeted excavations. Here we present the results of 
our survey and rapid sampling of six sites with varying characteristics. 
We illustrate the value of this method in quickly appraising the 
archaeological record of the region and addressing the four aims out
lined above.

1.1. Physical environment

The island of Roti (or Rote) (Fig. 1) is in the East Nusa Tenggarra 
province of the Indonesian archipelago and forms part of the biogeo
graphic region of Wallacea. It is 80 km long and 20 km wide with an area 
of ~1200 km2 and is located approximately 12 km south-west of Timor, 
with the two islands separated by a − 100 m bathymetric sill. Roti 
formed between 200 and 400 ka, with regional uplift rates of 0.3 to 
0.5 m ka-1 (Major et al., 2013; Pedoja et al., 2018). The island is 
comprised of Australian continental plate crust overlain with uplifted 
coralline limestone and karst. The underlying geology is exposed across 
large regions of the northwest and southeast, and comprises formations 
rich in shale, mudstone and chert (Roosmawati and Harris, 2009). The 
topography is generally flat, with a pronounced bulge on the central 
southeast side of the island with a maximum elevation of 444 m above 
sea level. Roti has a tropical landscape with a monsoon wet season be
tween November-March and a dry season between April-November. 
Much of the island is dominated by savannah vegetation, with palm 
savannah predominating on the flood plains, and areas of remnant 
monsoon vine forest in the central interior and in gullies and valleys.

2. Materials and methods

Nine days of survey were undertaken across the south-central region 
of the island, with previous surveys (Jatmiko, 2010; Mahirta, 2003) 
focusing on the north-central and western regions of Roti (Fig. 1B). 
Survey was focused on areas where a combination, or all, of the 
following criteria were present: (1) the underlying geology provided 
abundant raw material suitable for stone tool making; (2) there was 
access to freshwater in the form of rivers and springs; and (3) the 
coastline was within foraging distance of the site, allowing access to 
marine resources due to the depauperate terrestrial fauna on the island. 
Regions across the island were selected following these criteria, with 
permission sought from local landowners and officials to undertake 
research. Due to field-season time constraints, surveys followed a tar
geted strategy, with the team guided to locations where landowners 
knew of caves and rockshelters. The previously excavated north-central 
sites of Lua Meko and Pia Hudale, and four of the new sites located 
during survey (Lua Semen, Lua Hena Lean, Lua Dibalean and Lua 
Nggalana) were selected for rapid prospection, with the subsurface de
posits first imaged using GPR, then cored and sampled over five days.

2.1. Ground penetrating radar

Ground-penetrating radar (GPR) was completed at the six selected 
sites to provide information on subsurface material associated with 
geological features such as bedrock and roof fall and to assist in deter
mining suitable locations for deep penetration of auger holes. The use of 
GPR in rockshelters and caves globally has been limited in archaeology, 

however more recent studies are highlighting its applicability for 
detecting the depth of bedrock, burials, stratigraphy and roof fall, and 
identifying areas for targeted excavation (Armstrong et al., 2021; 
Conyers, 2012; David et al., 2013; Lowe et al., 2014; Porsani et al., 
2010). GPR was chosen for several reasons, firstly it is extremely effi
cient to use and has the ability to provide two- and three-dimensional 
visualisation of the collected data, which was critical for determining 
suitable locations for coring both horizontally and vertically. In this 
study, the goal was to locate core areas with weaker GPR reflections in 
order to obtain deep cores, and to avoid areas that contained high re
flections such as bedrock or roof fall, as these would impact coring and 
core depth. Due to in-field time constraints, using an instrument that 
allowed for quick and efficient data collection was imperative. Secondly, 
due to the size of some of the cave/shelters' floor (e.g., 4 × 6 m) and 
height of the cave/shelter's roof (<2 m), GPR can be one of the easier 
prospecting methods to navigate in tight spaces such as this, especially 
the one used for this project. Furthermore, it provides a higher resolu
tion of collected data as transects can be collected at 0.25–0.5 m spacing. 
Lastly, many of the site locations were not easily accessible by vehicle 
and only by foot, meaning that the gear had to be carried some distances 
into the sites, as such, an instrument that could be broken down and 
carried some distance was ideal. At each site, a grid was placed adjacent 
to the back wall and extended out from the wall anywhere from 0.54 to 
12 m. A Geophysical Survey Systems, Inc. (GSSI) SIR-3000, 400 MHz 
antenna and a model 620 survey wheel were used to collect the GPR 
data. Sixteen-bit data were collected with an 80 nS time window, 512 
samples/scan and with 25 scans/meter. Transects were spaced every 
0.50 m. The collected GPR data were processed in GPR-SLICE v7.0. 
Processing steps included a time zero correction so that the start and end 
of all samples were defined for each reflection profile. This was followed 
by a background removal and bandpass filtering. Time slices were made 
using the hyperbola fitting function to estimate the velocity (m/nS) of 
the electromagnetic signal in each volume of the medium. This velocity 
was then used to calculate the two-way travel time to get a depth esti
mate (Goodman and Piro, 2013; Jacob and Urban, 2016). These depth 
estimates generated in the software were then verified in the auger data.

2.2. Sample collection

The GPR reflections for each site guided the choice of sampling lo
cations, with areas in the caves and rockshelters that returned weak 
reflections (dark blue) in the amplitude slice-maps selected for augering. 
One to six locations per site were selected and sampled using hand au
gers with a 7.5 cm circumference. Each location was augered until an 
impermeable barrier (such as a large rock) terminated the sample 
location, or sediments transitioned to limestone/presumed bedrock. 
Sediment samples were collected at 10 cm intervals for low magnifica
tion artefact analysis, magnetic susceptibility, physical and chemical soil 
properties, and dating. The auger head was cleaned between each 
sampling episode and the auger hole cleared prior to collection of the 
next depth range. The excavation depth of the auger hole was measured 
before and after each collection to gauge the interval collected. 
Following sample collection, the location of each auger hole was map
ped onto the site plan and backfilled.

2.3. Cultural material

After each sediment sample was sub-sampled for magnetic suscep
tibility and soil analysis it was wet sieved through a 1 mm mesh. Stone 
artefacts and raw material were identified under low magnification 
(x10) and artefacts counted, weighed, and photographed. Heat-affected 
artefacts were identified by crazing, pot-lid scarring and high lustre. 
Marine remains (molluscs and finfish) were identified to the lowest 
taxonomic classification using an Indo-Pacific comparative collection 
housed at The University of Queensland and published manuals (Petuch 
and Berschauer, 2020; Rojo, 1991). Due to fragmentation, 
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identifications were conservative and predominantly to the superfamily 
level. Taxonomic nomenclature was verified using the World Register of 
Marine Species online database (Board, 2023). Marine remains were 
quantified using weight (g), Number of Identified Specimens (NISP), and 
Minimum Number of Individuals (MNI). Charcoal fragments and burnt 
earth were weighed, and suitable pieces of marine shell and charcoal 
were selected for radiocarbon dating.

2.4. Radiocarbon dating

Eight samples of charcoal and three samples of shell were prepared 
for radiocarbon dating at the Australian National University following 
published methods (Fallon et al., 2010; Wood et al., 2023). After in
spection and physical cleaning under a light microscope, charcoal was 
pretreated using an acid-base-acid methodology. One sample did not 
survive pretreatment. Visibly recrystallised material was removed from 
shell with a Dremel drill, the sample was leached in acid and the pres
ence of calcite was determined using Feigl's stain. All charcoal contained 
more than 50%C, and shell did not contain calcite. Cleaned material was 
converted to carbon dioxide by combustion in a sealed tube or by re
action with phosphoric acid, cryogenically collected and purified, and 
converted to graphite by reaction with hydrogen over an iron catalyst. 
Samples were dated in a NEC SSAMS at the ANU. Dates were calculated 
following Stuiver and Polach (1977) and corrected using an 
AMS-derived δ¹³C. Ages have been calibrated using Oxcal 4.4 (Ramsey, 
2009) and the SHCal20 (Hogg et al., 2020) atmospheric curve for 
charcoal, and Marine20 for marine shell (Heaton et al., 2020). Marine 
shell dates are calibrated without ΔR as this data is currently unavai
lable for Wallacea.

2.5. Magnetic susceptibility

Magnetic susceptibility measures how susceptible a material is to 
being magnetised when in the presence of a magnetic field. It reflects the 
concentration and composition of magnetic minerals within archaeo
logical sediments and is commonly used to characterise magnetic 
enhancement. Higher abundances of magnetic minerals generally result 
in increased magnetic susceptibility. Sediment samples were packed in 
small non-magnetic Althor P15 boxes (5.28-cc volume) and measured on 
a Bartington Instruments MS2B and MS3 sensor. Low-field readings 
were taken at the maximum sensitivity setting using a 200 A/m field 
oscillating at low (465 Hz) and high (4650 Hz) frequencies for the fre
quency dependence of susceptibility (χfd). The χfd allows for the 
detection of ultrafine or superparamagnetic (SP) grains, as they have the 
most pronounced frequency dependence (Dalan and Banerjee, 1998; 
Dearing et al., 1996) (See Supplementary Information). Increases in χfd 
can indicate burned sediments (e.g. anthropogenic burning) or devel
oped surfaces, the former being more common in older cratonic rock
shelter environments (Lowe et al., 2016). The goal of this analysis was to 
compare the χfd signals to the artefactual and geochemical data and 
determine if anthropogenic burning was present in the sediment 
samples.

2.6. Sedimentary analysis

2.6.1. Grain size
Grain size was determined using laser diffraction on a Malvern 

Mastersizer 2000 at the University of Wollongong. A small (~1 g) 
representative portion of the clastic sediment was added via a mixing 
beaker to attain adequate beam obscuration. Three grain size distribu
tions were determined and then averaged. Between each measurement 
the instrument was flushed clean with tap water and the background 
was measured to re-calibrate the instrument.

2.6.2. Stable nitrogen isotope analysis
Total carbon and nitrogen contents (%) and Stable δ15N values and % 

N were determined via a EuroVector Elemental Analyser (EA), in 
conjunction with constant flow to a Nu Horizon isotope ratio mass 
spectrometer (IRMS) at the University of New South Wales. Samples 
were calibrated against internal standards acid, glycine and TPA 
through USGS-42 (δ15N = 8.05‰) at the beginning and end of each run. 
After every nine samples, glycine standards were checked, and one 
repeat sample was analysed.

3. Results

Twenty-six cave and rockshelter sites were located during survey, of 
which thirteen contained surface evidence of human occupation in the 
form of stone artefacts, marine remains, and pottery sherds, or were of a 
size and position to make human habitation a likely possibility (Fig. 1B, 
orange).

3.1. Lua Meko

Located approximately 4 km inland from the north-central coast of 
Roti is a complex of sites known as Tonggobatu (− 10.75583, 123.03559, 
height 116 m ASL) (Fig. 2). Tonggobatu was identified in 1986 by a team 
from the Indonesian Archaeological Research Centre, Jakarta. Tonggo
batu is a small hill formed by an uplifted coral reef with five northwest- 
facing rockshelters with abundant surface artefacts and several smaller 
southeast-facing shelters (Mahirta, 2003). Two northwest-facing shel
ters (Lua Meko and Lua Manggetek) were excavated by Mahirta 
pre-2003 and yielded shallow deposits with Terminal Pleistocene to 
mid-to-late Holocene occupation. Excavations at Lua Meko revealed a 
greater depth of deposit and an older age of occupation than Lua Man
ggetek. At Lua Meko, a 2 × 1 m test pit excavated in 14 spits to a depth of 
70 cm revealed five stratigraphic layers (Layers 1–5) (Fig. 2A–B), with 
artefacts occurring in all units. Calibrated age ranges for samples from 
Layers 1–3 of the excavation pit are mid-Holocene (Table 1), with the 
base of Layer 4 returning an early Holocene age. A marine shell sample 
from 60 cm depth gave a measured radiocarbon age of 24,420 ± 250 
(ANU-10908), which corresponds to a calibrated age range (at the 
95.4% confidence interval) of 28,469–27,342 cal BP.

In 2018, we returned to Lua Meko to replicate the sedimentary and 
cultural sequence in the earlier excavations using our rapid site pro
spection approach. The GPR amplitude slice-maps of the deposit indi
cated a low reflection region suitable for augering to the east of the 
original excavation pit (Fig. 2B–D, Supplementary Information 
Fig. S2–S3). Augering revealed the deposit extended to 130 cm depth 
at this location before reaching an impermeable barrier or bedrock. Lua 
Meko is comprised of coarse silt, with very coarse silt predominating in 
the bottom 30 cm of the deposit (Fig. 2E). The sediment column repli
cated Layers 1, 4 and 5, with Layers 2 and 3 absent in this location. The 
cultural deposit began at 100 cm depth, with marine resources (burnt 
and unburnt), stone artefacts and enhanced magnetic susceptibility 
values (most probably indicating heating of the deposit from hearths) all 
appearing at this depth (Fig. 2E–Supplementary Information Tables S1 
and S12–S13). Both marine shell and stone artefacts have an initial 
peak just above 100 cm depth (Fig. 2E). While the number of marine 
shells and stone artefacts from the auger samples is too small to allow 
meaningful comparison with the excavated assemblage, marine shell 
does increase above 40 cm depth (Fig. 2E), tracking the pattern in the 
larger assemblage (Mahirta, 2003). Trophic enriched signatures of δ15N 
values > 10‰ have been shown to reflect guano contributions to cave 
sediment organic matter (Forbes and Bestland, 2006; Forbes et al., 2007; 
Wurster et al., 2015). δ15N values became increasingly enriched (>8‰) 
above 100 cm depth at Lua Meko, suggesting trophic enrichment and the 
likelihood of some form of faecal contribution to the sedimentary de
posits (Fig. 2E–Supplementary Information Table S19). A date on ma
rine shell from the auger sample at 60 cm depth gave an age of 
30257–29657 cal BP (Table 1), confirming occupation at the site at the 
onset of Marine Isotope Stage 2 (MIS 2, 29–12 ka). A second age was 
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obtained from a very small fragment of shell (0.04 g) from the base of the 
auger hole (130 cm), which gave an age of 8037–7759 cal BP, and has 
likely fallen in from higher up in the auger hole wall. No other cultural 
material was found below 100 cm depth.

3.2. Pia Hudale

Located 2 km from the Tonggobatu site is Pia Hudale (− 10.74761, 
123.05404, height 105 m ASL), a complex of northeast-facing rock
shelters formed along the edge of an uplifted coral reef (Fig. 3A). 
Identified during the original 1986 survey, the site is approximately 
2.3 km from the coastline, adjacent to fertile agricultural fields with a 
permanent stream to the west and a large cave with a spring at the 
eastern end. A series of test pits excavated in one of the rockshelters 
revealed shallow cultural deposits underlain by limestone bedrock, with 
occupation spanning the Terminal Pleistocene to early Holocene 
(Table 1) (Mahirta, 2003; Mahirta et al., 2004). Excavations identified 
three stratigraphic layers (Layers 1–3) with sloping bedrock 30–75 cm 

below the surface, resulting in depth increasing with distance from the 
shelter wall (Fig. 3B). Artefacts occurred in all layers to bedrock, 
becoming sparser towards the base of Layer 3. A Holocene record ap
pears to be entirely absent within the rockshelter (Mahirta et al., 2004).

In 2018, we revisited Pia Hudale to investigate if deeper cultural 
deposits existed at the rockshelter complex using our rapid site pro
spection approach. The rockshelter had become difficult to access due to 
the dumping of municipal waste, and a sampling location ~25 m 
northwest of the original excavation and near the second large rock
shelter was selected (Fig. 3A). Amplitude slice-maps in front of the 
shelter revealed a complex subsurface deposit, borne out by the amount 
of limestone rubble and roof fall found on the surface and noted in the 
earlier excavations. These appear as small circular strong reflections in 
the slice-maps (Fig. 3E–Supplementary Information Figs. S4–S5). A se
ries of six locations were augered with increasing distance from the 
rockshelter, revealing a variable but deepening profile to the limestone 
basement, beginning at 20 cm (PH01) and reaching 230 cm depth in 
places (PH04) (Fig. 3C–F).

Fig. 2. Lua Meko, north-central Roti. A North section of the excavation pit in Lua Meko, adapted from Mahirta (2003), showing stratigraphic layers and the location 
of radiocarbon samples. B Site plan of the rockshelter showing the approximate location of the original excavation pit and the auger location (LM01). C Site photo 
looking south toward the rockshelter. D GPR amplitude slice-maps showing reflections of the rockshelter subsurface deposits and roof fall. Areas with higher re
flections are denoted by yellow and red. E Stratigraphic layers, grain size: clay (red), silt (purple), sand (cyan), total organic carbon (TOC%) and C/N organic ratios 
(C/N (org), δ15N values (ml), sediment magnetic susceptibility values (SI) and cultural material plotted by depth. Far right, examples of marine taxa (a-b, e-f) and 
stone artefacts (c-d, g) from throughout the sequence and associated radiocarbon ages. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.)
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The four stratigraphic units identified in the auger sample profile do 
not match those identified in the nearby excavation (Fig. 3B–F), sug
gesting heterogeneous sediment deposition across the site. At Pia 
Hudale, medium to fine silts are dominant, with a finer mean grain size 
than observed at Lua Meko. The deposit represents a cultural sequence 
with stone artefacts increasing with depth to 230 cm (base of PH04) 
(Fig. 3F–Supplementary Information Tables S2–4). Heat shattered raw 
material, characterised by high gloss, crazing and pot-lidding, occurs in 
two peaks that correspond to peaks in burnt earth and very small peaks 
in charcoal. Peaks in the magnetic susceptibility values coincide with 
evidence for heating and burning at the site (charcoal, burnt earth and 
heat shatter) (Fig. 3F–Supplementary Information Table S14). Marine 
shell was almost non-existent in the samples, with only one very small 
fragment identified in the upper 10 cm (Supplementary Information 
Table S12). This contrasts with the nearby excavation, which con
tained a large assemblage of both freshwater and marine shell (Mahirta 
et al., 2004). Charcoal was also largely absent from all samples, with 
only 0.22 g from all samples collected from the upper 60 cm of the site, 
and only microscopic quantities (<0.02 g) below this depth. A paucity of 
datable charcoal in the Pia Hudale deposits was also noted during the 
excavation (Mahirta et al., 2004). The absence of shell below 10 cm, and 
of charcoal of a suitable quantity for dating below 60 cm, serves as a 
useful indication that any future excavations at Pia Hudale will require 
additional dating methods. A date obtained from charcoal from the 
auger sample at 60 cm depth returned a modern age, and a second small 
sample (0.01 g) at 200 cm failed pre-treatment (Fig. 3F–Table 1). The 
modern age at 60 cm depth and the contrasting sedimentary sequence 
found in the auger profile indicate the missing Holocene deposit may be 

found outside the rockshelters.

3.3. Lua Semen

The south-central cave site of Lua Semen (− 10.82686, 123.06789, 
height 62 m ASL) is in a deep and broad valley on the southern side of 
the island (Fig. 1C) and was shown to the 2018 survey team by local 
landowners. The chamber is 20 m deep with a 4 m ceiling and flat 
6 × 4 m sediment floor (Fig. 4A–B). The floor had a number of pottery 
sherds on the surface.

Sediment delivery to the cave is down a sloping sediment and rubble 
scree leading from the northeast-facing entrance to the cave chamber. 
The GPR amplitude slice-maps of the deposit indicated a low reflection 
region suitable for augering in the western corner of the cave floor 
(Fig. 4C–Supplementary Information Figs. S6–S7). Three locations were 
selected, reaching variable depths of 247 cm (LS01), 30 cm (LS02), and 
130 cm (LS03), with the GPR wave signal weakening just above the base 
of LS01. Augering revealed uniform red-brown fine silt-clay sediments 
with a transition to limestone rubble at the base of LS01 (Fig. 4D). The 
magnetic susceptibility values increased above 150 cm depth, matching 
the first appearance of charcoal within the deposit 
(Fig. 4D–Supplementary Information Table S15). Pterioidea (oyster) 
shell occurred at 50 cm, at the same depth as a peak in charcoal 
(Fig. 4D–Table S5–7 and Table S12). Enriched δ¹⁵N (>8‰) (>8‰) are 
again identified at Lua Semen indicating the possibility of faecal 
contribution to the sediment's organic matter content (Supplementary 
Information Table S21). A date on charcoal from 150 cm depth gave 
an age of 1515–1371 cal BP, while a sample at 50 cm depth returned a 

Table 1 
New and previously published radiocarbon ages for Roti. Ages have been calibrated using Oxcal 4.4 (Ramsey, 2009) and the SHCal20 (Hogg et al., 2020) atmospheric 
curve for charcoal, and Marine20 for marine shell (Heaton et al., 2020). Marine shell dates are calibrated without ΔR as this data is currently unavailable for Wallacea. 
Calibrated age ranges are given at the 95.4% confidence interval. F14C, fraction modern14C.

Lab code Site name Sample material Depth 
(cm)

F14C Radiocarbon age (yr 
BP)

Calibrated age range 2σ (modelled cal. yr 
BP)

Reference

ANU-10911 Lua Meko Turbo opercula 5 – 5590 ± 110 6088–5520 Mahirta 
(2003)

ANU-10910 Lua Meko Turbo opercula 10 – 4720 ± 100 5072–4450 Mahirta 
(2003)

ANU-10909 Lua Meko Turbo opercula 15 – 5420 ± 60 5831–5422 Mahirta 
(2003)

ANU-11103 Lua Meko Turbo opercula 35 – 10,030 ± 120 11236–10547 Mahirta 
(2003)

ANU-10908 Lua Meko Strombus sp 60 – 24,420 ± 250 28347–27240 Mahirta 
(2003)

SANU- 
69916

Lua Meko Mollusca 60 0.0365 ± 0.0006 26,582 ± 131 30257–29657 This study

SANU- 
69923

Lua Meko Mollusca 130 0.3864 ± 0.0010 7638 ± 26 8037–7759 This study

ANU-11102 Pia Hudale Turbo opercula 10 – 10,440 ± 500 12759–10217 Mahirta 
(2003)

ANU-10912 Pia Hudale Turbo opercula 20 – 11,290 ± 150 12999–12264 Mahirta 
(2003)

ANU-11000 Pia Hudale Melanoides 
feniculus

55 – 11,160 ± 220 12980–11871 Mahirta 
(2003)

SANU- 
69926

Pia Hudale Charcoal 60 1.1555 ±
0.0018

Modern ​ This study

– Pia Hudale Charcoal 200 – Failed ​ This study
SANU- 

69932
Lua Semen Charcoal 50 1.1033 ± 0.0017 Modern ​ This study

SANU- 
69931

Lua Semen Charcoal 150 0.8207 ± 0.0015 1587 ± 19 1515–1371 This study

SANU- 
69929

Lua Hena 
Lean

Charcoal 20 0.9781 ± 0.0016 178 ± 18 278–210 This study

SANU- 
69930

Lua Hena 
Lean

Charcoal 140 0.9735 ± 0.0016 216 ± 18 222–143 This study

Wk 49060 Lua Dibalean Charcoal 100 104.9000 ± 0.2 104.9 ± 0.3% 58–28 This study
SANU- 

69927
Lua Dibalean Charcoal 100 1.0318 ± 0.0016 − 252 ± 18 ​ This study

SANU- 
69917

Lua Nggalana Trochoidea 50 0.3356 ± 0.0009 8771 ± 26 9419–9096 This study
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modern age (Table 1). The enhanced magnetic susceptibility and pres
ence of charcoal from 150 cm likely represents the first use of the cave 
chamber by people.

3.4. Lua Hena Lean

The south-central cave site of Lua Hena Lean (− 10.81117, 
123.16969, height 109 m ASL) is a single chamber cave located at the 
southwestern end of a 30 × 40 m depression in the surrounding land
scape, with a palm forest growing inside. Several stone artefacts were 

Fig. 3. Pia Hudale, north-central Roti. A Plan showing location of rockshelters, excavations (Mahirta, 2003; Mahirta et al., 2004) and 2018 sampling area. B 
Southeast sections of the D3 and C3 excavation squares at Pia Hudale, adapted from Mahirta (2003) and Mahirta et al. (2004) and showing stratigraphic layers and 
the location of radiocarbon samples. C Site plan of the rockshelter showing the auger locations (PH01–6). D Site photo looking west toward the rockshelter. E GPR 
amplitude slice-maps showing reflections of the rockshelter subsurface deposits with several small higher reflections. Areas with higher reflections are denoted by 
yellow and red. F Stratigraphic layers, grain size: clay (red), silt (purple), sand (cyan), total organic carbon (TOC%) and C/N organic ratios (C/N (org) (PH04), 
sediment magnetic susceptibility values (SI) (PH04) and cultural material plotted by depth. Cultural material came from PH04, PH05 and PH06. Far right, examples 
of shell (a-b) and stone artefacts (c-g) from throughout the sequence and associated radiocarbon ages. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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found on the surface outside the cave entrance. The cave is 13 m (length) 
× 8 m (width), with a 20 m high entrance with a sloping rubble and 
sediment scree leading down to a flat earth floor (Fig. 5A–B).

The GPR amplitude slice-maps of the deposit indicated a low 
reflection region suitable for augering towards the rear of the cave 
(Fig. 5C–Supplementary Information Fig. S8). Two locations were cho
sen for augering, reaching depths of 234 cm (LHL01) and 158 cm 
(LHL02). Sediment samples were silt dominated (coarse to very coarse), 
with a smaller component of fine sand. Grain size decreased markedly 
towards the surface, with a particular shift from silt to clay at 120 cm. 
Microbone was present in the samples from 234 cm to 150 cm depth, 
with the deposit containing no cultural material below 150 cm 
(Fig. 5D–Supplementary Information Table S8). Charcoal is present in 
small quantities above 150 cm depth to the surface, coinciding with a 
sharp increase in δ15N values (Supplementary Information Table S22), 
and a gradual increase in the magnetic susceptibility values 
(Fig. 5D–Supplementary Information Table S16). Two radiocarbon 
samples on charcoal at 140 cm and 20 cm depths returned ages of 
222–143 cal BP and 278–210 cal BP (Table 1), indicating human use of 
Lua Hena Lean is very recent.

3.5. Lua Dibalean

The site of Lua Dibalean (− 10.79804, 123.15552, height 166 m ASL) 
is in the same region of south-central Roti as Lua Hena Lean, with both 

sites shown to the 2018 survey team by local landowners. Lua Dibalean 
is a roughly circular depression 15 × 16 m, with a pronounced overhang 
on the northern and southern side, with roof clearance of ~2 m in the 
southern shelter area (Fig. 6A–B).

The site has surface pottery sherds and is still in use by local people. 
Two locations at the north-eastern margin of the GPR grid were selected 
for augering (Fig. 6C–Supplementary Information Figs. S9–S10), 
reaching depths of 153 cm (LD01) and 116 cm (LD02), with sediments a 
uniform red-brown throughout the deposit. Magnetic enhancement was 
visible throughout the profile, decreasing after 100 cm 
(Fig. 6D–Supplementary Information Table S17). This enhancement 
coincided with charcoal, burnt earth and burnt food remains 
(Fig. 6D–Supplementary Information Tables S9–10 and S12). A single 
stone artefact on limestone and a burnt Balistoidea (triggerfish) scale 
and burnt coconut shell were found in the samples between 50 and 
100 cm depth, with a date on charcoal from 100 cm indicating the 
human activities detected in the samples had occurred in the recent past 
(Table 1, Fig. 6D).

3.6. Lua Nggalana

Located on the northern side of the south-central topographic bulge 
(− 10.75751, 123.21654, 359 m ASL) and ~2 km from the coastline, Lua 
Nggalana is a small rockshelter on the southeastern side of an isolated 
piece of uplifted limestone reef. The rockshelter is 12 m long and 2–4 m 

Fig. 4. Lua Semen, south-central Roti. A Site plan of the rockshelter showing the auger locations (LS01-3). B Site photo from south corner of chamber looking north 
toward the entrance. C GPR amplitude slice-maps showing several strong reflections of the subsurface deposits. Areas with higher reflections are denoted by yellow 
and red. D Stratigraphic layers, grain size: clay (red), silt (purple), sand (cyan), total organic carbon (TOC%) and C/N organic ratios (C/N (org), δ15N values (ml) 
(LS01 and LS03 sediment magnetic susceptibility values (SI) (LS01), and cultural material plotted by depth (LS01-LS03). Far right, example of marine shell from the 
sequence (a) and associated radiocarbon ages. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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deep from the dripline with a flat earth floor (Fig. 7A–B). Stone artefacts 
and marine shell were found on the deposit surface within the shelter 
and eroding out from the hill slope in front. Two locations with weak 
reflections were selected for augering within the shelter 
(Fig. 7C–Supplementary Information Figs. S11–S12), reaching 55 cm 
depth (LN01) and 38 cm (LN02) before encountering bedrock. Stone 
artefacts and marine shell occurred in all samples below 10 cm depth, 
with stone artefacts peaking at the base of the deposit 
(Fig. 7D–Supplementary Information Tables S11–S12).

A peak in the magnetic susceptibility occurred in samples containing 
charcoal fragments. Identified marine taxa include Trochoidea (top and 
turban snails) and Balistoidea (triggerfish), usually associated with 
rocky shores and coral reefs and lagoons, bays, and seaward reefs, 
respectively. Top and turban snails and triggerfish are frequently iden
tified food resources in archaeological middens. A radiocarbon date on 
marine shell from the lowest auger sample gave an age of 9419–9096 cal 
BP (Table 1), demonstrating early Holocene occupation of the 
rockshelter.

4. Discussion and conclusions

Our results highlight the success of the rapid site prospection 
approach, quickly demonstrating that three of the six sampled sites (Lua 
Semen, Lua Hena Lean and Lua Dibalean) contain deep sedimentary 
deposits but are extremely young with sparse cultural assemblages. The 
results also indicate the usefulness of the approach in quickly garnering 
a greater understanding of complex subsurface stratigraphy within a 

cave/rockshelter site, demonstrating the missing Pia Hudale Holocene 
record may be present in front of the rockshelters, with the deposit 
reaching considerable depth (>2 m) with a modern age at 50 cm. The 
deposit has the potential to preserve a high-resolution late-Holocene 
record, representing the only example so far known on the island, with 
only a single sample from a disturbed excavation square at one of the 
Tonggobatu sites dating to this period (Mahirta, 2003). Inside the 
shallow rockshelter sites on north-central Roti, a Terminal Pleistocene 
and early Holocene record is preserved, with this pattern replicated at 
Lua Nggalana on the south-central coast. At the other extreme, our re
sults demonstrate a pre-Marine Isotope Stage 2 cultural record is also 
present on Roti, with a previously unidentified deeper region of cultural 
deposit at the shallow rockshelter site of Lua Meko, extending below an 
age of 30,257–29,657 cal BP. This additional 40 cm of cultural deposit 
has the potential to extend occupation on Roti into Marine Isotope Stage 
3 (57–30 ka).

The approach can be further improved using a percussion corer to 
obtain light-safe sleeved cores (retaining sedimentary bedding) that can 
then be split and sampled in the laboratory. This method allows for a 
more flexible approach to dating, with the option to collect sediment 
samples for optical dating using published protocols (De Deckker et al., 
2019; Lewis et al., 2021). This may be needed in the absence of charcoal 
(such as at Pia Hudale), if the site chronology extends beyond the 
radiocarbon barrier, or for generating a comparative chronology. GPR 
can also be applied in tandem with Electrical Resistivity Tomography 
(ERT) which has been used very successfully to detect subsurface fea
tures, stratigraphy and the depth of bedrock in archaeological sites in 

Fig. 5. Lua Hena Lean, south-central Roti. A Site plan of the rockshelter showing the auger locations (LHL01-2). B Site photo taken from the entrance to the cave 
chamber. C GPR amplitude slice-maps showing strong reflections near the shelter walls. Areas with higher reflections are denoted by yellow and red. D Stratigraphic 
layers, grain size: clay (red), silt (purple), sand (cyan), total organic carbon (TOC%) and C/N organic ratios (C/N (org), δ15N values (ml), sediment magnetic 
susceptibility values (SI), and charcoal and micro-bone plotted by depth with associated radiocarbon ages (LHL01). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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South Africa (Mackay et al., 2023) and Borneo (Maloney et al., 2022). The approach outlined here has broad applicability to any area where 

Fig. 6. Lua Dibalean, south-central Roti. A Site plan showing the auger locations (LD01-2). B Site photo looking south towards the larger overhang. C GPR amplitude 
slice-maps showing strong reflections near shelter wall. Areas with higher reflections are denoted by yellow and red. D Stratigraphic layers, total organic carbon (TOC 
%) and C/N organic ratios (C/N (org) (LD01), sediment magnetic susceptibility values (SI) (LD01), and cultural material plotted by depth (LD01-LD02). Far right, the 
stone artefact (a) and marine taxa (b) from the sequence and the associated radiocarbon age. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 7. Lua Nggalana, south-central Roti. A Site plan of the rockshelter showing the auger locations (LN01-2). B Site photo looking west towards the rockshelter. C 
GPR amplitude slice maps showing strong reflections near the shelter dripline indicating roof fall. Areas with higher reflections are denoted by yellow and red. D 
Stratigraphic layers, sediment magnetic susceptibility values (SI) (LN01), and cultural material plotted by depth (LN01-LN02). Far right, examples of stone artefacts 
(a, d-f) and marine taxa (b-c) from throughout the sequence and the associated radiocarbon age. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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researchers wish to gain a rapid sense of regional site distribution, 
composition and occupation chronologies, with very low site impact. 
More globally, the ability to make informed decisions prior to large-scale 
excavation in caves and rockshelters will be of use to researchers in 
many parts of the world.
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