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ABSTRACT

Ground-penetration radar (GPR) is a geophysical tool widely applied in archaeological and forensic research, such as
identifying the exact position of graves. A detailed GPR survey was conducted on the cemeteries in Permatang Pasir and
Titi Teras, Penang Island. Moving a 500 MHz GPR antenna along parallel transects inside grids was used to collect data.
The study's aim was to present two case studies with varying soil types and burial ages. Analysis of reflection shape,
reflection strength and signal polarity helped in the interpretation of burial anomalies. The results varied depending
on the soil type; in the sandy field, the GPR investigations were clearer and less complicated than in the clayey sand
field. When the conditions are ideal (low conductivity areas with little vegetation), GPR provides highly informative and
precise results. Time-slices representations were used as a method to provide details about the subsurface reflection at
a certain depth.
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ABSTRAK

Radar tusukan bumi (GPR) adalah alat geofizik yang banyak digunakan dalam penyelidikan arkeologi dan forensik,
seperti mengenal pasti kedudukan kubur yang tepat. Tinjauan GPR secara terperinci dilakukan di tanah perkuburan di
Permatang Pasir dan Titi Teras, Pulau Pinang. Menggerakkan antena GPR 500 MHz di sepanjang transek selari dalam
grid digunakan untuk mengumpulkan data. Tujuan kajian ini adalah untuk mengemukakan dua kajian kes dalam pelbagai
Jenis tanah dan usia perkuburan. Analisis bentuk pantulan, kekuatan pantulan dan kekutuban isyarat membantu dalam
penafsiran anomali perkuburan. Hasilnya berbeza-beza bergantung kepada jenis tanah; di kawasan berpasir, kajian
GPR lebih jelas dan kurang rumit daripada di kawasan pasir berlumpur. Apabila keadaannya sesuai (persekitaran
kekonduksian rendah dengan sedikit tumbuh-tumbuhan), GPR memberikan hasil yang sangat bermaklumat dan tepat.
Hirisan masa digunakan sebagai kaedah untuk memberikan perincian mengenai pantulan permukaan bawah tanah
pada kedalaman tertentu.

Kata kunci: GPR; hirisan masa; jenis tanah; kubur; umur perkuburan

INTRODUCTION in the detection and search of possible forensic material

Ground-penetrating radar (GPR) has been useful for the
exploration of archaeological since the 1990s (Mellett
1992). The most widely used GPR survey is to find
unmarked graves (Bellantoni 2010; Bevan 1991; Conyers
2006; Davis et al. 2000; Doolitle & Hansen et al. 2014;
Fiedler et al. 2009; Gaftney et al. 2015; Nobes 1999;
Vaughan 1986; Widodo et al. 2016). GPR surveys are
recently also used in forensic investigation, for instance

hidden for individual and mass graves for murder victims
(Nobes 2000; Ruffell 2005; Schultz 2007).

GPR is a non-destructive, comparatively high-
resolution geophysical instrument used in archaeological
investigation to explore underground object. GPR signals
may be used to determine grave characteristic such as
burial depth, size, coffin type, orientation, and burial
quantity in a specific area. The effectiveness of GPR system
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to detect human burials affected significantly by soil
types. Electromagnetic wave (EM) velocity varies with
soil type, operation frequencies and moisture content
(Nazli et al. 2010). The permittivity of soil affects the
propagation velocity of EM wave (Baker et al. 2007).
Thus, the human burial reflected signal is affected by
the reflection coefficient between soil and human burial.
The greater the relative permittivity of two media, the
greater the reflected signal in the GPR (Fiedler et al. 2009).
According to Damiata et al. (2013), unmarked graves
can be identified when there is a difference between two
media. For example, bone and backfill material (skeletal
remains), fleshly body tissues and the disturbed soil
materials (body decomposition) and void spaces inside
the burial feature.

Modern graves are ideal for evaluating the precision
of the GPR survey in the detection of graves. The study
aims to investigate the applicability of using GPR in
detecting graves in different types of soil (sandy and sandy
clay). The second aim of this paper was to study the GPR
signal on known burial ages. The detail is focused on the
reflection shape, reflection strength and signal polarity.

GPR PRINCIPLE

Ground-penetrating radar employs electromagnetic
waves (EM) at a very high rate to map the subsurface of
interest. The EM wave is emitted from the transmitter into
the subsurface, reflected at an interface or scatters point
sources and recorded by the receiving antenna. The EM
wave propagation velocity and the reflection strength are
determined by relative permittivity contrast between two
media. The relative permittivity defines the ability of the
medium to store and release EM energy relative to the
corresponding ability of a vacuum (Annan 2009).

The relative permittivity (¢ ) defines the GPR radar
velocity in the low loss materials (Annan 2009) given by
(1):

c

= (M

where v is the radar velocity, and c is the speed of light
in vacuum (3 x 10® ms™) and the signal wavelength A (m)
in the medium is given by (2):

v =

v 2)
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fe
where f_ is the center frequency (Hz) of the antenna
(Annan 2009).

The reflection strength is a measure of differences
in relative permittivity between two adjacent media
(Neal 2004). The reflection strength is also known as the
reflection coefficient which expressed by the following

(3):

_ (Ere—VEm)
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where ¢ and ¢, are the relative permittivity of the upper
and lower (or embedded) materials, respectively. The
greater the value of the reflection coefficient, the greater
energy is reflected.

The permittivity contrast between two media at the
interface will determine the positive and negative of the
reflection polarity (Annan 2003; Neal 2004). A positive
reflection coefficient means that the pulse has normal
banding polarity (white-black-white) when or v, < v .
Conversely, a negative reflection coefficient has banded
with reverse polarity (black-white-black) means that the
reflected signal goes through a phase shift of 180°, which
when or v, > v .

STUDY AREA

The study areas are selected based on the different types of
soil in Penang Island to achieve reliable and acceptable
results. Two study areas were selected for this study
which was Kampung Permatang Pasir Cemetery and
Kampung Titi Teras Cemetery. Both of the study areas
area is located in Balik Pulau, southwest of Penang
Island, Penang, Malaysia. Penang Island area is underlain
by igneous rocks known as granites. In the southern half
of the Penang Island, the type of granite is medium to
coarse-grained megacrystic muscovite-biotite granite
represented by late Triassic to early Jurassic. Balik Pulau
is underlain by the Gula Formation composed of silt, clay,
sand, gravel, and peat (Hassan 1990) (Figure 1).

Kampung Permatang Pasir is located approximately
at latitude 5.372743° N and longitude 100.210765° E
(Figure 2(a)). The top of the study area is surrounded by
sandy soil. The study area was directly exposed to the
light and the soil was clear of vegetation (Figure 2(b)).
The cemetery features a semi-systematic grave layout.

The coordinate for Kampung Titi Teras Cemetery
is 5.354610° N and longitude 100.224596° E (Figure
3(a)). The study area is dominated by sandy clay soil,
small hills, grassy areas, and large trees (Figure 3(b)).
The cemetery is scattered layout. To mark the location
of graves, tombstones are commonly positioned at both
ends of the grave; head and toe. The age of burials is
determined by the marker on the tombstones and some
tombstones are unmarked.
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FIGURE 3. a) Location of GPR profiles on Permatang Pasir
cemetery b) Photograph of site

MATERIALS AND METHODS

The study relied on laboratory work as well as a ground
penetrating radar survey. Undisturbed soil samples
were collected from the Permatang Pasir and Titi Teras
cemeteries. The particle size distribution (PSD) analysis
was then carried out, and soil classification was obtained.
The RAMAC (Mala Geoscience, Mala, Sweden) radar
device with a shielded antenna of 500 MH was used
to conduct GPR survey on the Permatang Pasir and
Titi Teras. In Permatang Pasir, 9 GPR survey lines
of 10 m length each were carried out. Moreover, the
separation distance between lines in this survey was set
to 0.5 m (Figure 4). The GPR antenna was positioned
perpendicular to existing eight marked graves. Since
only one tombstones was found in study field, the exact
orientation of grave G4 is unknown. The burial anomalies
were classified into three groups: young (<5 years) (G2,

G3), intermediate (5<x<50 years) (G7, G8) and old (>50
years) (G1, G4, G5, Go).

In Titi Teras (Figure 5), 9 survey lines of 10 m
length and 0.5 m line spacing were carried out. Within 9
survey lines, four graves were identified and one grave
(G1) whose exact orientation is unknown. The burials
are divided into 2 classes which are young (<5 years)
(G3, G4, G5) and old (>50 years) (G1, G2).

Following data acquisition, the GPR signals were
processed and analyzed using the Sandmeier™ ReflexW
v.7 software. GPR data can be interpreted in 2-D and 3-D
using the software. The reflection shapes (hyperbola or
planar reflection) and amplitude traces can be detected
using a 2-D radargram. The radargram shows the result
of a GPR survey conducted along the traverses. The
vertical axis on the radargram represents the two-way
travel time in nanoseconds (ns) or depth in metre (m).



393

[ ]
Gl
0 Line 1
Line 2 Legend
10 Line 3
et . ® Tombstonce
& Linc 4
g 20 Linc 5 D Cemeterie
&
.GEJ Line 6 Young
— 3.0 Line 7 (x<5 years)
] Intermediate
(3 G8 ii
es Line 8 (5 - 50 years)
40 =} Line 9 Old
(x>50 years)
0 1 2 3 4 5 6 7 8 9 10

Distance East (m)
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FIGURE 5. Survey lines of five marked graves with different burial ages

The horizontal axis reflects the distance (m). Time zero
correction, dewow, bandpass Butterworth, gain function
and background removal were all used to boost the GPR
data. When slice-maps at specific depths in the ground
were created, 3-D processing shows the spatial position
of amplitudes which can help in subsurface analysis.
The amplitudes of radar reflections are gridded and
interpolated to create a uniform distribution of radar
reflection strengths across the mapped area (Conyers
2013).

RESULTS

Figure 6 display the findings of the human burial
analysis. All observed burials were identified regardless

of their burial’s age. When looking for human burials, a
GPR device with a 500 MHz central frequency antenna
was used because it offers an excellent balance between
penetration depth and subsurface feature resolution
(Damiata et al. 2013; Schultz et al. 2008). Consequently,
the GPR method approach offers comprehensive details
on human burial identification.

PERMATANG PASIR CEMETERY

In the Permatang Pasir, the soil type was a poorly graded
of 0% gravel, 98.8% sand and 1.4% silt/clay. On the
radar section, the penetration of the 500 MHz GPR antenna
was well resolved until 2 m depth. The overall soil profile
at Permatang Pasir appeared to be fairly homogeneous.
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As a result, defining the hyperbola reflection of human
burial in GPR profiles was uncomplicated.

Figure 6 shows eight hyperbolic reflections (G1,
G2, G3, G4, G5, G6, G7, G8) shown clearly in the
radar section with depth ranging from 0.7 to 1.0 m.
These hyperbolic reflections were correctly locating the
exact location of the human burials. The most interesting

anomalies were observed at a 5 m distance in Figure 6(a)-
6(c)), which was a clear hyperbolic shape. There was no
tombstone on the surface, and this anomaly was connected
from line 1 until line 3. An unknown burial was thought
to be the cause of this anomaly. At 1.6 m deep below the
ground surface, a continuous horizontal reflection extends
from north to south through the entire section of the most
GPR profile.
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FIGURE 6. Processed 500 MHz 2D GPR profile a) Line 1 b) Line 2 ¢) Line 3 d) Line 6 )
Line 8 f) Line 9 with target position (black box) and lithology boundary (dotted line)

Based on the markers on the tombstone, the varying
reflection strength and polarity towards the human
burials were observed and compared to their ages. The
age was classified into three categories: young that were
<5 years old (G2, G3); intermediate that were 5-50 years
old (G7, G8); old that were 50+ years old (G1, G4, G5,
Go).

AGE IDENTIFICATION
The basic principle of GPR, focused on reflection
strength and polarity, was used to determine the human

burial age. These ages are described in the following
sections.

I. YOUNG AGE (G2, G3)

The G2 and G3 burials show strong amplitude reflection
with reversed polarity (Figure 7).

AGE INTERMEDIATE (G7, G8)

The G7 and G8 burials were observed with high
amplitude reflection and reversed polarity (Figure 8).



OLD AGE (G1, G4, G5, G6)
All old burials were shown with low amplitude reflection
and normal polarity (Figure 9).

UNKNOWN AGE

The unknown burial was observed with high amplitude
reflection and reversed polarity.

Meanwhile, the continuous horizontal reflection
at 1.6 m depth have the same polarity to the ground
reflection.

Time intervals were shown in six sections: 13.3 ns
(0.7 m), 16.2 (0.8 m), 19.5 ns (1.0 m), 22.3 ns (1.1 m),
31.1 ns (1.6 m), 35.8 (1.8 m) (Figure 12). From 0.7 to
0.8 m, four anomalies (G2, G3, G7, G8) could be seen
clearly, which indicated as young and intermediate
burials. However, the majority of old burials (G1, G4,
G5, G6) could be seen at 1 m depth, which was deeper
than the young and intermediate burials. The unknown
burial was discovered at a depth of 0.7 m depth. These
anomalies in the time slice corresponds to the hyperbola
seen on the radar sections (Figure 6). The continuous
horizontal reflection was observed at 31.1 ns (1.6 m)
extending from north to south of the slice.
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TITI TERAS CEMETERY

The soil in Titi Teras was clayey sand, with 0 gravel, 85.4,
sand and 14.6% silt/clay. The 500 MHz GPR antenna’s
penetration was well resolved until 1.2 m depth due to
the presence of clay in the study area. Since there was
lot of sand and clay in this soil, the chaotic reflection
was strong enough to represent this soil type, which had
heterogenecous appearance. Therefore, identifying the
hyperbola reflection of human burial in GPR profiles
was more difficult.

Figure 13 illustrates five hyperbolic reflections (G1,
G2, G3, G4, GY5) in the radar section at depth ranging
from 0.7 to 1.0 m. These hyperbolic reflections were
correctly locating the exact location of the graves. At
a distance 0 m, the interesting anomaly was observed
in Figure 13(a) - 13(d), which was a clear hyperbolic
shape. There was no tombstone on the surface, and the
anomaly was attached from line 1 to line 4. This anomaly
was assumed as an unknown grave. Every profile had tree
root reflection, but it was within the 0.4 m depth.

The different reflection strength and polarity
towards human burials were observed and correlated to
their ages based on the markers on the tombstones. The
ages were divided into two categories: young that were
<5 years old (G3, G4, G5); old that were 50+ years old
(G1, G2).
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FIGURE 7. Young burial position (dotted line) a) G2 at Line 3 b)
G3 at line 6 with target amplitude traces (reversed polarity)
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AGE IDENTIFICATION

The basic theory of GPR was used to assess the human
burial age, which was dependent on reflection strength

YOUNG AGE (G3, G4, G5)

As shown in Figure 14, the young burials were
characterized by high amplitude reflection with reversed

and polarity. The following parts go through these agesin ~ polarity.
detail.
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FIGURE 14. Young burial position (dotted line) a) G3 at Line 2 b) G4
at line 6 ¢) G5 at line 8 with target amplitude traces (reversed polarity)



OLD AGE (G1, G2)

G1 burial was seen at a distance of 8.5 m and was linked
to lines 5 and 7. With low amplitude reflection and
normal polarity, this old burial was discovered. However,
due to very weak amplitude reflection, no G2 burial was
found in the GPR profile (Figure 15).

UNKNOWN AGE
The unknown burial was observed with high amplitude

G1 (Line 6)
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reflection and reversed polarity (Figure 16).

Six sections are represented in Figure 17 from the
0.54 m to 1 m depth. Majority of the human burial were
buried between 0.8 and 1.0 m depth, where the amplitude
of different detected human burial age can be seen.
An old burial (G1) with slightly blurry structure was
observed at 0.8 m depth. In comparison, the young and
unknown burial were easily mapped and show with a
clear anomaly at 0.8 and 1.0 m depth.
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FIGURE 15. Old burial (G1) position at line 6 (dotted line) with target
amplitude traces (normal polarity)
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FIGURE 16. Unknown burial position on Line 2 with target amplitude
traces (reversed polarity)
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FIGURE 17. Time-slices from a GPR survey of Titi Teras cemetery extracted
from the travel time: 10.5-26.34 ns in combination with detected graves

DISCUSSION

GPR data can be used to analyze the type of soil and
each one has its own geological composition, relative
permittivity, and electrical conductivity properties
(Saarenketo & Scullion 2000). The electrical conductivity
of the soil is a critical factor in determining the
attenuation and penetration depth of radar signals. The
higher the soil’s electrical conductivity, the lower the GPR
signal’s penetration since the EM energy dissipates more
quickly through heat, resulting in a lack of signal intensity
at depth. The electrical conductivity of a soil rises as the
amount of clay, salinity, and moisture content increases
(Abidin et al. 2017; Afshar et al. 2015). Since the
Permatang Pasir soils are mainly made up of sands with
poor electrical conductivity, the penetration depth was
greater than that of Titi Teras soils rich in conductivity
materials. Furthermore, since Permatang Pasir soil
has fewer signal attenuation, it is also uncomplicated
and good environments for GPR investigations, with a
homogeneous appearance in GPR profiles. The strongly
reflective layers in Titi Teras, may be attributed to high

combination of sand and clay content, resulting in
dielectric constant discontinuities in the subsurface and
a more heterogeneous or cluttered appearance in GPR
profiles.

Various reflection shapes were found (Figures 6
and 12) based on the amplitude and geometries of the
reflectors such as planar and hyperbola reflection. As seen
in Permatang Pasir profiles (Figure 6), a planar reflection
was observed as a different soil type. According to
Conyers (2004), hyperbola reflection occurs on the edge
of a significant object as a result of a conical radiation
pattern generated by the GPR antenna, which radiated
outward as it travels deeper in the ground. The radar
energy can be reflected by buried objects that are not
directly under the antenna. When the antenna is positioned
directly on top of the buried object, the exact location
and depth are recorded, with the apex reflecting. The
arms of the hyperbola represent the reflected energy that
traveled the oblique wave direction. Objects in the grave
shaft are normally visible as hyperbola reflection, which
are produced by coffin tops or sides, void spaces inside
intact or partly collapsed coffins and human bodies in the



ground. Usually, bodies will be buried in Permatang Pasir
and Titi Teras cemeteries with a wooden coffin and a few
wooden board pieces to enclose the body, respectively.
Conyers (2004) stated that hyperbola with insufficient
multiple reflections below its apexes is usually a wooden
coffin or the remaining void spaces from the collapsed
coffin. The void spaces in the coffin were assumed to be
the broader hyperbola with deficient multiple reflection
in Figures 7, 8, and 14. Besides, the reflection of human
burials would have a broader hyperbola than other
features such as rock and tree roots. Figure 13 shows a few
narrower and shallower hyperbola reflection between 0.3
and 0.5 m depths in the Titi Teras, which were reflections
from larger tree roots when the GPR antenna passes near
the tree.

Reflection polarity provides valuable information
about the physical properties of the subsurface that cause
reflections. As radar energy is transmitted from a low
velocity interface, the polarity of the reflected wave is
similar to the direct wave, and this is known as the normal
polarity. The soil horizon (Figure 11) in Permatang Pasir
and old burials in both study area had normal polarity
(Figures 9 and 15). Since soil velocity decreased with
depth, the second layer of soil was supposed to be more
saturated soil. Meanwhile, the old burials were predicted
from the reflection of burial feature or corpse remains.
Conversely, when radar energy is transmitted from a
high velocity interface, the polarity of the reflection
differs from the direct wave and this is referred to as
reversed polarity (Conyers 2004; Damiata et al. 2013).
The reflections of young and intermediate burials had
a reversed polarity, as predicted on void spaces in the
grave shaft. The unknown burial was also observed with
reversed polarity in both study areas, as assumed by
void reflection. The use of polarity reflection changes to
detect void spaces beneath the surface has been studied
by several authors (Chlaib et al. 2014; Conyers 2015;
Damiata et al. 2013).

The identification of human burial reflection can
be detected by the contrast in relative permittivity
properties of two materials. The greater the relative
permittivity contrasts between the buried feature and
the surrounding soil, the greater the amount of reflected
energy and signal amplitude on the GPR profile. If
the relative permittivity of the buried feature and the
surrounding soil is similar, majority of the incident
wave passes through the interface. As a result, the buried
feature will become a low reflector of EM energy and
will be difficult to detect on radar section (Bevan 1991;
Doolittle 1988; Vaughan 1986). Conyers (2006) claims
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that the wooden materials have very poor signals. If an
air-filled exists, the GPR response is determined by the
difference in relative permittivity between the material
contained within the coffin and the surrounding soil.
When the coffin is intact, there are a lot of void spaces,
which will increase the amplitude value of the burial, as
seen in young burials (Figures 7 and 14). This was due to
a large difference in relative permittivity between the air
and the surrounding soil. However, the intermediate burial
reflection was predicted from the collapse of the coffin’s
void spaces as a result of the lower amplitude reflection
compared to the young burials. This was because the
wooden coffin decomposes rapidly due to the acid soils
and soil pressure (McGowan et al. 2015), which will cause
the coffin to collapse within a decade and reducing the
void spaces (Doolittle & Bellantoni 2010). The reflection
strength for the unknown burial was observed with high
amplitude reflection, implying that the remaining void
spaces in the grave shaft were retained (Figures 10 and
16). The range of reflection strength for the unknown
burial was also similar to the intermediate burial,
indicating that the unknown burial was of intermediate
age. Due to lower contrast in relative permittivity, the
oldest burial has the lowest reflected signal on the radar
section. This was due to the fact that the burial feature
and corpse would decompose over time, resulting in poor
contrasting radar signals and becoming less visible on
GPR profiles (Koppenjan et al. 2003).

The type of soil in which the body was buried
had the greatest impact on the reflection strength of
human burial in this study. According to Doolittle and
Bellantoni (2010), the decomposition rate is regulated
by the time of burial, soil types, moisture content, burial
depth, temperature, and vegetation. Because of the dry
soil and no vegetation present in the Permatang Pasir,
human burials will last longer (Dupras et al. 2006). Most
old burials in Permatang Pasir were buried at a depth
of 1 m. It was expected that older burials (Figure 9)
would still be visible in the GPR profile due to slower
decomposition rates and that deeper burials would be
preserved for longer periods of time. Schultz (2008)
stated that shallow burials have more oxygenation and rot
quicker than deeper burials. Therefore, GPR was unable
to detect one old burial (G2) in the Titi Teras cemetery.
This study area has a lot of tree and soil conductivity,
meaning the corpse can be decompose faster (Dupras et
al. 2006).

The spatial position of amplitude in 3-D GPR
has been used to improve the visual image and target
detection at sites in Permatang Pasir Titi Teras cemetery.
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The distribution of amplitude time-slice data may
indicate changes in soil properties or the existence
of human burial anomalies (Doolittle & Bellantoni
2010). As illustrated in Figures 12 and 17, the young
and intermediate burials were clearly observed in both
study areas, indicating a good state of preservation and
the presence of void spaces in grave shaft. However,
older burials do not stand out as clearly as other burial
implying that this burial only left the corpse or burial
feature behind.

CONCLUSION

GPR surveys were carried out at Permatang Pasir and Titi
Teras cemetery to locate in varying soil types and burial
ages. Due to various types of soil and the surrounding
conditions, the surveys yielded significantly different
results. The objective of this study was to investigate
the use of GPR to detect human burial in sandy and
clay sand soil. Second, the results of GPR signals from
marked graves with known burial ages will be detailed.
Many different bases were used to interpret and describe
data anomalies like reflection shape, signal polarity and
reflection strength. The penetration depths were 1.8 and
1.3 m for the 500 MHz in Permatang Pasir and Titi Teras
cemetery, respectively. In Permatang Pasir, all known
graves and one unmarked grave were discovered. In Titi
Teras, however, four human burials and one unknown
burial were successfully discovered, with the exception
of one old burial. Because of the very low reflection
strength between the burial feature and the surrounding
soil, the old burial is difficult to detect with GPR. The use
of 3-D GPR representation has improved the detection
of unmarked graves in both study areas.
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