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S U M M A R Y
The primary objective of this study is to evaluate the applicability and the effectiveness of
ground-penetrating radar (GPR) to identify a thin burnt soil layer, buried more than 2 m below
the topographic surface at the Liangzhu Site, in Southeastern China. The site was chosen
for its relatively challenging conditions of GPR techniques due to electrical conductivity
and to the presence of peach tree roots that produced scattering. We completed the data
acquisition by using 100 and 200 MHz antennas in TE and TM broadside and cross-polarized
configurations. In the data processing and interpretation phase, we used GPR attribute analysis,
including instantaneous phase and geometrical attributes. Validation analysis ground-truthing
performed after the geophysical surveys, validated the GPR imaging, confirmed the electrical
conductivity and relative dielectric permittivity (RDP) measurements performed at different
depths, and allowed a reliable quantitative correlation between GPR results and subsurface
physical properties. The research demonstrates that multiple antenna configurations in GPR
data acquisition combined with attribute analysis can enhance the ability to characterize
prehistoric archaeological remains even in complex subsurface conditions.

Key words: Image processing; Electrical properties; Electromagnetic theory; Ground pene-
trating radar; Magnetic and electrical properties.

I N T RO D U C T I O N

The ground-penetrating radar (GPR) is a non-invasive geophysical
method that can accurately map the spatial extent of near-surface
objects and archaeological features via the propagation and reflec-
tion at impedance boundaries of an electromagnetic wave generated
by a transmitter deployed at the surface or, less commonly, within a
borehole (Slob et al. 2010; Everett 2013). The GPR resolution capa-
bility, also depending on antenna frequency and soil properties, by
far greater than that obtained by other geophysical methods, makes
this technique suitable for high-resolution shallow studies. Since
numerous commercial instruments were developed during 1970s
and 1980s (Morey 1974; Davis et al. 1985), GPR has come into
a well-accepted technique in archaeology (e.g. Bevan & Kenyon
1975; Batey 1987; Conyers & Goodman 1997; Clarke et al. 1999;
Pipan et al. 2001; Leckebusch 2003; Vafidis et al. 2005; Forte &
Pipan 2008; Booth et al. 2010; Conyers 2010, 2011; Viberg et al.
2011; Goodman & Piro 2013).

The primary goal of most GPR surveys in archaeology is to
identify and define the size, shape, depth and location of buried
cultural remains and related stratigraphy (Conyers 2012). The most
straightforward way to accomplish this task is by identifying and
correlating important reflections within 2-D profiles, at depths from

a few tens of centimetres to 5 m (Davis & Annan 1989; Fisher et al.
1992). Furthermore, archaeological geophysicists have appreciated
that a better understanding of the spatial extent of targets is ob-
tained from a grid, rather than a profile, of GPR data (e.g. Goodman
et al. 1995; Neubauer et al. 2002; Gaffney et al. 2004). The use of
3-D GPR (in real words ‘pseudo 3-D’ GPR, that is the combina-
tion of several 2-D profiles) is steadily increasing in archeological
surveys throughout the world (e.g. Nuzzo et al. 2002; Leucci &
Negri 2006; Booth et al. 2008; Gaffney 2008; Yalçiner et al. 2009;
Bini et al. 2010; Drahor et al. 2011). True 3-D multichannel GPR
arrays were also introduced recently, which allow development of
increasingly sophisticated acquisition and processing techniques
and further resolution enhancement (Francese et al. 2009; Linford
et al. 2010; Trinks et al. 2010; Lualdi & Lombardi 2014). However,
common offset measurements are nonetheless quicker to perform
and to process and are still the most popular data acquisition method
(Conyers 2013; Trinks et al. 2014; Urban et al. 2014).

The basics of GPR data acquisition, processing and interpre-
tation are now commonplace to most archaeological geophysical
practitioners (Conyers & Leckebusch 2010). While it is impor-
tant and appropriate to continue working at sites with traditional
acquisition and processing methods to prospect for buried archae-
ological remains, we propose that there are still many advances
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of this technique that can be followed as that, to test ideas about
buried archaeological remains in ways not possible using traditional
GPR acquisition methods, and to take new processing and interpre-
tation methods that can produce greater precision in the products
produced, while revealing more information about buried archaeo-
logical features.

The search and characterization of earthen archaeological fea-
tures is an important topic in geophysical prospecting for archae-
ology due to the large temporal and spatial distribution of such
type of cultural heritage. Earthen archaeological features include
rammed platforms, earth ovens, ancient earth walls, kiln sites, stor-
age pits and tumuli, mostly related to prehistoric settlements. From
the point of view of geophysical prospecting, the characterization
of earthen archaeological features are challenging because of the
limited target/background contrast (Conyers 2004; Weaver 2006;
Forte & Pipan 2008) and the attenuation of the electromagnetic
waves caused by the relatively high electrical conductivity of clay-
rich soils, which are frequently used as building materials due to
their mechanical properties. Therefore, it is important to develop
new techniques to enhance imaging and characterization of such
prehistoric/historic sites, in order to identify and map archaeologi-
cal remains and optimize archaeological excavation plans.

We propose a method based on three GPR antenna configurations
in data acquisition to obtain improved radar images, considering that
the polarization of the signal measured by the receiving antenna is
a function of the orientation of radar antennas with respect to the
unknown orientation of potential targets. GPR polarization is an
important issue when designing a GPR survey and is useful to
constrain the size, shape, orientation and electrical properties of
buried objects (Roberts & Daniels 1996; Radzevicius & Daniels
2000). The polarization properties of GPR waves have been widely
analyzed for geological and engineering applications (Pipan et al.
2000; Radzevicius & Daniels 2000; Tsoflias et al. 2004; Capizzi &
Cosentino 2008; Sassen & Everett 2009), but have found limited
exploitation in archaeological prospecting to date.

In the processing and interpretation phase, we add GPR attribute
analysis into the standard sequence, including different combina-
tions of physical and geometrical attributes, to produce improved

images of otherwise invisible features. Attribute analysis is increas-
ingly used in GPR data interpretation (Grasmueck 1996; Forte et al.
2012), and has been successfully applied in GPR archaeological
prospection (Böniger & Tronicke 2010; Creasman et al. 2010; Zhao
et al. 2013a,b, 2015).

We tested the proposed procedure in the GPR study at the
Liangzhu Site, a famous Neolithic culture centre in Southeastern
China. The main objective was to evaluate the applicability and the
effectiveness of the method to identify a thin burnt soil layer, buried
more than 2 m below the surface. The burning process produced an
increase in soil susceptibility, an effect that has been extensively ex-
ploited in archaeological prospecting by applying magnetic methods
to identify targets with thermoremanent magnetization (e.g. Tite &
Mullins 1971; Oldfield & Crowther 2007; Kostadinova-Avramova &
Kovacheva 2013). However, a preliminary magnetic study demon-
strated that the magnetic contrast is weak and discontinuous in the
study area, possibly due to the low magnetization and to the burial
depth.

The presence of a large number of peach trees in the study area
adds a further element of complexity to the GPR study, because of
the scattering produced by the roots. Two cores with measurements
of relative dielectric permittivity (RDP) and electrical conductivity
at different depths allowed calibration and validation of the GPR
results on a constrained physical basis.

Study area and previous geophysical work

The Liangzhu site, located at the lower reaches of Qiantang River
(Fig. 1), is a famous Neolithic jade culture centre in Southeastern
China. Historically it was part of an ocean bay, which gradually piled
up towards a vast expanse of fertile plain. This place represents one
of the earliest Chinese settlements, where the Liangzhu Culture
flourished, the richest and most vivid civilization in China.

The Liangzhu Culture developed about 5400–4300 yr ago, but
suddenly disappeared from the Taihu Lake area about 4200 yr
ago when it reached the peak. In 1930s the archaeologists dis-
covered the first evidences of prehistoric culture and many jade,

Figure 1. Location map of the Liangzhu Site, Zhejiang, Southeastern China.
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silk, ivory and pottery objects at Liangzhu, Zhejiang Province.
The first archaeological excavation was performed by Xingeng Shi
in 1936 (Shi 1938). The successive excavations proved that such
culture had advanced handicraft and agricultural skills, including
jade and pottery processing, irrigation, paddy rice cultivation and
aquaculture. Moreover, rammed earth remains of the ancient city
wall, 40 to 60 m wide, were discovered at the Liangzhu site in
2007 (Liu 2008). The total area of the ancient city was 2 900 000
m2, and the site was considered as the centre of the Liangzhu
culture.

The study area is located at the southeastern side of Mojiaoshan
Site in the centre of the ancient city, an artificial rammed earth
platform, which has been recognized as possible remains of prehis-
toric buildings (Zhao 2001). The dimensions of such platform are
about 670 and 450 m in E–W and N–S direction, respectively. It is
partially covered by cultural layers of different periods, mainly in-
cluding modern agricultural soil and sandy soil of the Han Dynasty
(about 2000 yr ago). A peach orchard presently covers the area. The
thickness of the Neolithic rammed earth layer is about 10 m and a
burnt soil layer, with mixed ash and charcoal powder, has just been
found in the southeastern portion of the platform, buried more than

2 m below the surface. The possible origin of the layer could be an
ancient fire disaster or worship activities, but it is not clear yet.

Previous GPR studies provided a limited amount of useful infor-
mation about the buried prehistoric cultural heritage of the Liangzhu
Site, due to the effect of water saturated clay-rich soils. For ex-
ample, experiments performed with different antennas, including
1 GHz and 500 MHz with a trace distance 0.01 m, and 250, 200 and
100 MHz with a trace distance 0.05 m, hardly imaged a 1 m deep
layer of stones, with average diametre larger than 20 cm.

We focused on the rammed earth platform and applied polariza-
tion data acquisition and attribute based data processing techniques
to evaluate the applicability of non-conventional GPR methods to
the study of prehistoric archaeological targets in challenging sub-
surface conditions.

Data acquisition and processing

We performed data acquisition with a PulseEKKO PRO System
(Sensors and Software Inc.), equipped with 100 and 200 MHz un-
shielded antenna pairs (Fig. 2a). We manually triggered the GPR

Figure 2. Photographs showing different data acquisition on the archaeological field. (a) GPR survey with 100 MHz antennas; (b) drilling cores with Luoyang
Spade; (c) electrical conductivity measurement; (d) RDP measurement; (e) sketch of the GPR data acquisition.
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Figure 3. Antenna configurations used in the GPR study. Grey and white blocks represent the transmitting and receiving antennas, respectively. The offsets of
200 and 100 MHz antennas are 0.5 and 1 m, respectively.

at a constant spacing of 0.1 m to ensure an accurate positioning.
The total length of the survey line was 20 m. Un-desired effects
from tree roots were expected at 9.1 m from the beginning of the
GPR profile, the location of a small peach tree. We applied three
antenna configurations to exploit the polarization effects due to the
orientation of antennas, targets and tree roots (Fig. 3).

Following the GPR survey, we performed two cores at 6.8 and
11.6 m with a Luoyang Spade (the most popular drilling tool in
Chinese archaeological field operations), to calibrate and validate
the GPR results. We did not only identify and classify the types
of soils in the cores with the help of archaeologists, but also mea-
sured the electrical conductivity and RDP at different depths with
two portable instruments: HI 98311 waterproof EC/TDS metre, pro-
duced by Hanna Instruments Inc., and Percometer v.7, manufactured
in Estonia by Adek Ltd., respectively (Figs 2c and d).

We applied the following processing flow on all the common
offset GPR profiles recorded:

(1) data editing;
(2) dewow;
(3) amplitude analysis;
(4) design and application of a bandpass filtering (corner fre-

quencies: 20–40–220–260 and 40–60–300–340 MHz on 100 and
200 MHz radar data, respectively);

(5) SEC (spreading & exponential compensation) gain;
(6) velocity analysis;
(7) attribute analysis.

The radar-wave velocity was calculated from wide offset CMPs
at selected positions. The estimated velocities range between 6.0
and 10.0 cm ns−1 according to velocity spectra and direct analysis
of reflections in CMP gathers (Fig. 4). We integrated such data
with diffraction hyperbola analysis performed on common offset
sections, and eventually calculated a mean 7.5 cm ns−1 EM wave
velocity.

Figure 4. Velocity analysis performed on a CMP and the corresponding velocity spectrum (semblance velocity panel).
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Figure 5. 2-D GPR amplitude profiles. (a) 200 MHz antennas in TE broadside configuration; (b) 100 MHz antennas in TE broadside configuration;
(c) 100 MHz antennas in TM broadside configuration; (d) 100 MHz antennas in cross-polarized configuration. Light blue lines indicate the continuous
reflection related with the potential archaeological target, while the yellow rectangle indicates a scattering zone interpreted as the interference effect due to the
peach tree roots.
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Figure 6. 2-D GPR instantaneous phase profiles. (a) 100 MHz antennas in TE broadside configuration; (b) 100 MHz antennas in TM broadside configuration.
Light blue lines indicate the continuous reflection related to the potential archaeological targets.

The time-to-depth conversion was based on:

d = 1

2

√
(vt)2 − x2,

where d is depth of the target, v is radar-wave velocity, t is travel
time and x is the offset.

As for target identification and characterization, we performed
the analysis of instantaneous phase and local standard deviation.
Instantaneous phase emphasizes spatial continuity/discontinuity of
reflections by providing a way for weak and strong events to appear
with equal strength, since it is independent from the amplitude. On
the other hand, local standard deviation, as a typical geometrical
attribute, is generally utilized in seismic stratigraphic interpretation
(Taner et al. 1994). In order to focus on the visibility of the con-
tinuity characteristics of GPR data, such geometrical attribute was
calculated on the instantaneous phase profile. The proposed strategy
could improve the recognition of the burnt soil layer obviously.

R E S U LT S

The TE-broadside is the most widely used GPR configuration (e.g.
Reynolds 2011; Everett 2013) and we used it to perform a pre-
liminary comparison test between 200 and 100 MHz antennas. In
Figs 5(a) and (b), a high-reflective layer (light blue) with good lat-
eral continuity is apparent between 0 and 9 m and the depth of

such layer reaches a maximum of 68 ns (approximately 250 cm
depth, by taking into account the offset and the estimated average
7.5 cm ns−1 velocity). The reflection terminates between 9 and
10 m, in a chaotic zone interpreted as the interference due to peach
tree roots. The lower central frequency (i.e. 100 MHz, Fig. 5b)
allows better identification of reflectors in the deeper part of the
section, at the expected burial depth of the archaeological remains
in the area (not less than 2 m, that is at two-way times larger than
50 ns). In addition, the difference of the reflective characteristics
between the two GPR profiles is apparent in the segment between
10 m and the end of the section, because of different subsurface
conditions, such as moisture variations of the sediments.

The TM broadside configuration shows better performances in
imaging and discrimination of targets at the depth of archaeological
interest, by weakening the interference caused by the tree roots (see
Fig. 5c), as the polarization effects are a function of the relative
orientation of radar antennas and the potential targets. We therefore
tested it to improve the overall signal-to-noise ratio and the identifi-
cation performance in the depth range of archaeological interest. It
is difficult to identify any reflection from potential archaeological
targets in the cross-polarized profile, while the effect related to the
tree roots is clearer (Fig. 5d).

We calculated the instantaneous phase of the data obtained with
different configurations to focus on the burnt layer and enhance
the performance in target detection. Fig. 6 shows that such at-
tribute allows identification of the reflector with high continuity
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Figure 7. 2-D GPR geometrical attribute, calculated on the instantaneous phase. (a) 100 MHz antennas in TE broadside configuration; (b) 100 MHz antennas
in TM broadside configuration.

along the whole section. Furthermore, we used the local standard
deviation, based on the instantaneous phase attribute, to make the
interpretation easier and more constrained (Fig. 7). Such geomet-
rical attribute can improve the interpretation by emphasizing the
continuity/discontinuity properties and by enhancing the attainable
resolution. Chaotic zones are identified by the lowest lateral co-
herencies, while homogeneous materials show higher lateral co-
herencies. Fig. 7 shows that the geometrical attribute analysis allows
higher precision in both target detection and location, supplying
more details about the target morphology. Moreover, such attribute
can minimize the scattering/interference effects, performing very
well even where the signal-to-noise ratio is lower. The analysis
of the interpretation results obtained from the application of local
standard deviation analysis on different co-polarized antenna con-
figurations shows a perfect match and indicates that the attribute is
robust and not sensitive to noise and interferences, such as those
produced by the peach tree root.

Fig. 8 shows the cores: different cultural layers sequentially
buried beneath the surface were identified and described by the
archaeologists. The burnt soils are mixed with ash and char-
coal powder, and they are buried at 2.5 and 2.2 m depth at
Core I and Core II, respectively. According to the sequence of
the soil layers, the depositions can be classified schematically as
follows:

(1) Layer ‘a’, modern grey agricultural soil;
(2) Layer ‘b’, grey sandy soil of the Han Dynasty (about 2000 yr

ago);
(3) Layer ‘c’, Neolithic brown rammed earth above the burnt soil;
(4) Layer ‘d’, Neolithic burnt soil;
(5) Layer ‘e’, Neolithic brown rammed earth below the burnt

soil.

We measured the electrical conductivity and RDP of the core sam-
ples in the field soon after the drilling, to limit variations of mois-
ture content and to ensure the reliability of the measured physical
parameters. The average of three measurements was taken as rep-
resentative value of each depth interval. Tables 1 and 2 present the
soil sample values measured at Core I and Core II, respectively. The
electrical conductivity (DC value) of the burnt soil is different from
the surrounding soils, but the most significant feature is that the
RDP of the burnt soil differs greatly from the surrounding rammed
earth, which is the physical basis, producing the distinct reflections,
observed in the GPR sections.

D I S C U S S I O N S A N D C O N C LU S I O N S

A combination of different antenna configurations and attributes
of the radar trace is an effective strategy to detect low contrast
archaeological targets in noisy environments. The proposed proce-
dure was successfully tested to identify a burnt soil layer, character-
ized by limited thickness low target/background contrast at a rep-
resentative prehistoric archaeological site. Low central-frequency
antennas (i.e. 100 MHz) give clear evidence of continuous buried re-
mains. Combined with limited validation analysis ground-truthing,
the GPR interpretation extends the localized borehole information
about the depth of the burnt layer and provides clear information
about its morphology and lateral continuity (Fig. 9).

The electrical conductivity measurements indicate increasing val-
ues from Core I to Core II. Thus, the relatively high conductivity is
the likely responsible for the attenuation observed in the 200 MHz
data. In addition, two further boundaries between different cultural
layers above the main target are poorly imaged by the GPR profiles,
which may be related to the RDP values of the materials: there is
actually no significant differences between Layers ‘a’ and ‘b’, and
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Figure 8. Archaeological interpretation based on cores. (a) Core I; (b) Core II.

Table 1. Electromagnetic parameters measured
on the Core I samples. The burnt level is high-
lighted in grey.

Layer Depth (cm) σ (mS cm−1) RDP

a 0–30 0.12 ± 0.05 20 ± 1
b 30–90 0.06 ± 0.05 18 ± 1
c 90–180 0.12 ± 0.05 20 ± 1

180–220 0.16 ± 0.05 21 ± 1
220–250 0.18 ± 0.05 21 ± 1

d 250–265 0.12 ± 0.05 14 ± 1
e 265–280 0.20 ± 0.05 19 ± 1

280–310 0.28 ± 0.05 20 ± 1

between Layers ‘b’ and ‘c’. The EM impedance contrast is therefore
too low to provide detectable signals. However, we also have to face
the fact that the ringing TX–RX cross-talk footprint from low fre-
quency unshielded antennas is huge compared to 900 or 500 MHz
antennas, and the antenna ‘ringing’ has not been removed by back-
ground subtraction filter, because this would obviously remove our
main detection target, the horizontal ∼2.0 m deep stratigraphic layer
as well. Nonetheless, 100 MHz is the optimal frequency at the test-
site, considering the depth and the resolution of the burnt layer. The

Table 2. Electromagnetic parameters measured
on the Core II samples. The burnt level is high-
lighted in grey.

Layer Depth (cm) σ (mS cm−1) RDP

a 0–30 0.05 ± 0.05 18 ± 1
b 30–90 0.08 ± 0.05 20 ± 1
c 90–180 0.16 ± 0.05 21 ± 1

180–220 0.35 ± 0.05 20 ± 1
d 220–230 0.19 ± 0.05 15 ± 1
e 230–280 0.4 ± 0.05 19 ± 1

selection of antennas with the correct operating frequency necessary
for the depth and the resolution of the features of archaeological in-
terests is one of the most important decisions in GPR archaeological
survey (Jol 1995; Smith & Jol 1995; Grealy 2006).

Nonetheless, the results obtained at the test-site with the proposed
procedure provide a remarkable amount of new subsurface informa-
tion compared to previous GPR experiments in the area. The present
work demonstrates that a proper combination of data acquisition
and processing/analysis techniques can overcome the limits of stan-
dard GPR techniques and successfully image low-contrast cultural
targets such as contacts between clayey soils and rammed sandy

Figure 9. GPR interpretation of the section reported in Fig. 7(a), correlated with validation analysis ground-truthing.
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soils, which are subsurface conditions frequently met at prehistoric
sites.

In particular, polarization effects can be exploited in the data
acquisition phase to minimize the interferences from linear objects,
such as pipes, wires, rebars or roots in the near subsurface. A great
deal of work is nonetheless required to design optimal surveys and
to extract the desired information by the fact that dimensions and
orientation of linear objects that can produce interferences are often
unknown.

The applications of GPR attribute analysis indicate that both de-
tectability and resolution can be enhanced within the physical limits
of the methods and improved subsurface images can be produced.
By using GPR attributes we demonstrate that it is possible to attain
higher levels of confidence in identification and characterization
of culture heritage, even using just one configuration of the anten-
nas, which is still the standard for GPR acquisitions. The results
obtained at the test-site can be considered a first validation of the
proposed procedure. The characteristics of the Liangzhu Site are
nonetheless challenging and the present achievements are therefore
a promising indicator of the potential performance of the method.
The limitation to a 2-D experiment is certainly a major one and
the extension to 3-D GPR is certainly crucial to map the prehis-
toric remains in terms of their actual extension and shape and to
provide a classification of the targets of potential archaeological
interest.
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