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Detection of near-surface heterogeneities at
archaeological sites using seismic diffractions

Jianhuan Liu"”, Quentin Bourgeois?, Ranajit Ghose' and Deyan Draganov! propose an
approach for imaging subsurface objects using masked diffractions.

Introduction

The detection of shallow buried ancient structures or objects
of cultural heritage is a primary challenge for seismic surveys
at archaeological sites. The knowledge of the distribution of
shallow objects can assist archaeologists’ study of the past
without making excavations. Excavations lead to surface
exposure of the buried objects and potential damages and
preservation issues. The seismic response arising from localized
archaeological targets is encoded in diffractions, which can be
used to locate the objects. However, the energy of a diffracted
wave is usually weak and masked behind the strong presence of
other coherent signals or coherent noise in the data (e.g., surface
waves, specular reflections). This makes it difficult to detect and
interpret reliably.

In the past decades, researchers have attempted to detect
various near-surface features using diffracted waves. Landa and
Keydar (1998) developed a method for identifying local targets in
the shallow subsurface using diffracted waves. They constructed
a so-called diffraction-point-section (D-section) by concentrating
diffracted waves from diffractor points. The anomalies in this
D-section can be interpreted as potential scattering objects.
Shtivelman and Keydar (2005) proposed a multipath summation
approach to image near-surface objects by stacking diffracted
energy along all possible diffraction curves defined by all veloc-
ity values within a specific range. Subsequently, Shtivelman et
al. (2009) improved the resolution of this multipath summation
approach by introducing image-dependent weights.

The above-mentioned methods have been tested earlier
on field data dominated by surface waves; no identification of
diffracted waves could be found. To improve the reliability of
diffraction imaging, in this paper we first apply a method that
consists of seismic interferometry (SI) and adaptive subtrac-
tion for the suppression of high-amplitude surface-wave noise
(Konstantaki et al., 2015; Liu et al., 2018). We then present an
approach based on an extension of the spatial summation of weak
diffractions as proposed by Shtivelman and Keydar (2005). We
utilize instantaneous-phase coherency (Schimmel and Paulssen,
1997) to enhance the optimal summation of weak but coherent
diffractions.

In the following, we first describe the practical steps for
the implementation of each of the above methods. We then

demonstrate the feasibility of our approach in locating scatterers
on numerically modelled data with a low signal-to-noise ratio
(S/N). Finally, we test our method on field seismic data acquired
at an archaeological site.

Methodology

Surface-waves removal

SI refers to the retrieval of new seismic responses between two
receivers by, most commonly, cross-correlating the wavefields
observed at these receivers from surrounding sources and stack-
ing the cross-correlations for all the sources (Draganov et al.,
2006; Wapenaar and Fokkema, 2006). For a near-surface seismic
survey, the active sources are located along the surface of the
earth. Such a source configuration will make the results retrieved
by SI dominated by surface waves. Because of this, we make
use of SI to retrieve the dominant surface waves contained in
the field data. A non-stationary matching filter (Fomel, 2008) is
then estimated to adaptively subtract the retrieved surface waves
from the raw data, while preserving the weak diffraction events.
For the implementation details of this surface-waves suppression
scheme, we refer the readers to Liu et al. (2018).

Diffraction imaging

Assume a diffractor located at (X, Z,) in a homogeneous
medium. For an arbitrary source located at (X, 0), a part of the
wavefield generated by this source will first travel downward and
hit the diffractor. It will then be diffracted back to the surface and
recorded by a receiver positioned at (X, 0). The traveltime curve
of this diffracted event can be expressed as

RO PR AR

In equation (1), the first term on the right-hand side is the

source-diffractor traveltime, whereas the second term is the
diffractor-receiver traveltime. V is the near-surface velocity, 7,
is the two-way vertical traveltime when source, diffractor, and
receiver share the same lateral position.

We assume that every subsurface point is a candidate dif-

fractor which can cause a diffracted event. For every point to be
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imaged, the seismic data are stacked along a specific diffraction
trajectory defined by equation (1); this results in a final staked
time section where diffracted energy is optimally focused.

Next, we describe the practical implementation steps of this
diffraction-stacking method. For a specific source gather, we
first assume that the diffractor is located directly under the first
receiver. This will lead to a specific diffraction traveltime curve
according to equation (1), where X, is the lateral location of the
first receiver. Next, we apply diffraction-moveout correction to
this source gather and obtain a new gather. Such a traveltime
correction procedure is repeated for all other combinations of
source-receiver pairs. This will result in ns x nr gathers corrected
for diffraction moveout, where ns and nr are the number of
sources and receivers, respectively. These moveout-corrected
source gathers are then sorted into common-receiver gathers and
stacked to produce one single trace per receiver position. To fur-
ther enhance the coherent summation along weak diffractions, the
stacked trace is then weighted by amplitude-unbiased coherency
factors (Schimmel and Paulssen, 1997). The coherency for each
stacked trace is calculated from the traces involved in the stacking
of the common-receiver gather used to obtain that trace using

Co)= %EJN] ol 2)
where N is the number of traces used, ¢>j(t) is the instantaneous
phase of the j-th trace obtained by complex trace analysis (Brace-
well, 1986). The parameter v controls the transition between more
coherent and less coherent signal summations; here we use v=2 as
suggested by Schimmel and Paulssen (1997).

The stacked traces weighted by equation (2) from each com-
mon-receiver gather are then assembled into a diffraction section
(Landa and Keydar, 1998; Walters et al., 2009), where anomalies
indicate the spatial location of diffractors. When the near-surface

(a) Location (m)

5 10 15 20 25

Approx. depth (m)

Figure 1 (0) Model used to generate the synthetic common-source gathers.

Seven shallow diffractors with a certain impendence contrast with respect fo the
background medium are embedded in this model. The background velocity is 150
m/s. (b) Result of diffraction imaging through diffraction summation weighted by
instantaneous-phase coherence. Seven high-amplitude anomalies can be identified
in Figure 1 (b), whose positions are very close fo the frue locations of the diffractors
in the synthetic model. Note that the shapes of these anomalies do not necessarily
correspond fo the actual shapes of the objects.
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velocity V is not available, we can iterate the above procedures
over a specific range of velocity values (Shtivelman and Keydar,
2005; Shtivelman et al., 2009). In this way, the diffraction energy
can be coherently focused to produce a final image.

Examples

Synthetic data

The model shown in Figure 1a includes seven randomly distribut-
ed point diffractors at shallow depths in a homogeneous medium
with a background velocity of 150 m/s. The receiver array
consists of 120 geophones, starting from 0 m to 29.75 m at 0.25 m
intervals. This array remains fixed, while the source advances
with a step of 2 m. The first source is located at 4 m before the
first geophone, while the last source is placed 7.5 m after the last
geophone. With this acquisition geometry, 21 common-shot gath-
ers (Figure 2a) are computed using an acoustic finite-difference
algorithm (Thorbecke and Draganov, 2011). Band-pass-filtered
Gaussian random noise (S/N = 0.008) is then added to the clean
synthetic gathers to build a new dataset. Figure 2b illustrates one
noisy common-source gather for a source positioned at 16 m.
We use this noisy dataset to demonstrate the feasibility of our
approach to detect shallow diffractors.

Our new algorithm is designed to focus coherently the
diffraction energy back to its original position while suppressing
all other incoherent events through directional summation. This
procedure will make the true diffractions appear as a high-am-
plitude anomaly in the resulting section. Figure 1b represents
the diffraction imaging section derived from the noisy data
through our diffraction-enhancement approach. In Figure 1b,
the horizontal axis denotes the lateral location (in m), while the
vertical axis is the approximate depth (in m) that we obtain using
the true subsurface velocity. The range of velocities used for
diffraction summation is from 140 m/s to 160 m/s with a step
of 5 m/s. We display the final time section (Figure 1b) using
semblance calculated from diffraction sections obtained from
each velocity used for stacking. We can clearly identify seven
prominent anomalies in Figure 1b, after significant suppression of
the highly uncorrelated noise that is present in the original data.
The maximum amplitudes of these anomalies can be interpreted
as the centers of the diffractors, which correspond well with the
true locations of the diffractors embedded in the synthetic model
(Figure 1a).

Field dafa

In 2017 we acquired seismic data at an archaeological burial
mound located in the Veluwe, the Netherlands. Burial mounds
are the most widespread prehistoric graves and are clearly visible
as low hillocks to this day. In the Veluwe, about 50 such burial
mounds are well-preserved and are distributed along an approxi-
mately 6 km-long line. Most of these burial mounds can be dated
back to about 5000 years ago (Bourgeois, 2012). The mound that
we investigated is labelled as Mound B4749, and it is located in
the middle of the woods of the Veluwe.

To illuminate near-surface small objects underneath Mound
B4749, we deployed an array of 120 horizontal 10 Hz single-com-
ponent geophones over the top of this mound. We acquired two
types of seismic data - using a sledge-hammer (shear-wave) and
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a high-frequency horizontal (shear-wave) vibrator (Ghose et al.,
1996; Ghose, 2002) as seismic sources. The reason we used shear
waves is because of their relatively low propagation velocity in
soft soils - resulting in short wavelength, hence high resolution.
In addition, shear waves are directly related to the small-strain
rigidity and are quite sensitive to subtle changes in the subsoil
mechanical properties (e.g., Ghose and Goudswaard, 2004;
Ghose, 2012; Ghose et al., 2013). The source-receiver geometry
used to record the impulsive hammer data was the same as the
one applied to generate the synthetic data discussed above. We
covered 41 source positions at an interval of 1 m to acquire the
shear-wave vibrator data. To compare the diffraction section from
the vibrator data with the one from the sledge-hammer data, we
select only vibrator shots whose positions coincided with those of
the sledge-hammer source.
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Figure 2 Typical example of a synthetic common-
source gather for a source located at 16 m.

(a) Common-source gather modelled without direct
waves. (b) The same gather after adding highly
uncorrelated random noise (S/N = 0.008).

1a'| I.|

Figure 3 (0) A shot gather contaminated by strong
surface waves (white ellipse) acquired in the field
using sledge-hammer as a source. The source is
located at 4 m lateral position. (b) The same shot
gather after surface-wave suppression using a
scheme involving seismic interferometry and adaptive
subtraction. Note that events with negative moveout
(yellow circle in Figure 3b) can now be identified.

Figure 4 As in Figure 3, but for seismic data acquired
in the field using a shear-wave vibrator source.

Figure 3a shows a typical raw common-source gather using
the sledge-hammer as a source, while Figure 4a shows an
example of shot gather using the vibrator at the same lateral
location, after cross-correlation of the raw vibrograms with the
source-monitor signal. The pre-processing steps for these two
gathers are identical: trace editing, statics corrections, geomet-
rical-spreading correction, and band-pass filtering. In addition,
automatic gain control (AGC) with a window length of 30 ms is
applied to both raw gathers for display purpose. Due to the soft
soil condition in the near-surface, we notice that the raw data
are dominated by the presence of strong surface waves (white
ellipses in Figures 3a and 4a). These surface waves make the
identification of weak diffraction events nearly impossible. To
reveal the scattered energy, we apply the scheme that we have
described above to attenuate the high-amplitude surface waves.
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Figure 5 Diffraction imaging result obtained from seismic data after surface-wave
suppression: (a) sledge-hammer data; (b) shear-wave vibrator data.

The data after surface-wave suppression are shown in Figures 3b
and 4b, respectively, where the yellow ellipses indicate some
meaningful scattered events caused by small objects in the
subsurface. We make such interpretations based on the negative
moveouts of these events and consistently similar locations as
revealed in two different datasets. Figure 5 illustrates the two
final diffraction sections obtained from the hammer and vibrator
data (after surface-wave suppression) using our new imaging
approach. The velocity range we use for diffraction summation is
from 120-140 m/s, with a step of 5 m/s. We obtain this velocity
range using the asymptotic approach proposed by Shtivelman et
al. (2009). In Figure 5, the vertical axis indicates the approximate
depth in metres, which is converted using a subsurface velocity
of 130 m/s. High-amplitude anomalies (blue or light blue colour
in Figure 5) indicate the locations of potential buried objects of
archaeological importance.

Earlier in a separate work, archaeologists collected samples
from closely spaced shallow boreholes at this site. These samples
indicate that the burial mound consists of sand and gravel at the
shallow part down to around 3 m. Based on these samples, a
cross-section of the subsurface of Mound B4749 was made, and
is illustrated in Figure 6. The vertical axis in Figure 6 indicates
depth in metres below the Amsterdam Ordnance Datum (Normaal
Amsterdams Peil or NAP). In Figure 6, two distinguished features
(primary mound and secondary mound) can be identified and

Object 4749 - Noord-zuid raai
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are interpreted as mounds constructed at different time periods.
A magnetometry survey (Lambers et al., 2013) was also carried
out at this site, where strong thermoremanent magnetization at
the range of +£5 — 8 nT was detected. This anomalous value was
probably caused by high temperatures, and indicates the existence
of burnt stones inside this mound. From the magnetic map of this
area, the possible location of pits containing burnt stones was
interpreted, which is illustrated by the yellow ellipse in Figure 6,
at a height about 30 m NAP, while its lateral location is centered
around 15 m. Due to the strong impedance contrast at this loca-
tion compared to the surrounding medium, the seismic response
from these stones can be recorded as diffraction events. In our
diffraction sections, anomalies located at a lateral position around
15 m (yellow ellipse in Figures 5a and 5b) can be identified.
These positions seem to agree with the locations of the burial pits
indicated in Figure 6. For other deeper prominent anomalies in
our diffraction sections, we cannot find direct indications in the
core profile because of the limited depth of the shallow boreholes.
These anomalies need to be verified through further checks.

Discussion and conclusions

Diffraction imaging is inherently a 3D problem because diffract-
ed waves caused by scattering objects propagate in all directions.
When the seismic data is acquired along a line below which
the target objects are distributed, the imaging of such targets is
reliable. If this is not the case, the location of the scatterers will be
estimated at wrong depths, and/or the quality of imaging will be
heavily deteriorated, due to the lack of diffraction energy captured
by the receivers. For the archacological site that we investigated,
the borehole profile already shows that the shallow subsurface up
to 3 m depth is composed of finer sand and gravelly soils, which
can be considered as a very heterogeneous media for the used
seismic wavelengths. The wavefield containing information from
local heterogeneities under our 2D seismic line could be acquired;
the buried objects manifest as events with negative moveouts
(e.g., yellow circles in Figures 3b and 4b). This makes it possible
to map the distribution of heterogeneities at this archaeological
site using our 2D diffraction-imaging method.

The seismic data acquired at this site are dominated by
strong surface waves. To increase the reliability of the diffraction
imaging, a technique that consists of seismic interferometry and
adaptive subtraction is first applied to the data for the suppression
of high-amplitude surface-wave noise in a data-driven way. Weak
diffractions from the subsurface objects become identifiable after

North

Secandary Mound

Figure 6 Drawing of the same burial mound based on
information of borehole samples. The lateral axis is
the same as in Figure 5. The vertical axis indicates the
height in metres using Amsterdam Ordnance Datum
system (NAP). The location of a burial pit detected

by magnetometry survey (Lambers et al., 2013) is
marked by the yellow ellipse.



this procedure. These diffractions can be the input to our diffrac-
tion-imaging algorithm for locating the local, buried objects. Our
diffraction-imaging method is based on optimal summation of
seismic diffractions from these objects. An amplitude-unbiased
coherency method is used to suppress the incoherent summation
of noise, with the aim to enhance the weak and coherent
diffracted signals. The stacking procedure results in a section
where diffractions are emphasized and the remaining surface
waves are further suppressed. This diffraction section can be
useful for a reliable identification of the local heterogeneities. We
demonstrate the reliability of the proposed diffraction imaging
method using synthetic and field data.
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