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ABSTRACT Theefficacyofgroundpenetratingradar (GPR)methodsisinhibitedwhensurveyingovera target that
is structurally complex and/or hosted within attenuative media. Recent research has documented
the ability of certain seismic methods to improve imaging using GPR. For imaging complex targets,
three-dimensional acquisition and migration methods are applied. For attenuative sites, signal-to-
noise ratio (SNR) maybeboosted on acquisition ofmulti-offset data.Wepresent results froman inte-
grated three-dimensionalmulti-offset survey over a Romano-British villa at Groundwell Ridge, near
Swindon, UK. Data were acquired within a grid of dimension 21m�14m, using a single-channel
PulseEKKO GPR system equipped with common-offset (CO) 450MHz antennas. To satisfy criteria
for three-dimensionalmigration, the sample density over the gridwas 0.05� 0.05m2. A smallergrid
of three-dimensional multi-offset data was acquired, with fold-of-cover 2200%, targeting a low
SNR section of data.The spatial resolution and SNR in the resulting images of the target are greatly
improved compared with data acquired using a more conventional survey method. However,
thisimprovementmaynotbejustifiedby thegreatlyincreased (some10 times) fieldworkeffort required
to obtain three-dimensional multi-offset data. We therefore investigate a means of improving the
efficiency of three-dimensional GPR surveying by applying a simple trace interpolation method to
recover three-dimensionalacquisition criteria.This trial suggests that, at this site, three-dimensional
datacanbesimulatedfromagridofpseudo-three-dimensionaldata, sampledat0.05� 0.25m2.Inthis
way, highquality imagesofanarchaeological target canbe obtainedwithminimal increase to survey
effort.We hope that, on the basis of this work, three-dimensional and multi-offset acquisitions will
be more readily considered for archaeological GPR investigations. Copyright # 2008 JohnWiley &
Sons,Ltd.
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Introduction

Ground-penetrating radar (GPR) techniques are
widely applied in archaeological investigations
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and, in many cases, provide faithful, high-
resolution images of subsurface targets. In spite
of many successful demonstrations of the GPR
method, its efficacy is inhibited where low signal
amplitudes are returned to the GPR system
with respect to some ambient noise level, or
where a survey is conducted over a target that is
structurally complex (e.g. Linford and Linford,
2004; Grasmueck et al., 2004, 2005). Low signal
amplitudes may result where a target is located
in electrically conductive, and therefore attenua-
tive, media (e.g. Olhoeft, 1996; Linford and
Linford, 2004) or where that target has a low
physical contrast with its host (e.g. Witten et al.,
2000; Pipan et al., 2005). Surveying over a
complex subsurface structure may produce
radargrams which are difficult to interpret
accurately, due to reflections originating from
outside of the plane of the profile; these
reflections cannot be correctly migrated using
conventional two-dimensional migration strat-
egies (Leckebusch, 2000; Yilmaz, 2001).
In recent years, increasingly sophisticated

acquisition and processing techniques have been
imported from reflection seismology to the GPR
setting (e.g. Fisher et al., 1992; Pipan et al., 1999,
2005; Grasmueck et al., 2005; Berard and Maillol,
in press) with the aim of overcoming these
issues. In order to improve the signal-to-
noise ratio (SNR) in a dataset, GPR data may
be acquired using the multi-offset (MO) method
(e.g. Fisher et al., 1992; Pipan et al., 1999, 2005). To
improve spatial resolution over a subsurfacewith
complex reflectivity, GPR data should be
acquired according to full-resolution criteria
(Grasmueck et al., 2005) to mitigate spatial
aliasing and facilitate three-dimensional migra-
tion. Acquisition of such advanced datasets is
inefficient with current GPR technology, com-
pared with conventional GPR practice, hence their
use is rare; rarer still is the integrated acquisition
of data that are both three-dimensional and
multi-offset. We therefore present in this paper
the results from an integrated multi-offset, full-
resolution three-dimensional GPR acquisition
over buried Romano-British building remains
at Groundwell Ridge, near Swindon, UK
(Linford and Linford, 2004). Although image
quality is greatly improved by application of
multi-offset and full-resolution techniques, it is

questionable whether that improvement justi-
fies the greatly increased acquisition effort. We
therefore also investigate a means of improving
the efficiency of full-resolution surveying by use
of a trace interpolation scheme to increase sample
density from a more conventional acquisition
strategy to full-resolution criteria. As a result of
this work, it is hoped that three-dimensional
and/or multi-offset GPR acquisitions will be
more readily considered for image enhancement.

Full-resolution, three-dimensional
ground-penetrating radar surveying

Three-dimensional methods were developed by
the seismic industry to improve imaging around
complex, often steeply orientated, structures
(such as the flanks of salt structures around
which may be located significant hydrocarbon
reserves; Yilmaz, 2001). In many respects,
archaeological remains are equally complex;
walls of buildings are originally vertical and,
furthermore, they may exhibit abrupt changes in
direction as the corner of the building is reached
(e.g. the rectilinear ground plan of many Roman
buildings; e.g. Gaffney et al., 2000; Linford and
Linford, 2004). Grasmueck et al. (2005) demon-
strate the application of three-dimensional GPR
methods to imaging fractures in carbonate strata
but suggest that, due to the potential complexity
of targets, the technique would also be useful for
archaeological imaging.

For several years, archaeological geophysicists
have appreciated that a better understanding
of the spatial extent of targets is obtained from
a grid, rather than a profile, of GPR data;
acquisition of grids of GPR data is commonplace
(e.g. Leckebusch, 2003; Gaffney et al., 2004;
Gustaffson and Alkarp, 2007). However, the
spatial sampling density of the majority of GPR
grids is insufficient for three-dimensional
migration (e.g. Whiting et al., 2001; Linford and
Linford, 2004; Pipan et al., 2005; Ranieri et al.,
2005; Pomfret, 2006) given that they do not fulfil
established full-resolution sampling criteria.
Grasmueck et al. (2005) state that, for a grid of
common offset (CO) GPR data, three-dimensional
sampling criteria are fulfilled if the maximum
spatial sampling interval, Dxmax, along and
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between profiles does not exceed ¼ of the
apparent wavelength, lapp, of the GPR energy,
i.e.

Dxmax <
lapp

4
¼ v

4f sina
; (1)

where v is the near-surface propagation velocity
of the GPR wavelet, f is the dominant frequency
of energy and a is the angle, to the vertical, of
energy arriving at the surface. To ensure that all
dip components of the GPR wavefield are faith-
fully sampled it is prudent to assume a¼ 908; as
such, sin(a)¼ 1 and Dxmax can be constrained in
terms of velocity and frequency alone. In prac-
tice, however, Grasmueck et al. (2005) state that
a¼ 608 is sufficient for most commercial GPR
systems, as significant energy is not radiated or
received at angles greater than this. Where the
spatial sampling criteria of a survey do not satisfy
the above criteria, the recorded wavefield is
described as spatially aliased.

Amajor advantage of the GPR technique is that
the short wavelength of GPR energy offers
high-resolution imaging of subsurface structure.
However, this short wavelength implies that
full-resolution survey criteria will be somewhat
daunting. Substituting values of f¼ 500MHz,
v¼0.08mns�1 (representative of conditions
found on many archaeological sites in the UK)
and a¼ 608 into Equation 1 predicts that the
maximum spatial sampling interval in the GPR
survey should be less than 0�054m. Although this
is typical of the sampling interval along profiles
(i.e. in-line sampling between individual traces),
it is much smaller than the typical lateral
separation between profiles (i.e. cross-line
sampling). As such, typical three-dimensional
GPR grids are spatially aliased in the cross-line
direction and are more appropriately described
as pseudo-three-dimensional.

Migration of data, where applied effectively,
can provide a superior image of subsurfaces; the
process returns energy to its true point of origin
in the subsurface and improves the lateral
resolution of the GPR wavelet (e.g. Lindsey,
1989; Leckebusch, 2000; Leucci, 2002; Gustafsson
and Alkarp, 2007). When applied in a conven-
tional two-dimensional sense, migration is only
correctly applied to energy that originates from
within the plane of the survey line; furthermore,

spatial resolution is only improved in the in-line
direction (Lindsey, 1989). Serious migration
artefacts can be produced from application of
two-dimensional migration to out-of-plane energy
since it is repositioned incorrectly and, as a result,
the interpretation may be incorrect. Effective
three-dimensional migration is able to process
out-of-plane energy, and also improves spatial
resolution in both in-line and cross-line direc-
tions. However, three-dimensional migration is
only robustly applied where the spatial sampling
criteria of a wavefield fulfils full-resolution
criteria. Since grids of GPR data are typically
spatially aliased in the cross-line direction, three-
dimensional migration cannot be robustly applied
to these conventional pseudo-three-dimensional
grids. Where spatial sampling criteria are satis-
fied, three-dimensional migration methods are
still not necessarily applied; Gustaffsson and
Alkarp (2007) describe an archaeological GPR
acquisition that satisfies full-resolution criteria,
but migrate data only with a two-dimensional
algorithm. We therefore investigate the improve-
ment to the image of an archaeological target that
results from application of three-dimensional
migration methods to full-resolution GPR data.

Multi-offset ground-penetrating
radar surveying

The multi-offset method is a well-rehearsed
technique developed by the seismic community
with the aim of improving SNR. The conven-
tional common-offset method of acquiring GPR
data fixes the separation between transmitting
and receiving antennae, Tx and Rx respectively,
at all survey locations. With this antenna con-
figuration, subsurface reflection points are
imaged once only by a raypath with a single
geometry; as such, common-offset acquisitions
yield single-fold (SF) data. In the multi-offset
method, the separation between Tx and Rx is
incrementally increased at each survey location.
In a common mid-point (CMP) acquisition,
antennae are offset about some fixed surface
mid-point between Tx and Rx. Where a large-
scale multi-offset survey is planned, data are acq-
uired more efficiently using a common-source
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(CS) antenna configuration (e.g. Berard and
Maillol, in press); the position of Tx is fixed
and the offset to Rx is incrementally increased.
Both multi-offset configurations yield multi-fold
(MF) data, given that subsurface reflection points
are imaged several times by numerous raypaths.
Schematic common-offset and common-source
acquisitions are shown in Figure 1.
Compared with a common-offset dataset, a

greater range of processing algorithms are

available for application to multi-offset data;
there is, therefore, greater potential to improve
SNR in amulti-offset dataset. One such algorithm
is horizontal stacking of CMP gathers (Mayne,
1962), in which reflection travel-times in a CMP
gather are corrected for normal-moveout (NMO)
and amplitudes summed across the offset range;
where a CMP gather contains n traces, appli-
cation of horizontal stacking improves SNR by a
factor of approximately n½ (Sheriff and Geldart,

Figure 1. Schematiccommon-offsetandcommon-sourceacquisitionsat3surfacelocations, i, iiand iii, aboveasinglesubsurface
interface.Solidarrowsrepresent reflectedraypathsfor thecurrent Tx-Rxpositions, dashedarrowsforpreviousacquisitions; sim-
ilarly, black and grey circles show reflection points for current and previousTx-Rx positions. Dashed boxes show unoccupied
antenna positions. a) common-offset acquisition. At each location,Tx-Rx offset is fixed at some constant distance, s. Reflection
pointsareimagedonceonlybyaraypathwithasinglegeometry. b) common-sourceacquisition.Txpositionisfixedateachsurvey
locationandtheoffset toRxisincreased, incrementally, througharangesmintosmax.Thedensityofraypathsinthegroundisgreatly
increased, and reflection points are imagedmultiple times.
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1999). Commonmid-point gathers are often used
to obtain isolated velocity models (Sambuelli
et al., 1999), but for a profile of multi-offset data a
velocity model may be defined at every CMP
location (e.g. Neidell and Taner, 1971). Where
this velocity model is used as an input to a
migration algorithm, the migration would be
expected to perform more accurately than if a
constant velocity subsurface was assumed. As a
further means of improving SNR, an extended
range of processing algorithms are available for
multi-offset data for the suppression of coherent
noise energy (e.g. where data are contaminated
with reflected, refracted and/or diffracted air-
waves; Bano et al., 1999; Pipan et al., 1999).

With current GPR instrumentation, field
acquisition of multi-offset data is inefficient
compared with common-offset data; however,
several studies have shown considerable improve-
ment where multi-offset data are compared with
common-offset. Although initially demonstrated
for geological imaging (Fisher et al., 1992),
numerous multi-offset GPR surveys of archae-
ological targets have been conducted (Pipan et al.,
1999, 2004, 2005; Berard and Maillol, 2007);
multi-offset methods are particularly useful for
archaeological imaging, as targets often have low
physical contrasts with host media given that
natural processes of site formation often result in
a gradational, rather than discrete, transition in
dielectric properties (Pipan et al., 2005). In this
paper, we present results from acquisition of a
full-resolution three-dimensional grid of multi-
offset data. By integrating these methods, we
hope to obtain an archaeological image that has
both improved spatial resolution and elevated
SNR compared with conventional GPR acqui-
sitions.

Romano-British archaeology
at Groundwell Ridge

Remains of Roman buildings were discovered at
the Groundwell Ridge site (NGR: SU 141 894) in
1996, during construction of a housing estate.
These remains are hosted within shallow, well-
drained, clayey soils of the Sherbourne (343d)
Association (Soil Survey of England and Wales,
1983). English Heritage (EH) geophysicists con-

ducted magnetic and earth resistance surveys,
fromwhich the presence of a significant Romano-
British settlement was inferred (Linford, 1999;
Linford and Martin, 2002). These data were
used to target a GPR grid, of dimension 3.6 ha,
including the remains of a substantial (15m�
20m) building towards the southern edge of the
settlement (Linford and Linford, 2004). The
GPR data were acquired in July 2002 using a
pulseEKKO1000 system, equipped with anten-
nae of centre-frequency 450MHz; the sample
density of the EH grid was 0.05m in the in-line
direction, and 0.50m in the cross-line direction.
Figure 2 shows a representative GPR amplitude
time-slice, together with a combined graphical
summary of significant anomalies recorded in
these data (Linford and Linford, 2004).
The time-slice in Figure 2a is centred on a

two-way travel time (TWTT) of 19 ns, with the
envelope of trace amplitudes summed over
18–20 ns to boost SNR. Using a CMP-derived
velocity of 0.065mns�1, this TWTT corresponds
to a depth of 0.65 to 0.72m. Data were processed
using conventional dewow and bandpass
filters and amplitude recovery methods; a
two-dimensional migration was then applied in
the in-line direction. Signal strength over this site
is generally good, and strong reflections are
identified overmost of the survey area. However,
SNR is somewhat reduced in the centre and
towards the northeast corner of the building;
reduced SNR could be attributed to a local
increase in clay content (unlikely), lower physical
contrast between local target and host, and/or
increased GPR scattering due to a local increase
in structural complexity.
The geophysical interpretation in Figure 2b

shows the Groundwell Ridge target to have the
characteristic rectilinear ground plan typical of a
Romano-British villa (Wilson, 2002; Gaffney et al.,
2004), comprising central rooms flanked by
corridor wings. Although the exterior wall of
the building is well-defined, low-SNR leads to a
cautious interpretation of some of the internal
structure. Numerous track-ways and enclosures
are also observed, together with the response to a
modern ferrous pipe which intersects the north-
western corner of the building, and an anomaly
over the eastern exterior wall that is attributed to
the presence of a modern footpath.
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The GPR image from the 2002 survey would be
sufficient for the planning of archaeological
excavations but a more complete interpretation
over the whole area of the villa would be difficult
given the variable data quality. If the spatial
variability in SNR is due to local structural
complexity, an improved image may be obtained
on application of three-dimensional migration.
However, the sampling interval between profiles
in the EH grid was too coarse; cross-lines are
spatially aliased, hence three-dimensional mig-
ration cannot be robustly applied. If low-contrast
targets are the cause of poor SNR, acquisition of
multi-offset data may boost signal strength such
that reflectivity may be more rigorously inter-
preted. We therefore targeted this villa for
trialling integrated acquisition of full-resolution
three-dimensional multi-offset GPR data, with

the aim of boosting the SNR and improving the
interpretation of the internal structure.

Three-dimensional, multi-offset
ground-penetrating radar acquisition

Full-resolution grids of three-dimensional com-
mon-offset and three-dimensional multi-offset
GPR datawere acquired at the Groundwell Ridge
site in spring 2006; locations of those grids is
shown in Figure 3. Similar to the EH survey, data
were acquired using a Sensors and Software
pulseEKKO1000 system equipped with 450MHz
antennae. A grid of dimension 21m� 14m was
established over the northern half of the building
using a Trimble kinematic differential global
positioning system, based on the results of the

Figure 2. Representative GPR time-slice and combined geophysical interpretation from geophysical surveys as conducted by
English Heritage during 2002 (Linford and Linford, 2004). a) GPR time-slice, greyscale display, originating from TWTT of
18^20 ns(0.65^0.72mdepth).b) Interpretation,combininginferencesfrommagnetometerandearthresistancesurveys.Inaddition
to the clear Romanwall footing, other features (e.g. track-waysandenclosures, and the course ofamodern footpathand ferrous
pipe) are also identified.
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previous geophysical survey. Representative
CMP data were acquired at the known location
of an external wall and used in Equation 1
to inform Dxmax. The dominant frequency of
reflected energy was approximately 340MHz
and velocity was measured, using a semblance
analysis (Neidell and Taner, 1971), slightly faster
than in the previous acquisition at 0.069mns�1;
these CMP data are shown in Figure 4. With the
assumption of vertical dip, Equation 1 predicts
that full-resolution criteria are satisfied where
Dxmax is less than 0.051m; if the 608 recommen-
dation of Grasmueck et al. (2005) is considered,
the maximum spatial sampling interval should
be 0.068m. We therefore fixed Dxmax to 0.05m in
all grids.

The northern half of the building was surveyed
using three-dimensional common-offset methods.
Profiles were orientated east–west, with the fixed
offset between Tx and Rx set at 0.2m. This grid,
with sample density 0.05� 0.05m2, took nine
days to complete and comprises 117 739 individ-
ual GPR traces (281 in-lines, 419 cross-lines), with
vertical stacking set to 16. Although the use of an
odometer wheel would have improved acqui-

sition efficiency, we followed the example of
Pipan et al. (1999) and used antennae in static
mode to ensure good ground coupling.
On completion of the common-offset grid, we

identified the lowest SNR region of the dataset
and targeted this area with a three-dimensional
multi-offset grid of dimension 8m� 1.35m. This
location coincided with the lowest SNR region of
the 2002 acquisition, where a cautious interpret-
ation of an east-west trending internal wall had
been made. By boosting SNR at this location, we
intend to test the fidelity of this interpretation. A
common-source gather was acquired every
0�05m along east–west profiles, again separated
by 0.05m. In each common-source gather, the
position of Tx is fixed and the offset to Rx is
increased, in increments of 0.05m, through a
distance range of 0.2 to 2.35m (constrained using
the methods of Booth et al. (2006) to provide a
well-resolved semblance response in later velo-
city analysis). Each common-source gather there-
fore contains 44 traces. Where the spatial sam-
pling interval of Tx and Rx is the same, a CMP
gather has half the number of traces of a
common-source gather and the spatial sampling
interval of those traces will be half that of the Tx
and Rx move-up (Sheriff and Geldart, 1999).
Consequently, the final spatial sample density of
the multi-offset grid is 0.025� 0.05m2 and the
fold-of-cover in CMP gathers is 22 (i.e. 2200%);
this fold-of-cover implies that the horizontal
stacking will increase signal-to-noise ratio by a
factor of approximately 4.7. This survey took a
further nine days to complete; again, an
odometer wheel would have improved acqui-
sition efficiency (e.g. the rapid multi-offset
method described by Berard and Maillol, 2008)
but we wished to ensure positional accuracy
without interpolating traces. There was very
little rainfall in the week before and during the
three weeks of these acquisitions hence the
moisture content and therefore the reflectivity
of the subsurface is not expected to have
changed.

Data processing and results

The GPR data from the spring 2006 survey were
processed principally using Landmark Graphics

Figure 3. Location of the three-dimensional common-offset
(heavy outline) and three-dimensional multi-offset (lighter,
internal, outline) grids for the GPR surveyof spring 2006, with
respect to the representative time-slice from Figure 2. The
three-dimensional common-offset grid (21�14m2 area) tar-
gets the northern half of the building. The three-dimensional
multi-offset survey (8�1.35m2 area) targets structures over
the possible location ofan interior wall to the east of the grid.
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Corporation ProMAXTM; data were collated
using Sandmeier ReflexW# and converted to
SEG-Y format using the script SegyMAT (Han-
sen, 2004) in Mathworks MATLAB1. Processing
flows for the common-offset and multi-offset
grids are described in Figure 5. Note that
in order to compare migration results with a
conventional GPR acquisition, a grid of pseudo-
three-dimensional common-offset data was
extracted from the full-resolution three-dimen-
sional common-offset grid at a sample density of
0.05� 0.50m2 (i.e. every tenth in-line). A more
conservative bandpass filter is applied to the
multi-offset data given that the dominant fre-
quency of far-offset traces is lower than those at
near-offset, due to signal attenuation. Energy is
gained by compensating for the decay of the
amplitude envelope of each trace; this operation
is analogous to application of automatic gain
control (AGC), but avoids the potential of AGC
to introduce windowing artefacts to a dataset
(Landmark Graphics Corporation, 2003). All
grids were treated both with two-dimensional

and three-dimensional Stolt migration algor-
ithms (Stolt, 1978); two-dimensional migration
was performed along the in-line direction of each
grid. Multi-offset migration was performed
using a semblance-derived velocity model that
varies both spatially and temporally, with a Stolt
stretch factor of 0.6; this velocity model was also
used for earlier NMO corrections. The multi-
offset velocity field does not extend across the
entirety of the common-offset grid hence it
cannot be reliably extrapolated. All common-
offset migrationswere therefore performed using
a constant velocity of 0.069mns�1 (using an
appropriate Stolt stretch factor of 1.0), as would
be conventionally performed for a common-
offset acquisition in the absence of any multi-
offset velocity field. Where a given processing
step yields a dataset that is presented in Figures 6
and 7 (see later description and figures), that
processing step is labelled accordingly. The
computation of residual statics (Wiggins et al.,
1976), to compensate travel-time variability due
to differential surface coupling, was deemed

Figure 4. RepresentativeCMPdataacquiredover theknownpositionofawallat theGroundwellridgesite,usedtoconstrainspatial
samplingintervalfor thespring2006GPRsurvey.a)CMPdata,acquiredwithpulseEKKO1000GPRsystemwith450MHzantennas.
Minimumoffset 0.2m, maximumoffset 3.0 m, trace increment 0.04m (note: for clarity, everyother trace is shown). b) Semblance
analysisof datapresentedin (a).Ashallowreflectionevent isidentifiedwith stackingvelocityandzero-offset two-way travel-time,
respectively, of 0�069 and13 ns; thissemblancepick (annotated‘�’) isused todefine thebest-fit hyperbolaein (a). c) Powerspec-
trumof the 0.2 moffset trace in (a), between10^30 nswhereusefulsignalamplitude ispresent.Thedominant frequencyofenergy
is340MHz.Thisfrequency,andthenear-surfacevelocityof0.069m/ns,wereusedinEquation1toobtainDxmaxof0.05m.Thisfigure
is available in colouronline at www.interscience.wiley.com/journal/arp
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unnecessary. Field observations suggested
that the largest air gap beneath antennae was
0.05m (due to microtopography and vegetation),
implying a negligible modification to the travel
time to target reflectors of þ1%.

We should also consider the anisotropic
radiation pattern of GPR antennae during data
processing. In production of seismic surveys, the
extensive use of source and receiver arrays

introduces angular directivity to radiated ampli-
tudes (e.g. Loveridge et al., 1984; Hustedt and
Clark, 1998); in many cases, this directivity is not
compensated for during processing and radi-
ation is assumed isotropic (Ziolkowski et al.,
1982). The radiation pattern from a GPR antenna
is more complex than that of a seismic source,
and comprises amplitude nulls at certain angles
(e.g. Annan, 2005). Multi-channel processing

Figure 5. Processing flow for the common-offset andmulti-offset data. After pre-processing, the full-resolution common-offset
gridwasdecimatedinthecross-linedirection (i.e.every10thin-lineisextracted) tosimulateapseudo-three-dimensionalcommon-
offsetacquisition.Alldatasetsaretreatedwithtwo-dimensionalandthree-dimensionalStoltmigrationalgorithms;common-offset
migration uses a constant velocity of 0.069m/ns, multi-offset migration uses the velocity model derived from the semblance
analysis.Where a processyieldsa dataset that ispresented in Figures 6 and 8, that process is labelled accordingly.
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Figure 6. Time-slicesfromthespring2006GPRsurveyatGroundwellRidge,extractedfromTWTTof19 ns(0.66m).Columnsofthis
figurerepresent increasinglycomplexacquisitionstrategies; respectively, a, bandcrefer topseudo-three-dimensionalcommon-
offset (0.05� 0.5m2), full-resolution three-dimensional common-offset (0.05� 0.05m2) and full-resolution three-dimensional
multi-offset (0.025� 0.05m2, 2200% fold-of-cover) acquisitions. Rows of this figure represent increasingly complex migration
strategies; respectively, i, iiand iiirefer tounmigrated, two-dimensionalmigrated (alongin-lines)andthree-dimensionalmigrated
data.Annotations are discussed in themain text.
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algorithms, such as migration and velocity
analysis, may therefore require modification
before an optimal processing strategy may be
implemented for the GPR case. For velocity
analyses, one improvement could be to include
offset-weighting to the algorithm; such an

approach is used by the seismic industry to
compensate the effects of amplitude-versus-
offset (AVO) on the reflection coefficient at an
interface (e.g. Sarker et al., 2001; Swan, 2001).
However, in this introductory investigation
of a three-dimensional multi-offset processing

Figure 7. Enlargement of themulti-offset grids from Figure 6c, with synchronous common-offset data. a) Full-resolution, three-
dimensionalcommon-offset dataextracted fromFigure 6biii. b) Unmigratedmulti-offset data. c) two-dimensionalmigratedmulti-
offset data. d) three-dimensionalmigratedmulti-offset data.Annotations and are discussed in themain text.
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strategy, we follow the example of standard
seismic processing and assume a spherically sym-
metric radiation pattern.
Figure 6 shows time-slices of the Groundwell

Ridge GPR data, from the 2006 survey. A
conventional approach to time-slicing of GPR
data involves calculating the analytic envelope of
each trace, then averaging amplitudes within
some fixedwindow length; the averaging process
decreases the vertical resolution of the GPR time-
slices, but such an approach has been shown to
boost SNR (e.g. Goodman et al., 1995). In this case,
we wish to show the increase to SNR introduced
by the three-dimensional migration and multi-
offset algorithms while maintaining high vertical
resolution in our time-slices. We therefore omit,
in this figure, the calculation of the analytic
envelope and present time-slices that have a
thickness of one temporal sample. With the
omission of the envelope, the polarity of traces is
preserved hence averaging should not be con-
ducting since amplitude cancellation may occur.
Furthermore, the polarity of the GPR wavelet
may yield useful information regarding either a
change in the depth to a reflector or as a
diagnostic of an effect of velocity pull-up (e.g.
Leckebusch, 2007).
Each time-slice in Figure 6a is extracted from

each data volume (i.e. each sample density and
migration strategy) from TWTT of 19 ns, as for
the image in Figure 2; with a velocity of
0.069mns�1, this corresponds to a depth of
0.66m and a slice thickness of 0.003m. Columns
a, b and c of Figure 6 show data acquired with an
increasingly complex acquisition strategy; 6a
shows data from the 0.05� 0.5m2 pseudo-
three-dimensional common-offset grid, 6b from
the 0.05� 0.05m2 full-resolution three-dimensional
common-offset grid and 6c shows the 0.025�
0.05m2 multi-offset grid (where fold of cover
exceeds 2000%) placed over the larger common-
offset grid. Rows i, ii and iii show data processed
with an increasingly complex migration
strategy; 6i shows unmigrated data, 6ii shows
two-dimensional migration of data along in-lines
and 6iii shows full three-dimensional migration.
As such, Figure 6ai (for example) refers to
data extracted from the unmigrated pseudo-three-
dimensional common-offset volume. For clarity,
enlargements of the multi-offset grid and

co-located data from the full-resolution three-
dimensional common-offset grid are presented in
Figure 7. It should be noted that the multi-offset
time-slices, although synchronous with those
from the common-offset volume, are not necess-
arily co-located in depth, since the spatially and
temporally variant velocity model used for NMO
correction was not extrapolated to the full extent
of the common-offset grid.

The effect of different migration strategies on
spatial resolution can be observed by comparing
the images in columns a and b of Figures 6, from
the pseudo- and full-resolution three-dimensional
common-offset volumes. The outline and certain
internal structures of the villa may be observed
in both unmigrated time-slices (6ai and 6bi),
together with the modern ferrous pipe; the
image from the full-resolution three-dimensional
common-offset survey is more interpretable
although, without migration, this is simply
because sample density is so high. However,
note how it is possible to see the ferrous pipe
actually cutting the northern wall ( ). When
two-dimensional migration is applied along the
in-line direction (6aii and 6bii), resolution is
somewhat improved for both data volumes.
However, given the structural complexity of
the target, certain responses may be migration
artefacts since only anomalies which trend
perpendicular to in-lines can be correctly
migrated. This is particularly relevant for the
image of the ferrous pipe since it trends at
approximately 458 to the in-line direction. Only
when three-dimensional migration is applied to
the full-resolution three-dimensional common-
offset volume can out-of-plane energy be
migrated correctly; the spatial resolution in
Figure 6biii is superior to other time-slices, and
we consider that the image contains fewer
migration artefacts than Figure 6bii. The spatial
resolution of certain wall junctions is greatly
improved ( ), as is the definition of a high-
amplitude feature along one of the interior walls
( ); furthermore, the location of the pipe is more
clearly defined away from the northern wall of
the building ( ). Three-dimensional migration of
the pseudo-three-dimensional dataset greatly
degrades image quality because this data volume
is spatially aliased in the cross-line direction.
However, note that features which trend
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perpendicular to the in-line direction are robustly
migrated ( ) given that in-line sampling satisfies
full-resolution criteria.

Although three-dimensional migration of the
full-resolution three-dimensional common-offset
volume (6biii) provides the best spatial resol-
ution, the improvement when comparedwith the
two-dimensional migrated volume is not gener-
ally significant. This implies that there is little
out-of-plane energy at this site, in spite of the
structural complexity. The high clay content
suggests that the GPR wavelet will be rapidly
attenuated, hence energy will not propagate far
out of the plane of a survey line before being
dissipated. Notice in Figure 4a that coherent
signal energy does not persist beyond offsets
greater than 1.5m; out-of-plane energy will
therefore only originate from a maximum
horizontal distance of 0.75m from the mid-point
between the antennae. Consequently, diffraction
hyperbolae do not exhibit long-offset diffraction
tails, either in- or out-of-plane, hence the benefit
of applying three-dimensional migration is
somewhat reduced. The application of three-
dimensional migration alone may therefore be
better demonstrated at an archaeological site
hosted in low-loss media (e.g. a target located in
dry, sandy soil).

Multi-offset methods were used to boost signal
amplitude over a low-SNR section of data, where
interpretation was difficult in all common-offset
datasets (i.e. considering both the 2002 and 2006
surveys). The dashed enclosure in Figure 6biii
shows the location of the multi-offset grid with
respect to the three-dimensional migrated full-
resolution dataset. When amplitudes from this
section of data are viewed in isolation (Figure 7a)
it is clear that SNR is very low indeed, and an
interpretation of an interior wall can only be
madewith reference to surrounding structures as
in Figure 6biii. Figures 7b, c and d show
unmigrated, two-dimensional migrated and
three-dimensional migrated time-slices from
the multi-offset dataset, respectively. All time-
slices are again extracted from TWTT of 19 ns;
recall, however, that data in Figure 7a are not
necessarily co-located with those in 7b, 7c or 7d
since a different velocity model is used for the
common-offset and multi-offset processing. The
presence of a wall therefore may be suggested in

other time slices, even if this is not the case for
Figure 7a. However, the velocity field derived
from the multi-offset data is likely to be more
accurate than the assumption of constant-
velocity for the common-offset case, hence the
content of the multi-offset time-slices is more
representative of the subsurface at 19 ns TWTT.
Only when three-dimensional migration is

applied to the dataset does coherent structure
appear; a reflection is observed in Figure 7d, at
the southern edge of the grid, trending east-west
(marked ). When the common-offset volume
is overlain by the multi-offset time-slice
(Figure 6ciii), the high-amplitude reflection fits
well into the location of the orientation of the
other walls. As such, we believe that the multi-
offset method has boosted SNR such that the
presence of an east–west trending interior wall
can be suggested, although it is 2–3m north of its
originally interpreted position. We emphasize
that this wall was only imaged using integrated
full-resolution and multi-offset acquisition tech-
niques; given that the wall cannot be seen in
Figure 7b or 7c, the interpretation benefited both
from boosted SNR and the application of
three-dimensional migration.
Although the multi-offset method improved

the image of one subsurface feature, we note that
it degrades the interpretation of the wall junction
to the east of the multi-offset grid (marked ).
This wall junction represents a particularly
complex structure, hence the multi-offset dataset
may benefit from application of a more sophis-
ticated approach to migration (e.g., three-
dimensional pre-stack time migration (Leparoux
et al., 2001)).
The data in Figures 6 and 7 are not directly

comparable to those from the 2002 acquisition
since the time-slices we present are processed
differently to those of Linford and Linford (2004).
The latter are produced by considering the
analytic envelope of traces, then averaging
amplitudes over a number of temporal samples;
in this way, the SNR in each image is boosted (e.g.
Goodman et al., 1995). In order to compare the
improvement to image quality that three-
dimensional migration can yield, Figure 8 shows
time-slices from the 2002 and 2006 acquisitions
where an equivalent approach to time-slice
processing is applied in each case; as in previous
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figures, the time-slice is extracted from a TWTT
of 19 ns. Panels a and b show time-slices from
the 2002 acquisition, c and d show data from the
2006 acquisition; note that, with the exception of

the colour bar, panel c is exactly equivalent to
Figure 6biii.

In Figure 8a and c, the same approach to image
processing is assumed as for the time-slices in

Figure 8. Time-slicesfrom19 nsTWTT,fromthe2002(aandb)and2006(candd)GPRsurveys.Time-slicesinaandcareprocessed
equivalently to thosein Figures 6 and7,withno considerationof theanalyticenvelopeor temporalaveraging.Inbandd, aconven-
tional approach to time-slicing is adopted; the analytic trace envelope is computed, and amplitudes are averaged over a 2 ns
window (i.e. from18 to 20 ns).
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Figure 6 (i.e. no analytic envelope or temporal
averaging). In 8b and d, a conventional approach
to processing is adopted; the analytic envelope of
data is calculated, and amplitudes are averaged
over a 2 ns window (in this case, from 18 to 20 ns).
The consideration of averaged amplitudes greatly
improves image quality for the 2002 acquisition;
the archaeological target is much more visible in
panel b than panel a. However, such marked
improvement is not observed between panels c
and d; image quality is not significantly
enhanced where the time-slice is built from
the analytic envelope of data. We therefore con-
sider that the application of three-dimensional
migration to this dataset is able to improve target
visibility, without the need to decrease temporal
resolution by considering the analytic envelope
of traces. However, full-resolution and/or multi-
offset acquisitions represent significant invest-
ments in field effort; we return to this point in
later discussion.

Figure 9a shows the original interpretation
(Linford and Linford, 2004) of the internal
structure of the northern half of Groundwell
Ridge villa, and a revised interpretation in
Figure 9b, made by considering the whole

volume of the common-offset and multi-offset
datasets from the 2006 survey. Annotations
denote walls which have been removed, modi-
fied from or added to the original interpretation.
In each case, the dashed enclosure shows the
extent of the common-offset grid.
The modified interpretation suggests that the

eastern corridor extends as a single roomalong the
entire length of the villa; two previously inter-
preted internal walls are now included among the
classification in Figure 2 of ‘other linear features’
given that they can be traced beyond the eastern
exterior wall. The western corridor remains
largely unchanged, but its northern interior room
now aligns better with the orientation of the rest of
the villa. The centre of the villa still contains
interior room divisions, except the central room is
larger in dimension in themodified interpretation;
an interior wall also spans the entire width
between the flanking corridors.

Discussion

We have demonstrated that full-resolution
three-dimensional and multi-offset GPR tech-
niques have the potential to yield considerable

Figure 9. Modificationsto theoriginalinterpretationofgeophysicaldata fromGroundwell Ridge, afteranalysisof the spring 2006
GPR data.Dashedenclosure shows the extent of the full-resolution, three-dimensional common-offset grid. a) Original interpret-
ation, fromFigure 2.Thesymbol highlightsanomaliesthat areremovedin thenewinterpretation. b)Modifiedinterpretationafter
analysis of integrated full-resolution common-offset andmulti-offset data.The symbol highlights anomalies that aremodified
from, oradded to, the original interpretation.This figure is available in colouronline at www.interscience.wiley.com/journal/arp
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improvement to the spatial resolution and
SNR of a subsurface image, compared to
conventional pseudo-three-dimensional common-
offset practice. This is particularly relevant to
archaeological GPR surveying, where the
management of archaeological remains favours
non-invasive means of investigation and the
interpretation of sites may therefore be increas-
ingly based on geophysical survey data.
However, it is not without good reason that
three-dimensional and multi-offset methods are
not more widespread throughout GPR survey-
ing, as both require a significant increase in
acquisition effort (e.g. Huisman et al. 2003; Berard
and Maillol, 2008). Although our advanced GPR
acquisition provided an improved image of the
archaeological target, it is questionable whether
that improvement is justified by a field campaign
that took three weeks to cover an area of
just 14m� 21m and was entirely reliant on the
original EH data for accurate positioning over the
remains of the villa. Furthermore, the full-
resolution surveying of the whole 3.6 ha site
in the 2002 survey would have been highly
impractical particularly since conventional
methods of producing time-slices allowed the
target to be identified.
One method for improving the efficiency of

full-resolution surveying would be to use a
multi-channel GPR system, whereby multiple
in-lines may be acquired simultaneously (e.g.
Gustaffsson and Alkarp, 2007). However, the
fixed offset between antennae in such systems
implies that cross-line spacing cannot be easily
modified for surveying at different locations.
Until recently, the seismic industry minimized
the expense of three-dimensional surveying by
deliberately under-sampling the seismic wave-
field in the cross-line direction; the sample
density of cross-lines was typically up to five
times sparser than required by full-resolution
criteria (Sheriff and Geldart, 1999). Given that
data processing is typically less expensive than
acquisition, full-resolution criteria were recov-
ered during data processing by application of
trace interpolation algorithms (e.g. Kao et al.,
1990; Spitz, 1991; Gülünay, 2003). The use of trace
interpolation to improve sampling density has
been superseded by the introduction of superior
acquisition methods (e.g. as reviewed in Cambois,

2002), but the interpolation technique still has the
potential to improve the efficiency of GPR survey-
ing. If sparsely sampled pseudo-three-dimensional
grids can be accurately upsampled to meet
full-resolution criteria, the practicality of the
three-dimensional survey method could be
improved for common use.

Trace interpolation was applied to three
pseudo-three-dimensional common-offset volumes,
obtained by extracting in-lines from the unmi-
grated full-resolution three-dimensional volume.
The spatial sampling density in each pseudo-
three-dimensional volume was 0.05� 0.10, 0.05�
0.25 and 0.5� 0.50m2, requiring 2�, 5� and 10�
upsampling to recover full-resolution sampling
criteria. Although numerous, sophisticated, trace
interpolation algorithms are available (e.g. Kao
et al. 1990; Spitz, 1991; Nurul Kabir and
Verschuur, 1995; Gülünay, 2003), for this trial
we opted for a simple approach based on the
coherency of energy across traces along specific
dip trajectories (i.e. beam-steering) (Green et al.,
1966; Rost and Thomas, 2002). A broad range of
dip trajectories, up to �20 ns per trace gap, was
considered, with coherency assessed across five
control traces. Interpolated data volumes were
then migrated using a three-dimensional Stolt
migration, again with a constant velocity of
0.069mns�1 and stretch factor of 1.0.

Figure 10a-c show the 19 ns time-slice from
trace interpolation of initial sample densities of
0.05� 0.10, 0.05� 0.25 and 0.05� 0.50m2; for
comparison, Figures 10d and 10e are reproduc-
tions of Figures 6biii and 6aii (respectively,
three-dimensional migration of full-resolution
data, and conventional two-dimensional migration
of pseudo-three-dimensional data). Where the
degree of spatial aliasing is small, trace interp-
olation appears to perform well; time-slices
support this, as the visual match between
Figures 10a and 10d (i.e. a 2� upsampling) is
very good.Where 10� upsamplingwas required,
interpolated traces are a poor match for original
traces given the poor match between Figures 10c
and 10d. It could also be argued that the image in
Figure 10e is superior to Figure 10c given that
the latter contains interpolation artefacts (e.g.
striping) in the cross-line direction. Where 5�
upsampling was required, interpolated traces
still appear to be close approximations to original
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Figure 10. Investigationoftrace-interpolationfor theupsamplingpseudo-three-dimensionaldatavolumestofull-resolutionthree-
dimensionalsamplingcriteria (i.e.0.05� 0.05m2).Allinterpolationsareperformedusingabeam-steeringalgorithmprior toappli-
cation of three-dimensional migration. Time-slices, at TWTTof 19 ns, are extracted from three-dimensional migrated volumes
wheredataareupsampled frominitialsample densitiesof: a) 0.05� 0.10m2, b) 0.05� 0.25m2 andc) 0.05� 0.50m2.Forcompari-
son, d) ande) show three-dimensionalmigrated full-resolution and two-dimensionalmigration pseudo-three-dimensionalgrids,
respectively, as in Figures 6biiiand 6aii.
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traces; the image of the target is highly compar-
able between Figures 10b and 10d.
The performance of the trace interpolation

algorithm in Figure 10b is satisfying because it
suggests that, just as in the seismic industry,
full-resolution survey criteria can be relaxed.
Results from our experiment at this site suggest
that where a pseudo-three-dimensional grid is
acquired with sample density of 0.05� 0.25m2,
trace interpolation may be used to obtain a good
approximation to a full-resolution grid. When
the interpolated volume is three-dimensionally
migrated, image quality will be comparable
to that obtained from a full-resolution three-
dimensional acquisition. If the in-lines in con-
ventional pseudo-three-dimensional acquisition
are separated by 0.5m, surveying at a sample
density of 0.05� 0.25m2 represents only a two-
fold increase in acquisition effort for the signifi-
cant improvement in image quality that trace
interpolation and three-dimensional migration
offers. We therefore suggest, for efficient full-
resolution surveying, that the maximum separ-
ation between in-lines should be no greater than
five times the value suggested by Equation 1. In
this way, the compromise between the fieldwork
effort, and the resulting image quality, of full-
resolution three-dimensional GPR surveying can
be minimized.
Currently, multi-offset acquisition is particu-

larly inefficient and it is difficult to envisage
significant improvement without considerable
modification to GPR system design. Multi-channel
GPR systems are becoming more available,
but commercial examples are unsuitable for
multi-offsets surveying as offset between anten-
nae may not be easily customized. However,
where an image of a low-SNR target is required,
the multi-offsets method nonetheless provides
the means of boosting amplitudes such that an
improved subsurface interpretation can be
obtained.

Conclusions

We have shown that use of advanced GPR
acquisition and processing techniques can sig-
nificantly improve the image of an archaeological

target. Where structural complexity impedes
interpretation, full-resolution survey methods
can be applied such that three-dimensional
migration methods are facilitated. If SNR in a
dataset is poor, multi-offset techniques offer
the capability to boost signal amplitudes. Where
three-dimensional and multi-offset methods are
combined, the potential improvement to imaging
is significant, although extended processing may
be required where structures are highly complex.
Practical application of these techniques pro-
vided an improved image of an archaeological
target, allowing a more robust interpretation to
be made.

Acquisition criteria for such advanced surveys
require considerable investment in survey effort,
compared with conventional practice. In particu-
lar, with current GPR technology, there is little
means to improve the efficiency of multi-offset
surveying. However, criteria for acquisition of
full-resolution data may be relaxed from their
theoretical recommendations if a trace interp-
olation algorithm is used to upsample a pseudo-
three-dimensional grid. In this way, a useful
compromise is made between acquisition effort
and image quality. We hope that full-resolution
three-dimensional GPR surveys will be given
more consideration for subsurface geophysical
investigation.
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