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Abstract

We present the results of an integrated application of the self-potential and resistivity methods to the recognition
of buried remains in the archaeological site of Sumhuram (Khor-Rouri, Oman), and of the self-potential, resistivity
and radar methods to the assessment of the state of conservation of the Aksum obelisk (Rome, Ttaly). A tomographic
approach based on the concept of anomaly source occurrence probability was used for the analysis of the sell-
potential and resistivity data. Tomographic imaging provided reliable space patterns of the most probable specific
target boundaries and notably improved the information quality of each single geophysical method.
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1. Introduction

High-resolution data acquisition and process-
ing procedures are increasingly applied in near-
surfuce geophysics for archaeology and in mi-
cro-geophysics for monument preservation, due
to the complex structural and physical condi-
tions that can often be found. In these applica-
tions, a special place is held by tomographic
imaging methods requiring a multi-illumination
and multi-sensor prospecting strategy. Another
important factor to obtain meaningful responses
is to perform a survey with different methods,
which can provide information on different phys-
ical aspects of the investigated media (Camma-
rano et al.,, 1998).
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In this paper, we present the results from the
application of the Self-Potential (SP) and Resis-
tivity (RS) methods to the recognition of buried
remains in the archaeological site of Sumhuram
(Khor-Rouri, Oman), and of the SP, RS and
radar (RD) methods to the assessment of the
state of conservation of the Aksum obelisk
(Roma, Italy). For the SP and RS data analysis,
which constitutes the main aspect of both appli-
cations, we followed the 3D tomographic ap-
proach based on the concept of anomaly source
occurrence probability. An outline of this ap-
proach will be given before the presentation of
the experimental results.

2. Qutline of the probability tomography

The interpretation of the experimental data
is a crucial point of the entire cognitive geo-
physical process. Among the many methods to
date available, tomography is gaining increas-
ing importance in current practice for its great
resolving power and reliability. In particular,
3D probability tomography is a global pattern



recognition approach that has the notable ad-
vantage of not requiring any a priori assump-
tion about the structures to be imaged. The bu-
sics of this 3D approuch were originally estab-
lished for the SP method (Patella, 1997a.b) and
then extended to the RS method (Mauriello
et al., 1998; Mauriello and Patella, 1999a,b).
We now outline the practical solutions for the
SP and RS method, separately.

2.1. SP probability tomography

The application of the SP method to archae-
ology and architecture is justified by the natural
occurrence of electrical polarization phenome-
na in stony and muddy materials, mortars, plas-
ters and concrete (Cammarano ef af., 1997a.b.c).
SP signals in the cultural heritage domain can
be related to redox reactions at the interfaces
between pore-occluding mineral particles and
interstitial humidity within stones and mortars.
An important source of SP %ignu]s‘ can also be

the walls of Laplllanes, cracks and fissures due
to a naturally or artificially impressed move-
ment of the electrolytic fluid saturating the voids
in stony and muddy materials (Bogoslovsky and
Ogilvy, 1973). Strong secondary effects related
to primary SP sources of exotic origin can also
be detected in correspondence with sharp resis-
tivity boundaries. This is the normal situation in
archaeology at the contact between buried re-
mains and hosting soils and in architecture at
the contacts between different stones, mortars
and stones, plasters and stones, stones and met-
als, ete. Due to the complexity of the SP gener-
ation mechanism, the development of a high-
resolution imaging technique is thus mandatory.

We outline now the SP tomographic approach
useful for practical application in the case of a
flat survey surface. This approach is a simpli-
fied version of the general theory formulated by
Patella (1997b) for the case of measurements on
uneven topography.

A reference coordinate system (x, v, z) is tak-
en with the (x, v)-plane coinciding with the ex-
posed surface where measurements are made
and the z-axis taken positive inside the material.
The electric field components on the exposed
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surface along the x- and y-axis, say £ (x, v) and
E (x, ). respectively, are estimated by interpo-
lation from the SP survey map at the nodes of a
regular square grid with constant step Ax = Ay,

The 3D SP tomography consists of a cross-
correlation between the experimental data set
[E,E | and a theoretical scanner function
[3 ., 3 ] representing the electric field generated
by a positive point source with unitary intensity
located in a generic point (X5 2,) of the
surveyed volume. A normalised version of
this cross-correlation is used to define the SP
charge occurrence probability (SP-COP) func-
tion ,(x, v, z,) as follows:

i
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Each value of the SP-COP function is interpret-
ed as the probability that a positive (57, > 0) or
negative (n, < 0) charge accumulation located
in the point (x, v,, z,) can be responsible for the
set of the observed SP values. In practice, an
elementary positive charge with unit strength is
used to scan the whole (x, v, 2) target-space (the
tomospace) to search the l(}Latmn of primary and
induced charges. The tomospace can be scanned
along a sequence of slices spaced trom each oth-
er by a constant increment of x . or y,, or g . For
each increment of the selected coordinate, a com-
plete grid of regularly distributed values of #,
can be computed as a function of the other two
coordinates, in order to draw a contoured or col-
oured slice, which gives an image of the source
and induced charge geometry projected onto the
chosen plane. The whole sequence of the slices
gives the final 3D tomographic picture.
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2.2. RS probability tomography

The use of the RS method in cultural herit-
age applications is a current practice. A wide
variety of resistivity contrasts can be found that
can all be resolved, in principle, adopting
appropriate high-resolution acquisition and
processing techniques. We now outline a 3D
tomographic imaging method for a multi-illu-
mination and multi-sensor RS data acquisition
technique, following two approaches recently
set forth by Mauriello er al. (1998) and Mau-
riello and Patella (1999a,b).

The RS survey is supposed to be performed
on a flat surface § coinciding with a reference
(x, ¥) plane, using two current bipoles, one A B,
disposed along the x-axis and the other A,B,
along the y-axis. Following Bibby and Hohm-
ann (1993), an apparent resistivity tensor [p ] is
defined in terms of the x and y components of
the electric field £, and the primary current
density J., with i = 1,2 indicating the bipole in

use, as
1= [Pu.“ Puiz ]_
pu‘ll ;22
(2.3)
EM‘IZ} _El.\"jl)‘ EE.VJlr_EI\JE.\
El)"]ly _EZ\JI\ EZ\J]L _EI\"]E.\'

']l,\'JL‘ ¥ - J'J,r Jl_\'

From this quantity it is possible to extract tensor
invariants P that are independent of the electric
field direction and the current bipole used.
Among these invariants we mention the deter-
minant and the trace of [p ].

2.2.1. The first approach

The first approach to 3D tomography imag-
ing (Mauriello et al., 1998) is a straightforward
adaptation of the method previously described
for the analysis of the SP data. This adaptation
is based on the fact that in the RS method the
measured potential is the sum of two contribu-
tions, namely the primary potential related to
the artificial sources (the A and B electrodes)
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and the secondary potential related to resistivity
discontinuities in the target-space. The second-
ary potential is of importance, since the purpose
of the survey is to infer the existence of resistiv-
ity boundaries. Therefore, one can always drop
the primary contribution out of the field data set
and consider only the secondary potential. This
can be achieved by making a correct estimate of
the resistivity about the current electrodes.

The RS secondary potential can be dealt with
as in the SP method and the same eq. (2.1) can
be used to detect the most probable location of
the resistivity boundaries. In the RS method
n,(x, ¥, z,) will be identified as the RS-COP
function.

If a combined SP and RS survey is carried
out in an area where resistivilty contrasts are
present, a substantial similarity between the SP-
COP and the RS-COP tomographies may result
if only SP-COP signals of secondary origin pre-
vail. Of course, this may happen when the SP
primary sources are located such a long distance
away from the surveyed volume as to give van-
ishing contributions within the tomospace.

The first approach was applied to the analy-
sis of the RS data collected in the archaeologi-
cal site of Sumhuram (Khor-Rouri, Oman).

..... The second approach

The second approach to the 3D RS tomogra-
phy is based on the apparent resistivity function
instead of the potential function. Therefore, ob-
jects of recognition become the volumes with
anomalous resistivities instead of the bounda-
ries where clectrical charges accumulate. The
rationale of the method is as follows (Mauriello
and Patella, 1999a,b).

The whole prospected volume generating the
P function is divided into a set of O cells with a
sufficiently small volume and true resistivities
pflg =12, ..., 0) The 3D RS multi-illumi-
nation and multi-sensor tomography consists
of a cross-correlation between the experimental
data set AP = P— P, and the scanner function
3,=0P/dp,. P, is the tensor invariant for a re-
ference model and @P,/dp, represents the Frechet
derivative of P, for a variation of the true resistiv-
ity of the gth cell in the surveyed volume. A
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normalised version of this cross-correlation is
used to define the Resistivity Anomaly Occur-
rence Probability (RAOP) function 57, as follows:

n, =C, ZAP-SW (2.4)
5

where the cell-dependent normalisation coeffi-
cient C, is given as

¢, -(zar 53]

1/2

(2.5)

Each value of the RAOP function is interpreted
as the probability that a positive (37, > () or
negative (1, < 0) resistivity anomaly in the gth
cell, deviating from the selected reference mod-
el, can be responsible for the set of the measured
apparent resistivity values.

In practice, an elementary positive resistivity
anomaly with unitary strength and volume is
used to scan the whole (x, v, £) target-space (the
tomospace) to search where resistivity varia-
tions with respect to the reference model are
located in a probabilistic sense. The tomospace
can again be scanned along a sequence of slices
spaced from each other by a constant increment
of any of the three coordinates. For each incre-
ment of this coordinate, a complete grid of reg-
ularly distributed %, values can be computed as
a function of the other two coordinates, in order
to draw a contoured or coloured slice, which
gives an image of the resistivity anomaly pat-
tern projected onto the chosen plane. The whole
sequence of the slices gives the final 3D tomo-
graphic picture.

The second approach was utilised for the
analysis of the RS data collected on the Aksum
obelisk (Rome, Italy).

3. Case-histories

3.1. Sumhuram town (Khor-Rouri, Oman)
Sumhuram is a pre-Islamic town rising on a

limestone-sandstone hill located near the mouth

of a wadi. In accordance with the archaeolo-
gists, we investigated the still unexplored west-

e}
2

ern part of the site, where three rectangular
areas were selected (fig.1). The expected lea-
tures are, generally, wall remains with an aver-
age width of 0.5 m and a vertical extent below
the ground surface from a few centimetres to
about 3 m. The fall of roofs and the deposition
of various terrigeneous sediments have com-
pletely filled the spaces inside the walls.

The data acquisition scheme adopted for the
SP and RS methods is reported in fig. 2a.b. For
the purpose of this work, considering the di-
mensions of the structures and the resolution
requested, we carried out a measure every 0.5 m
for both the SP and the RS survey. For both SP
and RS voltage measurements we used Cu-
CuSO, porous pots as non-polarising electrodes,
For the RS survey, the energising electrodes
were iron rods grounded in such a way as to
form two perpendicular bipoles (fig. 2a,b).

Figures 3, 4 and 5 show the SP and RS maps
for the three investigated areas. A close corre-
spondence exists between the SP and RS maps
in the pattern of the anomalies. The presence of
the wall remains is assumed to conform to the
high values of the apparent resistivity determi-
nant (the selected tensor invariant) in the RS
maps, whereas in the SP maps the same struc-
tures are assumed to correspond to the zones
where the SP gradient is higher, i.e. between
close SP maxima and minima,

Figures 3, 4 and 5 also show the SP-COP
and RS-COP tomographies for the three inves-
tigated areas. The distribution of the COP nuclei
in the horizontal slices of both the SP and RS
tomographies appear to follow a regular pattern,
compatible with a well-structured environment.
Finally, these tomographic images allow us to
localise the exact position where the most prob-
able anomaly sources occur. In each area, these
sources occur close to the ground surface at
depths ranging between 0.5 m and 1 m.

To conclude, it is worth observing the close
similarity existing between SP-COP and RS-
COP tomographies. This similarity virtually
proves the absence of SP primary sources with-
in the explored volumes. Only remarkable SP
secondary effects associated with resistivity dis-
continuities were recerded. This is an important
result issuing from the comparison between the
SP and RS methods.
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On the basis of all of these geophysical re-
sults and with the help of an architectural model
of the arew, we have depicted in fig. 6 a qualita-
tive sketch of the main features interpreted as
wall remains in each area.

3.2. Aksum obelisk (Rome, lialy)

The Aksum obelisk (fig. 7) is a 24 m tall
column dating back to the 4th century B.C. In
1937, it was transferred to Italy from Ethiopia in
five separated blocks and then raised in Piazza
Capena, Rome. In the framework ol an operat-

Fig. 2a,b. The 2D self-potential (a) and resistivity
(b) data acquisition schemes.
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Fig. 3. Sumhuram (Khor-Rouri, Oman) area 1. Self-Potential (SP) and Resistivity (RS) survey maps and
tomographies.
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tomographies.
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Survey Area

self-potential:

resistivity:

Fig. 6. The Sumhuram (Khor-Rouri, Oman) case history. Interpreted wall remains in areas 1, 2 and 3.

ing plan for the relocation of the obelisk in the
original archaeological park of Aksum, Ethio-
pia, it was decided to carry out detailed micro-
geophysical surveys with the SP, RS and RD
methods. These surveys were required to assess
the state of conservation of the obelisk (SP and
RS) and to try to individuate the exact position
of the metallic pivots (RD) that werc used to
reassemble the five difterent blocks forming the
obelisk.

The obelisk rock material is a phonolytic
nephelinite, easily alterable by weathering. Its
exposure for more than 50 years to a polluted
atmosphere conferred great importance on this
study that had to condition the successive steps.

S

A micro-geophysical survey was thus designed
within three bands around the obelisk astride
the three main junctions that were selected for
the dismounting of the column (see fig. 7). Each
band was uniformly investigated by the SP, RS
and RD methods.

The SF and RS data acquisition scheme was
the same as for the Sumhuram case (fig. 2a,b),
except for the 2D sampling step on the vertical
survey surfaces that was reduced to 10 cm. Non-
invasive galvanic contacts were used for both
SP and RS measurements, consisting ol non-
polarizable Ag-AgCl potential and current elec-
trodes. In this case, the RS tomographies were
elaborated using the second approach previously
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EAST side

Selected areas for micro-geophysical surveys

NORTH side WEST side

Fig. 7. The Aksum obelisk (Rome, Italy). The four sides of the obelisk with the selected areas of intervention
across the first three surfaces of juxtaposition of the blocks (main junctions) from the bottom.

outlined, based on the computation of the RAOP
function. The SP-COP and RAOP tomographic
claborations relative to the lowest, mid-low and
mid-high junctions are drawn in figs. 8, 9 and
10, respectively.

These claborations consist of a sequence of
horizontal slices astride each junction, separat-
ed from each other by a constant step of 10 cm.
The SP and RS data indicate a complex pattern,
due to the presence of the metallic pivots and of
picces of similar rock added to replace missing
parts. but mainly to a remarkable, diffuse inho-
mogeneity. In particular, the SP tomographies
show the presence of many close-to-surface
sources of anomaly, either positive or negative,
ascribable to an advanced state of alteration of
the stone, all around the obelisk. The RS tomog-
raphies are instead characterised by zones with

different resistivity. Some of these anomalous
zones closely correspond with the junctions
between juxtaposed blocks, while other zones
are to be related to a different conservation state.

RD profiles were carried out on each side of
the obelisk in correspondence with the three
main junctions, in order to idenlify the exact
position of the metallic pivots that were used to
reassemble the original blocks in Rome. A 1500
MHz bistatic antenna and the SYR-2 data ac-
quisition system were used. A 16 bits dynamic
range was used and 1024 samples per trace were
recorded within a time range of 35 ns.

The presence of a metallic target is normally
detected by analysing local anomalies of hyper-
bolic shape in a sequence of contiguous time
traces along a given RD profile. Anomalies with
this shape were indeed found only in the RD
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Fig. 8. Aksum obelisk (Rome, Italy). Self-Potential (SP) and Resistivity (RS) tomographies astride the first
main junction from the bottom.
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Fig. 9. Aksum obelisk (Rome, Italy). Sclf-Potential (SP) and Resistivity (RS) tomographies astride the second

main junction {rom the bottom.
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Fig. 10. Aksum obelisk (Rome, Italy). Self-Potential (SP) and Resistivity (RS) tomographies astride the third
main junction from the bottom.

321



Fabio Cammarano, Boris Di Fiore, Paolo Mauriello and Domenico Patella

RD Sections

116 cm

200-800

ns

WEST

Fig. 11. The Aksum obelisk (Rome, Italy) case history. Radar sections astride the second main junction from
the bottom. On each side of the obelisk two profiles are depicted. The top profiles are 20 cm above the junction,

while the bottom profiles are 20 cm below the junction.
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Fig. 12. The Aksum obelisk (Rome, [taly) case
history. Locations of the pivots across the three main
junctions from the bottom, resulting from the in-
terpretation of the radar sections,

(9%}

time sections close to the junctions as for exam-
ple clearly shown by the radargrams reported in
fig. 11, which refer to the second junction. These
anomalies were attributed to the principal pivots
inserted across the surface of separation of the
blocks. We estimated an average propagation
velocity of 9 em/ns for the electromagnetic im-
pulse in the rock of the obelisk. Using this
velocity we were finally able to obtain informa-
tion about the true position of the pivots inside
the obelisk, as indicated in fig. 12.

4. Conclusions

We have presented the results of an integrat-
ed application of the self-potential and resistiv-
ity methods to the recognition of buried remains
in the archaeological site of Sumhuram (Khoi-
Rouri, Oman), and of the self-potential. resist-
ivity and radar methods to the assessment of
the state of conservation of the Aksum obelisk
(Rome, Italy).

A tomography imaging method based on the
conecept of anomaly source occurrence proba-
bility was used for the analysis of the self-
potential and resistivity data. The rationale of
the method is the search of similarities between
the measured data sequence and the surface
signature of the electrical signal generated by a
scanning elementary source with unitary posi-
tive strength. The elementary scanner is ideally
moved within a selected cross-section through
the target-space and a regular 2D matrix ol anom-
aly occurrence probability values is thus ob-
tained. A sequence of parallel 2D tomographic
slices is finally elaborated in order to outline the
3D anomaly source geometry within the ex-
plored structure. It must be stressed that the new
tomographic approach, though following the
samc high-resolution strategy as other current
methods, differs from them in that it does not
require any fundamental a priori information.
The new method deals uniquely with the pure
physical aspects of the interaction of the im-
pressed (natural or artificial) electric field with
the buried features.

In the archaeological site of Sumhuram, the
electrical tomographies integrated by an archi-
tectural model of the town allowed us to draw a
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map of the main features interpretable as wall
remains. The electrical tomographies at differ-
ent levels along the Aksum obelisk instead al-
lowed us to distinguish stone blocks with differ-
ent states of conservation. A complementary
application of the radar method along profiles
close to the junctions of the main original blocks
forming the obelisk also allowed us to recon-
struct the geometry of the pivots that were used
to reassemble these blocks.

REFERENCES

By, H.M. and G.W. HoHmannN (1993): Three-
dimensional interpretation of multiple-source bipole-
dipole resistivity data using the apparent resistivity
tensor, Geophys. Prospect., 41, 697-723.

BOGOSLOVSKY, V.V, and A.A. OGILvY (1973): Deform-
ation of natural clectric field near drainage structures,
Geophys. Prospect., 21, 716-723,

CAMMARANO, F., P. MAURIELLO, D. PATELLA and S. PIRO
(1997a): Geophysical methods for archaeological
prospecling: a review, Science and Technology for
Culintral Heritage, 6, 151-173.

CAMMARANO, F., P. MAURIELLO, D. PATELLA and S. PIRO

324

(1997b): High resolution geophysical prospecting with
integrated methods. The ancient Acropolis of Veio
(Rome, Italy), Archaeological Prospections, 4, 157-
164.

CAMMARANO, F., P. MAURIELLO, D. PATELLA and S. PIRO
(1997¢): Integrated geophysical methods for archaeo-
logical prospecting, in Volcanism and Archaeology in
Mediterranean Area, edited by M. CORTINI and B. DE
Vivo, Research Signpost, Trivandrum, 7-34.

CAMMARANO, F., P. MAURIELLO, D. PATELLA, S. PIRO, F.
R0Oss0o and L. VERSINO (1998): Integration of high-
resolution geophysical methods. Detection of shallow
depth bodies of archaeological interest, Ann. Geofis., 41
(3), 359-368.

MAURIELLO, P. and D. PATELLA (1999a): Resistivity
anomaly imaging by probability tomography. Geopliys.
Prospect., 47, 411-429,

MAURIELLO, P. and D. PATELLA (1999b): [maging 3D
structures by resistivity probability tomography, in
Proceedings of the 615t EAGE Conference, Helsinki
7-11 June 1999 (extended abstracts).

MAURIELLO, P.. D. MONNA and D, PATELLA (1998): 3D
Geophysical tomography and archacological applica-
tions, Geophivs. Prospect., 46, 543-570.

PATELLA. D. (1997a): Introduction to ground surface self-
potential tomography, Geophys. Prospeet., 45, 653-681.

PATELLA, D. (1997b): Self-potential global tomography
including topographic effects, Geophys. Prospect., 45,
843-863.





