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ABSTRACT This paper presents an integrated analysis
 using ground-penetrating radar (GPR) and electrical resistivity tomography
(ERT) studies to map the Triglio underground aqueduct that in Roman times supplied fresh water to the ancient town of
Tarentum, modern Taranto, Apulia region, Italy. The study area includes an expansion project of a nearby limestone
quarry where mining activity is related to the production of a steel factory (ILVA). The aim was to develop methods
for detection and mapping of the geometry of the underground aqueduct. Seven GPR reflection profiles were acquired
across and parallel to the hypothesized extent of the aqueduct, while the ERT method was used to understand the
stratigraphy of the area and tie reflections to geological units.
Well-preserved vertical shafts for ventilation and inspection of the ancient underground hydraulic work were investi-
gated and used as models for GPR exploration. The GPR profiles, interpreted using both the trace amplitude analysis
and the forward modelling, showed reflection features from the main horizontal tunnel of the ancient aqueduct. The
void space within the aqueduct, usually the ceiling–air interface, was discovered and mapped using reflections profiles
both parallel to the linear feature, but also crossing it, and differentiated from similar looking geological features. Copy-
right © 2016 John Wiley & Sons, Ltd.
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Introduction

In karst settings of the Mediterranean Basin and the
Middle East, the need of water resources was faced in
the earliest human settlements, due to the difficulties of
finding water during the dry season. Many techniques
were aimed at the storage of water in many ways,
adapting to the local geomorphological and geological
features of each specific site (Frumkin, 1999; Mays
et al., 2007; Parise et al., 2013; Parise and Sammarco,
2015; Raikes, 1966; Teuma, 2005). Surface water supplies
in karst areas are generally more limited than in other
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settings, which results in greater human dependency
on groundwater than is the case in non-karst regions
with similar climates (Aley, 2000; Parise and Gunn,
2007). Karst landscapes are typically characterized by
lack or scarcity of surface water due to rapid infiltration
into the soluble bedrock (Ford and Williams, 2007).
In southern Italy, several karst areas highlight the his-

toric capability of humans to exploitwater in order to facil-
itate human settlements. This was done by creating
systems of transport and collection of the water and
mostly underground storage. The use of the underground
excavations to collect, transport and store water has a long
history in this area of theworld since Roman timewith the
most well known being underground and surface aque-
ducts to provide water to the main towns (Castellani and
Dragoni, 1991; Hodge, 1992; Koloski Ostrow, 2001; Parise,
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2011). Their construction indicates a high level of
geological and hydrogeological knowledge reached by
ancient populations (Del Prete and Parise, 2013.
The importance of these subterranean hydraulic

works are being studied by a dedicated nationwide
project by the Italian Speleological Society, which has
resulted so far in the collection of information on more
than 140 underground aqueducts throughout the
country (Parise, 2009; Parise et al., 2009). The Apulia re-
gion contains 13 aqueducts, covering all the provinces,
the longest being the Triglio aqueduct in the Taranto
area, reaching some 18km in total length (Delle Rose
et al., 2006). The Triglio underground aqueduct was ex-
cavated in Roman times and supplied drinking water
to the ancient town of Tarentum (Taranto).
Identification of the underground stretches of these hy-

draulic works can be extremely difficult if direct access is
not possible (due to closure or destruction of the shafts,
and to falls within the structure). In the last years several
authors have used different geophysical techniques to ex-
plore for and map these features, with particular regard
to ground-penetrating radar (GPR) (Bavusi et al., 2004;
Chaminé et al., 2010; Galli et al., 2010; Leucci, 2004; Leucci
et al., 2004; Leucci and De Giorgi, 2010; Nuzzo et al., 2004;
Sammarco et al., 2010; Trogu et al., 2014). However, the
GPR literature is for the most part lacking models for
what complex void spaces of various geometries look
like in reflection profiles and other images, so these stud-
ies are still in their infancy (cf. Conyers, 2012: 171)
The presented work illustrates the geophysical and

archaeological surveys carried out in a short stretch of
its route, located about 2km south of the outskirts of
Statte, at the north-eastern end of the property of the
ILVA steel factory, the largest industrial facility in this
part of Italy.
The studied sector is one of the few where the under-

ground channel runs in a rural area, with presence of
the aqueduct suggested by some shafts for ventilation
and inspection. In particular; this area is at risk due
to the project of expansion of the nearby so-called
‘Mater Gratiae’ quarry, within the ILVA property. Geo-
physical prospecting was performed to identify and
document four vertical shafts and a total stretch of
400m of horizontal aqueduct, with attention paid to
the possible existence of secondary branches.
Geological and hydrogeological framework

The study area (Figure 1) is located within the
southwest slope of the Murge plateau, where limestone
and dolomitic limestone Cretaceous bedrock is overlain
by Plio-Pleistocene calcarenites and clays (Martinis and
Copyright © 2016 John Wiley & Sons, Ltd.
Robba, 1971). Locally terraced, the slope descends from
the plateau to the Ionian coastline and is incised valleys
of fluvio-karst origin, locally known as gravine (Parise
et al., 2003). The overall landscape, from the Murge
plateau to the coast, is structurally controlled by faults
and other tectonic discontinuities, which have pro-
duced the topographic relief.
The Triglio locality (Figure 1) is characterized by

Plio-Pleistocene calcarenites that are up to 50m thick,
overlying the Cretaceous bedrock. Two water tables
are present in the area, as in most of the Taranto prov-
ince: a shallow aquifer, perched close to the surface by
clay units within the calcarenites and the deeper water
table within the Cretaceous limestones, sustained,
according to pseudo-static equilibrium, by the nearby
sea-level (Zorzi and Reina, 1962).
The construction of the Triglio aqueduct was predi-

cated by an understanding of the position of shallow
aquifer. Subsequently additional tunnels to intersect
the water table created secondary branches in an effort
to increase the water supply. The horizontal tunnel is
characterized by having an arched ceiling, with an av-
erage height of 1.8m. Vertical shafts were placed on
the aqueduct path at distances of about 20 to 42m be-
tween them. They performed several functions. During
the initial construction of the tunnel they allowed work
to proceed at several points and not just at the two faces
at opposite ends of the tunnel. They were also useful in
determining the depth of the tunnel below the surface,
by dropping a plumb line down the shaft. This would
also serve to determine and manage the slope of the
tunnel. When the aqueduct was in use, the shafts pro-
vided air circulation and maintenance access.
The basic model for the aqueduct is that it taps into a

shallow perched water table at higher elevations,
within the unconsolidated Pliocene-age calcarenite.
That water then flowed down one, and perhaps addi-
tional feeder aqueducts into the study area. It is possi-
ble that the upper reaches of the system also received
water from the deeper water table found in the carbon-
ate bedrock. However, by the time the water in the
aqueduct reached the study area it was flowing at a
depth much higher than the deeper water table.
Triglio aqueduct: the archaeological data

Taranto, which first developed in the eight century BC,
was in origin one of the most prominent cities of Magna
Graecia, founded by a group of Laconians along the
Ionian coast. After falling into the orbit of Rome at
the middle of the third century BC, Taranto, by the first
century BC, had kept its cultural and agricultural
Archaeol. Prospect. 9999, (2016)
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Figure 1. General setting and geological sketch map of the study area. The red line marks the supposed path of the roman underground aqueduct.
Key: 1, limestones, dolomitic limestones; 2, calcarenites, clays; 3, urban areas. The blue circle indicates the location of the upper sector of the
underground channel extensively explored during speleological surveys in Boccaladrona locality. The yellow square indicates the area shown in
Figure 5; the red arrow indicates the stretch investigated through geophysical and archaeological surveys (see Figure 6).

GPR and ERT Survey on Ancient Hydraulic Works
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Figure 2. Historical map (Carte topographique de la ville et des envi-
rons de Taranto, 1801), showing the path of the ancient aqueduct in
the upper and middle part of its course (from http://www.geog.
queensu.ca/napoleonatlas/Introduction/M.13.C.00.595_small.htm).
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importance, for the production of wool, sea fruits and
purple dye. Big and rich roman villas (domus) were built
in pleasant positions, where the weather conditions
were mild and ideal for leisure time (otium).
Cities of the Roman Empire were typically endowed

with a basic infrastructure that included roads, bridges,
public buildings, and aqueducts. As an important city,
Taranto was certainly no exception. Two underground
aqueducts supplied water to the Roman city: (i) the first,
with origin in the Saturo Bay at the southern side of the
city, was built during the first century BC and destroyed
during the tenth century, and (ii) the second named
Triglio aqueduct (after the locality where it has origin,
on the southern slope of the Murge highplain) (Figure 2)
at the northern side of the city.
Many archaeological problems remain concerning

the chronology of the main underground channel of
the Triglio aqueduct; some scholars assign its construc-
tion to Roman age (Becchetti, 1897), others date it to
the Byzantine period (Fornaro, 1981). The final part
of the aqueduct, 3 km-long, has an external course,
marked by more than 200 arches, and was built in its
monumental shape during the fourteenth century AC.
The great importance of this hydraulic infrastructure
required the continuity in its use until AD 1928 and
several restoration works of the aqueduct, which is still
in use for agricultural irrigation.
Only a few hundredmetres of the aqueduct have been

explored at the Boccaladrona locality (Figure 1) (Gentile
and Ficocelli, 2008). A part of the horizontal tunnel has
been extensively explored by cavers. It consists of a
gallery entirely dug in the local stone, about 6m below
the ground surface. Some sectors of the ceiling and
walls were reinforced by small blocks of limestone
during the the fifth and tenth centuries AC (Figure 3).
Figure 3. Views of the underground specus explored during speleological survey in Boccaladrona locality: (a) the left wall of the tunnel, reinforced
by small blocks of limestone, is evident; (b) a sector of the channel entirely carved in local stone.

Copyright © 2016 John Wiley & Sons, Ltd. Archaeol. Prospect. 9999, (2016)
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The horizontal aqueduct is about 70cm wide and
140–200cm high. Vertical shafts about 80cm×80 cm in
width (Figure 4) were placed about 40m apart (Grassi
et al., 1991). Some shafts are well preserved, allowing
entrance and exploration, while others are clogged by
detritus or collapsed blocks of rock.

Geophysical surveys

Fieldworks in the surveyed area: planning of mea-
surements and positioning in a digital map

Before performing geophysical measurements, archaeo-
logical field-walking of the area and topographical sur-
veys of the ancient remains were conducted (Figure 5).
In particular, four vertical shafts were identified and
the possible route of the aqueduct was mapped between
them (labelled 1, 2, 3 and 4 in Figure 6). Figure 7 shows
the surface evidence for the vertical shafts and their inte-
rior. Taking into account the distance between the four
shafts (in particular, between the first and the second,
and between the third and the fourth, respectively) it is
likely there is another shaft, not visible today between
shafts 3 and 4. Considering their position, it is possible
to hypothesize a stretch of the aqueduct, about 400m
long, with northwest–southeast (NW–SE) direction, to-
day crossed by the road (Figure 6).
The study area contains many fallen trees and the

ground surface is uneven (Figure 8) allowing the place-
ment of only a few GPR profiles. In order to under-
stand the bedrock stratigraphy and correlate units to
GPR profiles an electrical resistivity tomography
(ERT) survey was conducted just to the west of the hy-
pothesized aqueduct.
Figure 4. (a) Cross-sections of two different sectors of the main channel in B
and Ficocelli, 2008); (b) and (c) interior views of ventilation shafts from the

Copyright © 2016 John Wiley & Sons, Ltd.
The following instrumentation of the Geophysical
Laboratory for Archaeology of the Institute for Archae-
ological and Monumental Heritage (CNR-IBAM) in
Lecce was used: a GPR Hi Mod model equipped with
200 and 600MHz dual band antennas, a Syscal Kid
Resistivity-meter with 24 active channels, and a GPS
Sokkia GRS2700ISX.
Seven GPR profiles (Figure 6, R1–R7) were collected

where the ground conditions were suitable. An area of
approximately 115m×177m to the west of the route of
the aqueduct was surveyed with the ERT system for
stratigraphic correlation (Figure 6, A).
ERT prospecting

ERT data were acquired in a grid 115×177m2 using a
dipole–dipole array. The electrodes distance was 4m
and the grid step was 4m. The aim of ERT measure-
ments was to obtain significant information related to
both the presence of archaeological features in the in-
vestigated area, in those sectors where it was not pos-
sible to use the GPR method and to identify the
bedrock depth. ErtLab software (Geostudi Astier and
Multi-Phase Technologies, 2013) was used in order to
obtain a three-dimensional (3D) resistivity distribution
in the subsoil. Its numerical core was based on tetrahe-
dral Finite Elements (Munjiza, 2004). This algorithm is
more adapt for inversion of 3D data.
For two-dimensional (2D) data inversion the Res2Dinv

software applying Loke and Barker inversion methods.
The software employs a quasi-Newton technique to re-
duce the numerical calculations (Loke and Barker, 1996).
It produces a 2D resistivity model satisfying measured
occaladrona locality with opened vertical shafts (modified after Gentile
Boccaladrona main channel.

Archaeol. Prospect. 9999, (2016)
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Figure 5. Satellite image taken in 2013, showing in red the route of the
Triglio aqueduct; the arrow indicates the stretch investigated through
geophysical and archaeological surveys.

G. Leucci et al.
data in the form of a pseudo-section. The goodness-of-fit
is expressed in terms of the relative root mean square
(RMS) error. This method is more suitable where both
strong lateral resistivity variations and depth changes
occur and in complex geological models such as in a
karstic area (Leucci, 2004).
A typical image from the 2D ERT survey is shown in

Figure 9. It shows a layered resistivity profile in the top
6m as a zone of relatively low resistivity (about 180 to
400 Ω m), labelled ‘L’ from the surface to about 1.0m
depth. This unit overlies a medium resistivity zone la-
belled M (about 900 to 1500 Ωm). The upper resistivity
layer is undulating and its depth ranges from between
1.0 and 3.5m. The lower layer, labelled H (Figure 9), is
characterized by high resistivity values ranging be-
tween 2000 and 3500 Ω m. The geological model
Copyright © 2016 John Wiley & Sons, Ltd.
established by means of a 2D resistivity imaging pro-
file (Figure 9), allows for three different zones to be de-
tected: covering materials (layer ‘L’) consist of soil
mixed with calcarenite that is weakly cemented; Plio-
Pleistocene calcarenites and clays (layer ‘M’); dolomitic
limestone Cretaceous bedrock (layer ‘H’).
Lateral discontinuities, labelled ‘C’, ‘D’ and ‘E’ rep-

resent low resistivity zones surrounding by high resis-
tivity. These zones likely consists of soil-filled karst
features (Leucci, 2004; Leucci et al., 2004).
The 3D resistivity model by depth slices is shown

in Figure 10. There is a general increase of resistivity
values with depth. The uppermost slice (0.5–1.0m in
depth) shows a larger area with high resistivity vari-
ations over short distances (about from 150 to 1500 Ω
m). In comparison, slice 2, lying at a depth ranging
from 2.0 to 2.5m, shows more gradual lateral
variations in the model resistivity values; here, resis-
tivity values of about 1500 and 2000 Ω m are clearly
visible. The resistivity values increase in the slices 3
(3.0–3.5m in depth) and 4 (8.0–8.5m in depth). The
3D resistivity model shows the geometry of the
geological stratigraphy and clearly confirm the re-
sults of 2D resistivity model.
Since defining the site stratigraphy a GPR profile

R7 was acquired in order to adjoin the ERT grid.
The GPR profile (Figure 11a and 11b) and
corresponding resistivity section (Figure 9) exhibit
a number of similarities. In particular a shallow
layer of sediments sits on bedrock (yellow dashed
line). This uppermost unit displays numerous re-
flections (‘B’) attributable to perhaps sedimentary
units or clasts sitting on contact with the underly-
ing bedrock. This layer has a thickness variable be-
tween 0.4 and 2.5m. Within the same regions of
the profile, amplitude reflections (‘C’) indicate the
presence of soil-filled karst features, with disconti-
nuities along reflection horizons potentially indicat-
ing fractures.
Comparing with the ERT profile (Figure 9) it is

possible to note the bedrock at a depth ranging be-
tween 0.8 and 2.5m. The reflection events ‘D’ and
‘E’ are probably related to the presence of an area
filled with soil (Figure 11b). In fact they are compara-
ble with the resistivity anomalies labelled ‘D’ and ‘E’
in Figure 9.
GPR prospecting

The GPR profiles were normalized for amplitude, had
background removed and were migrated using a
Kirchoff 2D method.
Archaeol. Prospect. 9999, (2016)
DOI: 10.1002/arp



Figure 6. General map of the investigated area, showing in red the route of the Triglio aqueduct and the location of the shafts 1–4, in yellow the
GPR profiles R1–R7, and in light blue the area surveyed using electrical resistivity tomography (ERT) (A).

Figure 7. Shaft 1 with the underground tunnel (a) and the external structure of shaft 2 (b).

Figure 8. Photographs that show the site condition.

GPR and ERT Survey on Ancient Hydraulic Works
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Figure 9. Two-dimensional (2D) distribution of resistivity; H, high resistivity values (2000–3500 Ω m); L, low resistivity values (180–400 Ω m); M,
medium resistivity values (900–1500 Ω m). C and D corresponds to the soil-filled karst features. The numbers 1 and 2 indicate the position of
R1 ground-penetrating radar (GPR) profile (1 is the start and 2 is the end).

F11–16
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In order to perform a 2D Kirchoff migration the elec-
tromagnetic (EM) wave velocity was determined from
the reflection profiles acquired in continuous mode,
using the characteristic hyperbolic shape of reflection
from a point source (Fruhwirth et al., 1996). This is a
very common method of velocity estimation and it is
based on the phenomenon that a small object reflects
EM-waves in almost every direction. The general
stratigraphy in all profiles shows an unconsolidated
surface soil with many stones that produced point-
source reflections, as well as a few metal objects
(Figures 11–16) that enabling EM-wave velocity analy-
sis to be performed. The processing and imaging
software (Sandmeier 2013 Reflex) allows the interactive
velocity adaptation of a diffraction or reflection hyper-
bola by calculating a hyperbola of defined velocity and
width. The velocities are combined into a 2D model
using a special interpolation method. The interpolation
is performed as follows: all actual velocities are summed
for every point in the x–t range, proportional to the
square of their distance from the (x, t) point. Thismethod
provides only the average EM-wave velocity to the
depth of the source-point reflector. This type of 2D veloc-
ity distributionmay be used in the 2Dmigration process-
ing step. Application of this method gives both vertical
(in time, hence in depth) and lateral velocity variations
from 0.05m/ns to 0.11m/ns Yilmaz, 1987. An average
velocity of 0.08m/ns is obtained over the survey area.
R1 profile was acquired to cross the horizontal

Triglio aqueduct (Figure 6) whose position was esti-
mated by connecting the locations of the vertical
shafts. In fact the reflection event labelled ‘A1’ (be-
tween two vertical dashed yellow lines) is likely the
vertical shaft, filled with debris (Figure 13). These com-
plex reflections generated within the shaft were
Copyright © 2016 John Wiley & Sons, Ltd.
produced by the sediment and/or rubble that fills this
incision. This feature was detected at the correct depth
in the profile.
As a confirmation of the reflective nature of an

arched ceiling of the aqueduct a 2D model was pro-
duced using GPR-Sim (Goodman, 2013).
This program allows the user to generate a synthetic

model of what might be expected using known prop-
erties of the ground and the geometry of underground
features (Conyers, 2013). A model of a stratified sub-
soil with the presence of a void related to the aque-
ducts and a soil-filled karst feature was assumed (
Figure 12). Two homogeneous layers with a dielectric
constant of 16 and 9 were modelled for the calcarenite
and hard bedrock, respectively. In the bedrock a void
space, with dielectric constant of one, represents the
aqueduct ceiling. A soil-filled karst feature, with a di-
electric constant of 20, was placed at the contact be-
tween the two modelled layers.
The synthetic reflections demonstrated that the aq-

ueduct ceiling arch would generate reflection when en-
ergy intersected the void space, as was expected. The
floor of this feature also generated an upward bowing
reflection from the velocity ‘pull up’ in the void space.
Other reflection events were generated at the contact
between soil 4 and 7 with lower amplitude reflections
produced from the soil-filled karst features.
When this model was compared to the reflection

profile R1, all the modelled reflections were visible.
Looking at Figure 13a (600MHz reflections), a contact
between Plio-Pleistocene calcarenites and bedrock, la-
belled ‘B’ is visible. This reflection event is visible at
variable depth between 0.4 and 0.8m. Numerous re-
flections between the abscissa 0–12m and 0.8–2.4m
in depth, labelled ‘V’, are probably soil filled karst
Archaeol. Prospect. 9999, (2016)
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Figure 10. Three-dimensional (3D) distribution pattern of resistivity at depths 0.5–1m (a), 2–2.5m (b), 3–3.5m (c), and 8–8.5m (d).

GPR and ERT Survey on Ancient Hydraulic Works
features such as the reflections at the abscissa 18–32m
and 0.8–2.8m in depth.
As visible in Figures 13a and 13b the reflections vis-

ible at the abscissa 16–18m and depth of about 2.4m
are the aqueduct ceiling. Also the aqueduct floor is
visible as velocity pull up reflection in the 200MHz
antenna profile (Figure 13b). The 200MHz profile (
Figure 13b) produces an even better image of the fea-
tures here, as there is less clutter. The higher fre-
quency energy (600MHz) was attenuated before it
Copyright © 2016 John Wiley & Sons, Ltd.
could be transmitted to the floor of the aqueduct
and that feature remains invisible with those data
images.
With the aim of strengthening the interpretation

made for the R1 profile the single reflection traces
were analysed. When radar energy is reflected from
a buried interface where the wave velocity decreases,
the polarity of the reflected wave will be the same as
the direct-wave generated from the transmitting an-
tenna. This is the normal case in most ground
Archaeol. Prospect. 9999, (2016)
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Figure 11. Radar cross-section along the profile R7 [600MHz (a); 200MHz (b)], in which some reflection events are highlighted that were
interpreted as due to the layered geology (‘B’) and several reflection events (‘C’, ‘D’, and ‘E’) interpreted as owing to soil filled karst features.

G. Leucci et al.
conditions, and therefore, most reflections are re-
corded as normally polarized sine waves (Conyers,
2015a, 2015b). However, if a drastic increase in veloc-
ity occurs at a boundary, such as a void space where
propagating radar waves increase again to the speed
of light, a reflection will be generated that is visible in
traces as a reversed polarity sine wave (Conyers,
2015a, 2015b).
Copyright © 2016 John Wiley & Sons, Ltd.
Discontinuities along banded reflections may indi-
cate the presence of joints or fractures. A mottled re-
flection pattern may indicate fractured bedrock or
soil or that gravel fill materials are present that scatter
EM energy. In instances where cavities/voids/caves
were interpreted as present, due to the resonance of
the EM energy within the void and likely irregular
and unknown shape of the bottom of these features,
Archaeol. Prospect. 9999, (2016)
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Figure 12. Forward model: two homogeneous layers with a dielectric constant of 16 and 9 were modelled for the calcarenite and hard bedrock,
respectively. In the bedrock a void space with dielectric constant of one, represents the aqueduct. A soil-filled karst feature, with dielectric constant
of 20, was placed at the contact between the two hypothesized layers.

GPR and ERT Survey on Ancient Hydraulic Works
the horizontal extent and depth to the upper interface
of bedrock and void were most discernable.
Usually, as radar energy moves deeper into the

ground, moisture retention increases and EM wave
velocity will decrease. When radar energy is reflected
from a buried interface where the EM wave velocity
decreases, the polarity of the reflected wave will be
the same as the direct-wave generated from the trans-
mitting antenna (Conyers, 2015a, 2015b). This is the
normal case in most ground conditions, and therefore,
most reflections are recorded as normally polarized
sine waves. If a drastic increase in velocity occurs at a
boundary, such would occur when waves enter a void
space and move at the speed of light, a reflection will
be generated that is visible in traces as a reversed po-
larity sine wave (Conyers, 2015a, 2015b).
Figures 14a and 14b show the trace reflections and il-

lustrate the difference between reflections generated
Copyright © 2016 John Wiley & Sons, Ltd.
from the soil filled karst feature (Figure 14a) and the
ceiling of the aqueduct (Figure 14b). The change of po-
larity to a reversed polarity reflection at this feature is
confirmation that this feature is the bedrock–air inter-
face at the aqueduct ceiling. The reflection from the
nearby soil-filled karst features exhibits normal
polarity.
R3 profile was collected sub-parallel to the pre-

sumed orientation of the aqueduct, and crossed it only
at its end. In the R3 profile two reflection events ‘A1’
and ‘A2’ (yellow boxes in Figures 15a and 15b), were
near shaft 2 (Figure 6). They show the same truncation
of the bedrock as shown in Figures 13a and 13b the one
above, where the shafts are also filled with sediment.
The two similar reflection events ‘A1’ and ‘A2’ are
probably related to one shaft and were displayed twice
as the profile was collected to the side of this vertical
feature and there were two very different pathways
Archaeol. Prospect. 9999, (2016)
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Figure 13. Radar cross-section along the profile R1 [600MHz (a); 200MHz (b)], in which some reflection events are highlighted that were
interpreted as a vertical shaft filled with materials (A1), the ceiling and floor of the Triglio aqueduct, the contact between the Plio-Pleistocene
calcarenite and the bedrock (B), some soil-filled karst feature within the bedrock (V).

G. Leucci et al.
of energy going to and from it, both of which were im-
aged. This double-recording of one feature is highly
unusual, but illustrates how radar energy can travel
preferentially in multiple pathways at oblique angles
to and from vertical reflection surfaces of this sort.
An alternative hypothesis is that there are actually
two vertical shafts in this area, one of which may have
collapsed and had to be abandoned, and the second
Copyright © 2016 John Wiley & Sons, Ltd.
shaft was then re-excavated. It is not known which of
these is the case here.
The reflection events labelled ‘B1’ and ‘B2’ are related

to two unit boundaries: ‘B1’ is the contact between cov-
ering materials and Plio-Pleistocene calcarenites; ‘B2’ is
the contact between Plio-Pleistocene calcarenites and
bedrock. The reflection event ‘B2’ is visible only in the
second part of the profile (abscissa 16–30m). This could
Archaeol. Prospect. 9999, (2016)
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Figure 14. Comparison of reflection traces from waves reflected from soil-filled karst feature (a) and aqueduct ceiling (b). The usual case for most
buried materials produces reflections that are normal polarity (a). In burials that retain void spaces, reflections are reversed polarity (b).

GPR and ERT Survey on Ancient Hydraulic Works
be due to the high radar energy attenuation in the first
part of the profile.
The most interesting reflections in this transect

(Figure 15b) are those produced from the 200MHz
energy. The radar energy from this antenna travelled
farther in the ground and was reflected off the aque-
duct ceiling in a number of locations. As the profile
transect is almost parallel to the inferred orientation
Copyright © 2016 John Wiley & Sons, Ltd.
of the aqueduct, the ceiling reflections were recorded
as a slightly undulating fairly low amplitude reflec-
tion (indicated by A3 on a yellow dashed line). It is
likely that only a few areas in the aqueduct ceiling
contain surfaces oriented in a way to reflect energy
obliquely back to the surface antenna, and therefore
this surface is variable in the way it was recorded in
a reflection profile. This important anthropogenic
Archaeol. Prospect. 9999, (2016)
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Figure 15. Radar cross-section along the profile R3 [600MHz (a); 200MHz (b)], in which some reflection events are highlighted that were
interpreted as owing to the vertical shaft (A1, A2) and layered underground (B1 and B2); moreover, a weak, slightly undulating, reflection, perhaps
connected to the ceiling of the aqueduct is indicated (A3).
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feature could be confused for a natural bedrock fea-
ture if the location of the aqueduct was not known
from the vertical shafts and other GPR profiles. A cal-
culation of the distance that radar energy travelled to
and from the surface antenna at an angle correctly
places this reflection at 110ns (Figure 15b).
Copyright © 2016 John Wiley & Sons, Ltd.
R4 profile (Figure 16) also crosses the aqueduct
(abscissa 0–4m).
The reflection feature labelled ‘A’ (yellow box in

Figure 16a) is similar to the aqueduct ceiling reflection
in profile R3 (Figure 15). The vertical shaft leading to
the horizontal aqueduct is also visible.
Archaeol. Prospect. 9999, (2016)
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Figure 16. Radar cross-section along the profile R4 [600MHz (a); 200MHz (b)], in which some reflection events are highlighted that were
interpreted as owing to the shaft (A), layered underground (B1 and B2), and soil-filled karst feature (R).
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Also in this case the reflection event ‘A3’ is related to
the ceiling of the aqueduct. In fact at this point the pro-
file crossed the projected aqueduct. A calculation of the
distance that radar energy travelled to and from the
surface antenna at an angle correctly places this reflec-
tion at 70ns (Figures 16a and 16b). The reflection event
‘R’ could be interpreted as a soil filled karst void.
Copyright © 2016 John Wiley & Sons, Ltd.
The reflections labelled ‘B1’ and ‘B2’ are related
to the two contacts: the first one ‘B1’ is the contact
between covering materials and Plio-Pleistocene
calcarenites; the second one ‘B2’ is the contact between
Plio-Pleistocene calcarenites and bedrock. The reflec-
tion event ‘B2’ is partially visible due to the high radar
energy attenuation in the upper part of the profile.
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Archaeological interpretation

The geophysical surveys were aimed at obtaining a
model for two features of archaeological interest, the
aqueduct and the vertical shafts leading to it. It was
also a goal of this study to differentiate these important
features from fractures and natural cavities filled with
sediment in the bedrock. An integration of the ERT
and GPR methods was also important in order to un-
derstand the stratigraphy and allow for the identifica-
tion of unit reflection profiles.
Much complexity in reflections resulted from the pres-

ence of a non-homogeneous bedrock and fractures in the
rock. The important reflection features of the shafts and
aqueduct were found in profiles R1, R3 and R4 (see Fig-
ures 11, 13 and 15). It is important to note that only in
profile R1 did the aqueduct ceiling match exactly what
the forwardmodel predicted (Figure 12). That is because
only this profile crossed the underground void at an an-
gle approaching perpendicular. Elsewhere the ceiling
was still visible, however, as a high amplitude reflection
that was roughly horizontal when profiles were parallel
to the aqueduct and not directly on top of it. Its origin
could be confirmed by an analysis of the polarity
changes in individual traces, and also a calculation of
its expected depth from a knowledge of the radar travel
velocity in this area.
Conclusions

The work highlights the importance of the integration
of different research methods for the study of ancient
underground structures. In particular, archaeological
and topographical surveys allowed the identification
and the accurate reconstruction of the route of the
Triglio aqueduct thanks to the documentation and po-
sitioning of some shafts and the analysis of the tunnel.
These investigations allowed the planning of geophys-
ical prospecting according to the tasks of the research,
the geological characteristics of the study area and the
ground conditions. Geophysical surveys were based
on the integration of two different methods, GPR and
ERT, which allowed a very effective system of investi-
gation aimed at the documentation of a stretch of the
underground work. The GPR reflections are very com-
plicated in this area and those generated from the aq-
ueduct and the debris-filled vertical shafts could be
easily confused with natural karst features or bedrock
fractures. Forward modelling helped to understand
the nature of reflections of interest and an analysis of
individual traces could confirm the reversed polarity
caused by a void space reflection. Only an intuitive un-
derstanding of generated reflection profiles and traces
Copyright © 2016 John Wiley & Sons, Ltd.
can produce important clues during these types of
complicated interpretation tasks. In addition the vari-
ability of aqueduct ceiling reflections and a variety of
reflections generated from the edges and irregularities
at this interface could be possibly identified with ERT
results and then confirmed with individual trace re-
flection analysis and forward modelling
The 200MHz antenna data were fundamental in or-

der to better understand the aqueduct structure. In fact
in more deeply buried void spaces only this lower fre-
quency energy had the penetration necessary to inter-
sect the feature. In most shallower units the 200MHz
reflection profiles showed almost the same features as
the 600MHz, but with far less resolution.
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