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Scientific interest inmounds as geomorphological features that currently represent topographic anomalies inflat
urban landscapes mainly lies on the understanding of their origin, either purely natural or anthropogenic. In this
second circumstance, another question is whether traces of lost buildings are preserved within the mound sub-
surface and can bemapped as remnants testifying past settlement.When these landforms have beenmodified in
centuries for civilian use, structural stability is a further element of concern. To address these issues we applied a
geophysical approach based on a very low frequency electromagnetic (VLF-EM) technique and two-dimensional
electrical resistivity tomography (2D-ERT) and integrated it with well-established surface survey methodswith-
in a diagnostic workflow of structural assessment. We demonstrate the practical benefits of this method in the
English Cemetery of Florence, Italy, whose mixed nature and history of morphological changes are suggested
by archival records. The combination of the two selected geophysical techniques allowed us to overcome the
physical obstacles caused by tomb density and to prevent interference from the urban vehicular traffic on the
geophysical signals. Eighty-two VLF-EM profiles and five 2D-ERTs were collected to maximise the spatial cover-
age of the subsurface prospection, while surface indicators of instability (e.g., tomb tilt, location, and direction of
ground fractures and wall cracks) were mapped by standard metric survey. High resistive anomalies (N300 and
400Ωm)observed in VLF-EM tomographies are attributed to remnants of the ancient perimeterwall that are still
buried along the southern side of themound.While no apparent correlation is found between the causes of tomb
and ground movements, the crack pattern map supplements the overall structural assessment. The main out-
come is that the northern portion of the retaining wall is classed with the highest hazard rate. The impact of
this cost-effective approach is to inform the design of maintenance and restorationmeasures based on improved
geognostic knowledge. The geophysical and surface evidence informs decisions onwhere interventions are to be
prioritised and whether costly invasive investigations are needed.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Urban geomorphology relates to the study of geomorphologic fea-
tures— of natural, artificial, or mixed origin— in changing and growing
urban environments. Geographically confined to areas of concentrated
urbanisation (Thornbush, 2015), this discipline also aims to understand
how these features reflect the human impact to transform natural ter-
rain into anthropogenic cityscape. In the last 40 years a plethora of stud-
ies have investigated the processes and research methods to achieve
this knowledge (Coates, 1976; Cooke, 1976; Ahnert, 1998; Bathrellos,
2007; Douglas, 2010; Hudson et al., 2015).
odato@bgs.ac.uk (D. Tapete),

. This is an open access article under
Historically, valleys and alluvial plains were among the preferred
landforms to found towns and cities. Nonetheless, natural reliefs
and low, rounded hills — the latter commonly referred to as
‘mounds’ — were exploited owing to their elevation compared with
the surrounding flat landscape. These areas were mostly used to install
defences, garrisons, or observation points. In other cases, they were
considered ideal for civilian uses that needed to be kept separate from
the rest of the urban layout, such as cemeteries.

Evidence of the human alteration of local natural features can still be
recognised at the ground surface, if the landform is not fully hidden by
urban sealing, or caused by those agents that Chengtai (1996) defined
as ‘artificial geomorphologic’. The public parks of Monte Mario and
Colle Oppio in Rome and della Montagnola in Bologna, Italy, are exam-
ples of natural mounds and topographic reliefs in old cities that were
reshaped and greened during interventions of landscape engineering
and architecture in the nineteenth to early twentieth centuries. As a
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consequence, thesemounds currently are perceived as green isles with-
in the dense urban fabric and infrastructure built in themid twentieth to
early twenty-first centuries. These situations of mixed artificial and nat-
ural ground — compare with ‘landscaped ground’ definition according
to the terminology by McMillan and Powell (1999), Price et al. (2004),
and Ford et al. (2010) — can preserve stratigraphic information useful
to reconstruct the history of settlement and use or buried remains of
lost structures. In this sense urban geomorphology also meets the
purposes of archaeological prospection, and this is the framework
where this research sits.

The challenge is how to investigate the subsurface without being
limited by the physical and environmental constraints and, at the
same time, able to gather a sufficient amount of data of suitable resolu-
tion to assess the inner structure of the mound. Current morphology,
configuration, use, and geographical location of the mound within the
urban fabric are among themost common constraints to data accessibil-
ity. Furthermore, traditional methods of stratigraphic data collection
typically consist of intrusive ground investigations, such as borehole
drilling or test-pits and trenches, to expose the subsurface. Apart from
being costly, these operations would represent a potential source of
damage to the amenity and integrity of the historic assets.

The aim of this paper is therefore to present a geophysical approach
based on electric and electromagnetic methods— i.e., very low frequen-
cy electromagnetic (VLF-EM) technique and two-dimensional electrical
resistivity tomography (2D-ERT) — that can address these issues by
exploring the subsurface of anthropogenic mounds in urban environ-
ments; relating the observed patterns with historical studies of the geo-
morphological evolution and surface indicators of ground instability;
and finally, providing an evidence base that can inform the decision-
making process to plan future ground investigations, maintenance, or
repair works.

We implemented ourmethod to the experimental site of the English
Cemetery in the city of Florence, Italy. The key questions were: (i) the
validation or confutation of the hypothesis that the inner structure of
the mound still preserved a section of the perimeter wall formerly con-
nected to themedieval city walls; and (ii) the assessment of the current
structural stability of the mound.

As acknowledged by Vitek (2013), technology-led developments
can advance field research in geomorphology studies. This paper
goes in this direction to demonstrate that a combination of VLF-EM,
2D-ERT, and surface survey can be a viable approach to:

• characterise the structure and composition of the subsurface, thereby
proving the archaeological anthropogenic nature of the urban
mounds; and

• integrate the stratigraphic findings into the assessment of the
structural stability of the mounds.

Notably, the integration of different geophysical methods
(e.g., resistivity and VLF-EM: Khalil et al., 2010; Abbas et al.,
2012) allows a better data interpretation and improves the level
of confidence with regard to the observed patterns. The selection of
the geophysical methods is a trade-off between their advantages and
intrinsic limitations.

Ground penetrating radar (GPR) has been the most exploited
technique in archaeo-geophysics and recently also in the field of nonde-
structive shallow (b10 m) subsurface forensic investigations (Barone
et al., 2016, and literature therein) owing to its properties of high
resolution, penetration depth, and fast and cost-effective application
(e.g., Griffiths and Barker, 1994; Leckebusch, 2000; Gaffney, 2008;
Drahor, 2011; Reynolds, 2011; Goodman and Piro, 2013). Nevertheless,
GPR is not suitable for the applications considered in this paper
because of: i) the geomorphological conformation of the mound
(see Section 2.1); ii) the surface distribution and high density of
the monumental tombs that make impossible the use of antennas
that have to be coupled with the ground and/or the collection of
parallel profiles according to a regular grid (Barone et al., 2016);
and iii) the maximum penetration depth of a few meters.

On the other hand, the combination of VLF-EM and 2D-ERT is suit-
able for implementation in urban contexts where the anthropogenic
mounds are surrounded by major city streets with high and constant
traffic volumes, and the ground surface is dense with physical obstacles
(e.g., poorly distanced tombs in burial ground). Both methods can pro-
vide information about the same physical parameter (the soil conduc-
tivity or its inverse, i.e., the resistivity); but while VLF-EM is faster, is
not affected by physical obstacles, and can provide qualitative areal
maps of the measured parameter, 2D-ERT offers higher resolution and
provides quantitative information of the electrical properties of the
soil. The capability of the VLF-EM to detect buried walls, small-scale
conductive and complex structures, was tested by Khalil et al. (2010)
and Abbas et al. (2012). In these studies, vertical electrical soundings
were integrated with VLF-EM to recognise the general subsurface geo-
electric succession and to use the average resistivity value of the
media for purposes of a two-dimensional VLF-EM inversion.

This paper is structured as follows: Section 2 provides a description
of the English Cemetery, with a complete historical analysis of the geo-
morphological evolution of the site as inferred from archival documents
and paintings; Section 3 details the techniques and methodology;
Section 4 presents the results of the geophysical and surface surveys
and the data interpretation. The full picture of the subsurface is then
discussed in relation to the map of the surveyed surface damages. The
latter are used as indicators of the interactions between the artificial
ground, exogenous physical agents (e.g., water runoff and infiltration)
and current usage of the mound (in the case of the English Cemetery,
burial groundwith decomposition of organic materials and microcavity
generation). Conclusions are drawn to underpin recommendations for
strategic planning of preservation measures.

2. Experimental site: English Cemetery, Florence, Italy

2.1. Geomorphologic, geological, and geohazard settings

The English Cemetery of Florence lies on a vegetatedmound located
in Piazza Donatello (Lat 43.777°; Lon 11.268°) northeast of the town
centre (Fig. 1A–B). According to the official cadastre, the oval shape of
the cemetery extends NW-SE for N6000 m2 (~120 m × 64 m; Fig. 1B).
The elevation ranges from 51.8 m asl at the southeastern entrance to
58.1 m asl at the top of the northwestern head. Here the drop of ~7 m
with regard to the ground level of the road pavement is enhanced by
the perimeter retaining walls made of blocks of sandstone (Fig. 1C–D).
Therefore, to those coming from the northwest along Viale Giacomo
Matteotti, apparently the mound, alongside the neighbouring park of
Villa Gherardesca (Fig. 1B), is themost remarkable topographic anoma-
ly of the Florentine urban layout within the enclosure of the nineteenth
century boulevards.

According to Tuscany Region (1994), fluvial flooding events are con-
sidered ‘exceptional’ to occur in the whole area. In such circumstances,
given the geomorphology and topography of themound, it is extremely
unlikely that the mound itself and the tombs at the top can be flooded,
except for the entrance and the southern end which are located at the
lowest elevation.

From a point of view of urban geology, no borehole information was
available to this study with regard to the Cemetery itself, neither have
invasive ground investigations been carried out as part of this research
(cf. Section 3), and the authors are not aware of any other previous geo-
logical prospection. The closest boreholes are those numbered 1312 and
1636 available from the Municipality WebGIS repository (Comune di
Firenze, 2015a) that were drilled in two locations in Borgo Pinti and
the park of Villa Gherardesca within a radius of about 200 m from the
centre of the mound (Fig. 1B). These boreholes confirm a stratigraphic
sequence of alluvial deposits that formed during the depositional



Fig. 1. (A)Aerial view from southeast of the anthropogenicmound in Florence (Italy) abovewhich the English Cemeterywas built in the nineteenth century (modified fromGoogle Earth);
(B) cadastre plan of the mound and the surrounding historic residential quarters with geographic location in the city map and indication of the boreholes (modified from Comune di
Firenze, 2015b); views of (C) the monumental stone façade along the northern section of the retaining wall; and (D) the central pathway connecting the cemetery entrance with the
Emperor Frederick William of Prussia's column at the top of the mound (photo credit D. Tapete).
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phases of the Florentine alluvial valley. Fig. 2A shows the historical
records of piezometric contour lines from early 1970s to 2010, from
which it is inferable that no significant alterationswere observed under-
neath the mound in the last decades. No records of groundwater
flooding or issues caused by water table rise above normal levels are
reported in the published and grey literatures.

Further confirmation that no relevant geohazard factors (e.g., ground
motions, land subsidence) affect the mound is gathered through persis-
tent scatterer interferometry (PSI) data. These were accessed via the
Extraordinary Plan of Environmental Remote Sensing (METS, 2015) and
were analysed using the methodological approach developed by Tapete
and Cigna (2012) and Tapete et al. (2015). The PSI data show an overall
stability in the last 20 years, from1992 to 2000 in the ERS-1/2 descending
images (Fig. 2B) and from 2003 to 2010 in ENVISAT ascending and de-
scending time series (Fig. 2C). Displacements estimated along the line
of sight (LOS) of the satellites take values within the stability threshold
(i.e., ±1.5mm/y; Fig. 2D). Only in a few cases, persistent scatterers locat-
ed north of the mound show yearly average LOS velocity of about
+2.2 mm/y toward the satellite. No patterns of motions are observed,
meaning that we can exclude regional-scale land surface or deep geolog-
ical processes that have impacted the mound by causing instability or
structural damages.

2.2. Archaeological setting and conservation history

The importance of preserving the mound also lies in its cultural and
historical value. According to the General Regulating Plan (Comune di
Firenze, 2015b) an ‘extended archaeological bond’ applies to the
whole quarter and the mound is considered part of the ‘historic town
centre within the walls’. The mound belongs to ‘class 2 - Parks and
gardens of particular interest, subzone G2: utilities and services
(existing)’ and the entrance building is a listed building (class 0) by
Italian State Law 1089/39 (Fig. 1B).

Indeed, the morphology of the mound is the result of a long history
that can be reconstructed based on a combination of graphic documen-
tation, old maps, and paintings. These documents shed lights on the
former condition of the natural relief and the later modifications caused
by humans shaping the mound in centuries.

The first known cartographic representation of themound is includ-
ed within the copper engraving Nova pulcherrimae civitatis Florentiae
topographia accuratissime delineate (‘New topography of the beautiful
city of Florence accurately drawn’, Fig. 3A) made by the monk fra
Stefano Bonsignori in 1584 and currently belonging to the collection
of the Florentine Museum ‘Firenze com'era’ (‘How Florence was’). The
mound appears very distinctively beyond the city walls and the gate.
Given the detail with which the engraver depicted the urban topogra-
phy and natural environment, this representation is rather convincing
and trustable, although the perspective does not allowus to fully appre-
ciate the planimetric shape of themound. This, nevertheless, can be de-
rived from a later map of the city of Florence drawn by an unknown
geographer in 1690 (Fig. 3B), now accessible at the State Archive of Flor-
ence. At this time the mound had a nearly triangular shape, still aligned
with the perimeter of the city walls and, particularly, with the barbican
that the famous artist Michelangelo Buonarroti designed to protect the
city gate. However, in the following decades thewall defences were dis-
mantled and the former triangular shape of the mound was lost and
transformed into a more elongate along the walls (Fig. 3C–D). Further
changes happened in the second half of the eighteenth century. The
city plan by Francesco Magnelli in 1783 shows a circular construction
close to the city gate and a short path reaching the top of the relief.



Fig. 2. (A) Isopiezometric contour lines (based on Comune di Firenze, 2015a), (B) ERS-1/2 descending persistent scatterers (PS) 1992–2000, and (C) ENVISAT ascending PS 2003–2010
(METS, 2015) over the English Cemetery and the surrounding residential quarters. (D) Displacement time series of the two ENVISAT ascending PS identified in the northern sector of
the mound.
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This planimetric representation matches with the coeval engraving
Veduta di Porta a Pinti (‘View of the city gate Porta a Pinti’) where we
can see some of the key features that currently still characterise the
mound (Fig. 3E): trees distributed across the land; the retaining walls
made of stones and enclosing themound along its perimeter; the eleva-
tion differencewith regard to the ground level. These characteristics are
also well documented in the later canvas by Fabio Borbottoni (Fig. 3F).
Despite its later date, this painting still documents how the direct con-
nection between the retaining wall and the city walls looked prior to
the transformation of the mound into an international and ecumenical
cemetery.

In 1827 the Evangelical-Reformed Swiss Church purchased the land
and the architect Carlo Reishammer designed the cemetery with all the
gravestones and tombs occupying the southern sector of the mound,
while the existing circular structure and the vegetation coverage were
left in the northern part (Fig. 3G). The latter was instead hugely modi-
fied in 1870 by the architect Giuseppe Poggi during his modernisation
works of the whole city becoming the capital of the new Italian State.
Poggi dismantled the city gate Porta a Pinti, reshaped the English Cem-
etery into the present oval shape and surrounded the mound with the
current boulevards. This made the mound become the green island
that it currently is within the cityscape.

Burials were allowed until 1877. Afterward they were banned be-
cause the cemetery had become part of the city because of the residen-
tial expansion of Florence outside the former walls toward the NE.
However, the high density of tombs (1409 in total) had already saturat-
ed most of the available space. At present, this is a physical obstacle to
account for when planning geophysical prospection (see Fig. 1D).
Wisely, the picturesque character of the cemetery has been pre-
served throughout the twentieth century, and the currentmanagement
plan is also ensuring regularmaintenance of the trees alongside the res-
toration of the tombs and gravestones (Fig. 1A,C–D). Notable among the
conservation works is the structural intervention needed in 1946 to re-
pair damages caused during WWII bombing of Florence in the north-
western portion of the retaining wall. Recently, the wall was restored
again, alongside some graves that were partly collapsed.

In light of themodifications occurring over the past centuries, the re-
cent conservation history is rather important, as it contributed to mini-
mise further alterations of the mound structure. This means that the
geophysical prospection presented in this paper relates to a context
mostly untouched since the mid nineteenth century.

3. Data and methods

Fig. 4 shows themultistep diagnostic workflowwe propose to study
anthropogenic mounds by combining the very low frequency electro-
magnetic method (VLF-EM), bidimensional electrical resistivity tomog-
raphy (2D-ERT), and surface survey.

This workflow assumes that borehole information might not be
available and invasive ground investigationmight not have been under-
taken before. This is a realistic scenario given that it is quite frequent
that conservation needs, urban sealing, architectural obstacles, and
cost-effectiveness motivations can represent real-world constraints to
access and investigate directly the mound subsurface.

The VLF-EM allows a wealth of data to be collected with limited
time consumption over a wide total area of survey, adapting well to



Fig. 3. Natural configuration and human-induced morphological evolution of the mound of the English Cemetery based on historical documentation: (A) fra Stefano Bonsignori (1584)
Nova pulcherrimae civitatis Florentiae topographia accuratissime delineate with indication of the mound (red square); (B) unknown author (1690) Pianta della città di Firenze;
(C) FrancescoMagnelli (1783) Pianta della città di Firenze rilevata esattamente nell'anno 1783; (D) zoom of the circular construction and short path in the northern part of the mound (lo-
cation in (C), green square); (E) unknown author (second half of the eighteenth century) Veduta di Porta a Pinti; (F) Fabio Borbottoni (second half of the nineteenth century) Porta a Pinti;
(G) Federigo Fantozzi (1843) Pianta geometrica di Firenze sulla proporzione di 1 a 4500 (all copyrights reserved). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the morphology and microtopography of the mound surface and
overcoming the physical obstacles of local objects such as tombs and
gravestones as in the case of the English Cemetery in Florence
(see Fig. 5). The spatial distribution of the detected conductive anoma-
lies is then complemented by the quantitative information provided
Fig. 4. Flowchart of the electric and electromagnetic geophysic
by the 2D-ERT sections that enable a quantitative assessment of the
anomaly magnitude and delineation of their boundaries. This workflow
therefore optimises the properties of these techniques for implementa-
tion in urban contexts, accounting also for the various sources of inter-
ference including vehicular traffic noise.
al approach proposed and implemented in this research.



Fig. 5.Plan of the English Cemeterywith location of the 82VLF-EMprofiles (blue lines) and the 5 2D-ERTs (red lines). (For interpretation of the references to colour in thisfigure legend, the
reader is referred to the web version of this article.)

340 V. Pazzi et al. / Geomorphology 273 (2016) 335–347
3.1. Very low frequency electromagnetic method (VLF-EM)

This method exploits very low frequency signals in the range of
15–30 kHz (Reynolds, 2011). The primary field consists of a horizon-
tal magnetic component Hφ, and an associated vertical electric com-
ponent Ez, propagating radially outward from the transmitter
antenna. Far from the source (i.e., several free wavelengths away)
these radio signals can be assumed to be uniform over the survey
area, and they can be approximated by Hy. The magnetic component
of the primary field, that is perpendicular to the wave propagation
direction, induces a secondary horizontal electric component (Ex)
in buried conductive structures. This secondary electric current gen-
erates a secondarymagnetic field that can bemeasured at the surface
by the deviation of the primary VLF field. The resultant elliptically
polarized EM field (Smith and Ward, 1974) has two components os-
cillating in phase and out of phase with the primary field. These com-
ponents have the same frequency but different amplitude (Khalil
et al., 2010; Drahor, 2011; Abbas et al., 2012). The measure of the
real and imaginary parts of the vertical secondary magnetic field rela-
tive to the horizontal total magnetic field is the essence of the VLF-EM
technique. Therefore VLF-EM is based on the ratio between vertical
and horizontal components of the local resultant magnetic field that
reflect changes in soil resistivity distribution: the vertical component,
for example, decreases far from conductors. The VLF-real or in phase
component is the amplitude of the component that is in phase with
the primary field, while the VLF-imaginary or quadrature component
is the out-of-phase component of the secondary field. Both components
are expressed as a percentage of the total primary field (Khalil et al.,
2010; Bayrak and Şenel, 2012).

In the English Cemetery the VLF-EM survey covered an area of about
4350m2, i.e., almost 73% of the total site (Fig. 5). The datawere collected
with a WADI (ABEM) device and 82 parallel profiles, NE-SW oriented
and at equal intervals of 1 m, were measured. The distance between
the station points was 1 m apart and the majority of the profiles had a
total length of 53 m. A total of 4250 station points were measured dur-
ing a two-day campaign undertaken by one operator. The transmitter
frequency was 22.6 kHz. VLFPROS – Matlab code (Sundararajan et al.,
2006) was used for a qualitative interpretation of the VLF-EM data,
while filtering procedures according to Fraser (1969) and Karous and
Hjelt (1983) were applied to the in-phase component.

The Fraser filter is a band pass filter that calculates the horizontal
gradients and smooths the data to give maximum values over conduc-
tors (Sundararajan et al., 2006; Khalil et al., 2010; Abbas et al., 2012;
Bayrak and Şenel, 2012). The Karous-Hjelt filter, on the other side,
generates an apparent current density pseudo-section to determine
the current distribution generating the measured magnetic field
(Sundararajan et al., 2006). By calculating the inverse filter at different
depths, the filter gives an indication about the depth of the various cur-
rent concentrations (Khalil et al., 2010; Bayrak and Şenel, 2012).

3.2. Bi-dimensional electrical resistivity tomography (2D-ERT)

Direct current (DC) resistivitymethods allow calculation of the elec-
trical resistivity of the subsurface. The measurements are made by four
electrodes coupled with the soil and applying through two of them
(current electrodes) a voltage difference (in technical jargon ‘current’,
thus the name of the electrodes) to the soil andmeasuring the resulting
voltage at the other two different electrodes (voltage electrodes). In-
duced current and measured voltage can be correlated, according to
the well known Ohm's law:

ΔV ¼ RI ð1Þ

whereΔV is the difference of voltage, R is the resistance, and I is the cur-
rent; and the Pouillet's law:

R ¼ ρ l=A ð2Þ

where R is the resistance of a conductormaterial with length l, section A,
and resistivity ρ.

Through these correlations the apparent resistivity can be retrieved
as per the following equation:

ρ ¼ kΔV=I ð3Þ

where k is the geometric factor that depends on the spatial distribution
of the four electrodes, i.e., the electrodes array (Koefoed, 1979; Loke
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et al., 2013) and the depth of penetration is proportional to the voltage
electrodes distance and the electrode array (Dahlin, 2001).

Five 2D-ERTswere collected (Fig. 5) using PASI instrumentation by a
team of three people during a one-day campaign. The acquisitionswere
undertaken using a Wenner-Schlumberger electrode configuration
(Loke et al., 2010a; Loke, 2012). Each tomography was handled by
means of 32 electrodes, to account for the spatial distribution and den-
sity of the tombs and depending on the maximum available horizontal
distance achievable (Fig. 6). The main array AA′ was covered by using
two chained 2D-ERT with 2-m electrode interval, while the electrode
intervals were 1.0 m for the BB′ and CC′ arrays, 1.5 m for the DD′
array, and 0.75 m for the EE′ arrays (Fig. 5). The AA′, BB′, and CC′ arrays
were NW-SE oriented and perpendicular to the VLF-EM profiles, while
the DD′ and EE′ were NE-SW oriented and parallel to the VLF-EM sur-
vey. The apparent resistivity data were inverted by means of the com-
mercial software RES2DINV (Loke and Barker, 1996b; Loke et al.,
2010b). The robust inversion was chosen to enhance the sharp bound-
aries (Loke and Barker, 1996a; Loke et al., 2003), and themodel cell size
was set at half of the unit electrode spacing (i.e., 1 m for the AA′ array,
0.5 m for the BB′ and CC′ arrays, 0.75 m for the DD′ array and 0.375 m
for the EE′ array). The topography correction was applied to all the to-
mography profiles and the final RMS error of all the profiles was b5%.

3.3. Surface survey

From a morphological point of view, anthropogenic mounds of
relatively low elevation and gentle slope angle might be less prone to
structural instability and slope failure, unless regional-scale geological
processes or human actions such as excavations, infrastructure
works, or landscaping interventions impact them directly. Exposure to
weathering and processes like water infiltration can favour the
Fig. 6. Flexible arrangement of the 2D-ERT to create suitable cross sections of geophysical prosp
the physical constraint owing to the high density of tombs and gravestones (photo credit V. Pa
triggering of structural instability as a consequence of themixed natural
and artificial character of the mounds.

In this regard the English Cemetery is an interesting exemplar. The
historic vegetation coverage is also a potential source of threat because
of root-triggered mechanical damages in the near subsurface. In addi-
tion, a sealing effect is to be accounted for as a large portion of the
total ground surface is currently covered by gravestones that can act
as impervious surfaces and allow water to infiltrate via preferential
routes only. The latterwould not be a serious issue if the runoffwas con-
trolled and not constrained by physical obstacles, such as retaining
walls, with poorly or discontinuously maintained drainage system.

To collect field evidence of potential structural instability, our geo-
physical approach also includes a surface survey. This aims to detect
and map surface indicators such as damages and cracks caused by the
interaction between the above and below-ground components of the
mound structure. To this purpose a comprehensive survey was carried
out by two operators during a 1-day campaign according to the stan-
dards of metric survey (Andrews et al., 2015) to record the tilt of the
tombs location and direction of fractures and cracks observed over the
mound surface and the stone retainingwalls along thewhole perimeter
of the cemetery and areas of dampness and recent repair. These
georeferenced entries were then handled and spatially analysed in a
GIS environment to generate a map showing the key areas of concern
for conservation.

4. Results and discussion

4.1. Geophysical prospection

The electric and electromagnetic geophysical investigations of the
subsurface indicate that the mound is mostly natural. In all five 2D-
ection across the English Cemetery (from A-A′ to E-E′; for location see Fig. 5), overcoming
zzi).



Fig. 7. A 3D view of the five 2D-ERTs (see Fig. 5 for their location and distribution).
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ERTs, we can distinguish a conductive bed (b50Ωm) overlaid up to the
surface by a resistive layer (50–150Ωm) of about 2 m. According to the
geology of the area and the two boreholes drilled in the Giardino della
Gherardesca (Fig. 1B), lower values of resistivity can be related to silt
and saturated loose sands, while higher resistivity to dry sands and
gravels. The small resistive anomalies (N200 Ωm) located in the first
2 m can be associated with the tombs. Further non natural elements
highlighted by the tomographies are the two high resistive anomalies
((i) N400Ωm and (ii) N300Ωm in Fig. 7 and Fig. 10) along the AA′ pro-
file. These aremore likely caused by anthropogenic structures than nat-
ural structures because of their shapes and resistivity. The shape of the
anomaly (i), in fact, reminds us of a section of wall or something similar,
Fig. 8.VLF amplitude (%) obtained byextracting, from the collectedprofiles, the values correspon
associated with the high resistivity anomalies. The orange line highlights this correlation.
while its high resistivity value canbe associatedwith cement.Moreover,
the shape and the resistivity could also be associated with a void or a
cavity.

The curves displayed in Fig. 8 consistently show peaks of VLF ampli-
tude that identify VLF-EM trends across the collected profiles. This result
corroborates the interpretation of the anomalies observed in the 2D-
ERTs and suggests that the buried section of the ancient wall extends
across the width of the southern portion of the mound.

Given the measured depth, a shallow archaeological test-pit dig out
at the middle of the pathway linking the entrance to the votive column
in the centre of the cemetery (Fig. 1D) may reveal the remains of the
wall or of the cavity a few meters from the ground surface.
ding to the 2D-ERT CC′ (A), AA′ (B) andBB′ (C): higher values of theVLF-EMamplitude are



Fig. 9. 2D maps of the in-phase (A) and Karous-Hjelt filtered in-phase (B) component of the VLF-EM survey. (iv), (v), and (vi): areas with negative VLF-EM anomalies (cold colours)
associated with lower conductive areas; (vi): positive VLF-EM anomalies (hot colours) more concentrated and associated with higher conductive areas.
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All VLF profiles were processed to generate 2Dmaps of the in-phase
and filtered in-phase components (Fig. 9A–B, respectively). In the in-
phase map (Fig. 9A), a row-effect affecting the contour is more evident
(Sundararajan et al., 2006). The zero contour lines (green areas in Fig. 9)
in a Fraser filtered component map separate the conductive anomalies
(positive values) from the resistive ones (negative values; Abbas et al.,
2012). The lower values of the Karous-Hjelt filtered data indicate the
higher value of resistivity (Bayrak and Şenel, 2012). The better results
are obtained from the Karous-Hjelt filter, as the anomalies are more
concentrated and detailed. The Karous-Hjelt filtered 2D map (Fig. 9B)
shows areas with lower values ((iv) and (v) in Fig. 9B) and anomalies
more concentrated ((vi) in Fig. 9B). Moreover, all the VLF profiles
filtered by the Karous-Hjelt filter were processed to generate pseudo-
sections of the current density. The Karous-Hjelt filter, in fact, has
shown to be a quite good indicator of the depth of the current anomalies
and can be used to assess their spatial distribution (Sundararajan et al.,
2006; Khalil et al., 2010).

Among all the VLF pseudo-sections in Fig. 10, we show eight profiles
(from 23 to 27 and from 55 to 57) orthogonal to the AA′ ERT (red line in
the top plan) and coinciding with the resistive anomalies detected.
Three parallel profiles to the ERT itself (T1-T3 in Fig. 10) were extracted
and processed as a VLF line. The results show that a good correspon-
dence between the conductive anomalies (hot colours at about 20 and
55 m in T1–T3 VLF profiles and blue colours from 10 to 25 m and from



Fig. 10. Eight pseudo-sections (23–27 and 55–57) of current density from selected VLF-EM profiles orthogonal to the AA′ ERT (red line in the uppermap and reported as resistivity section
in the lower part of the figure) and filtered by the Karous-Hjelt and three parallel profiles to the ERT itself (T1–T3) extracted and processed as a VLF line. (i), (ii), (iii), (iv), and (v) are the
same anomalies shown in Figs. 7 and 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. (A) Crack patternmap onto theKarous-Hjeltfiltered in-phase component of theVLF-EM survey of the northern sector of the English Cemetery,where fracturesmainly concentrate
comparedwith the (B) distribution of the observed tomb tilts. Detailed views of cracks (C) c3 and (D) c4 close to themonumental niche; (E)wet area (red line) over the exterior surface of
the wall close to crack c3. (F) Crack c11 diagonally runs along the western wall (photo credit D. Tapete). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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48 to 60 m in the AA′ ERT) and the resistive ones (cold colours at about
25 and 60m in T1–T3VLF profiles and anomalies (i) and (ii), respective-
ly, in the AA′ ERT).

The greater positive andnegative anomalies coincidewith the tombs
where surface movements were detected (i.e., anomaly (iii) in Figs. 9A
and 10). Nevertheless, there is not a direct correspondence between
the anomalies and the surface movements even though the resistive
anomalies detected by the VLF-EM survey could be associated with
subsuperficial voids or soil deformations. We cannot exclude that the
surfacemovements, the impact of which are observed across the ceme-
tery, took place earlier. In such a case, the recordedVLF anomaliesmight
not have any correlation with the causes of the movements. The VLF
time-lapse monitoring might provide further evidence to verify this
hypothesis.

4.2. Surface damage assessment

The crack pattern survey highlights that fractures mostly run from
top to bottom of the perimeter wall of the mound and concentrate in
the northern part of the cemetery (Fig. 11A–B). This is the area of the
retaining wall and the monumental stone façade dating back to Poggi's
interventions in 1870 (Fig. 1C). This section coincides with the highest
portion of the wall (about 7 m equalling themaximum elevation differ-
ence between themound and the road level; cf. Section 2.1), where the
terrain pressure is reasonably expected to be the highest owing to the
full potential of the mound. Most of the cracks (c4 to c12) are
distributed over thenorthwestern section of thewall facing the city cen-
tre (Fig. 11A); while a smaller group (c1 to c3) affects the other side,
east of the central niche. The cracks closest to the niche are up to 5–
7 cm wide and seem to isolate this portion of the wall (Fig. 11C–D).
Therefore, this is the area classified at the highest risk of structural insta-
bility. This assessment is also based on the evidence that large areas of
the exterior surface of the wall are persistently wet and covered by
mosses (Fig. 11E). This is typically a sign that water from the rear
ground is retained and not discharged and, therefore, can generate pres-
sure against the stone wall. In addition, masonry detachment of up to
2 cmwas observed at the top, behind the cornice of themonumental fa-
çade. In situ inspections confirmed that themound terrainfilled the cav-
ity behind the stone façade and the central niche.

Cracks c7 to c10 identify another warning area, with crack c11 being
located a few meters south (Fig. 11a). This runs diagonally with a NE-
SW orientation and averages 5 cm wide, with gaps between the stone
blocks up to 9.4 cm (Fig. 11F). The appearance of this crack suggests
that ground motions are likely occurring along the natural topographic
gradient of the mound. Although no signs of instability were observed
over the overlying tombs, repair of the wall and consolidation works
should be undertaken.

During the systematic field-walk survey no fractures were observed
over the ground that could be associated with slope failure or ongoing
collapses. Nevertheless, clusters of tombs were found tilted beyond
the expected inclination that typically occurs in time caused by organic
material deterioration and consequent terrain compaction (Fig. 12B).



Fig. 12. (A) Tilt pattern map of the English Cemetery onto the Karous-Hjelt filtered in-phase component of the VLF-EM survey. In situ inspections revealed (B–C) clusters of tilted tombs
concentrated in local sectors of the cemetery; (D–E) gravestones displaced along the slope and (F) damaged at an extent that the sarcophagi are severely broken (for location see lettering
in picture (A)); (G) CC′ and EE′ ERTs (photo credit D. Tapete).
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Fig. 12A shows the spatial distribution of patterns of tomb tilt, which
suggests an adaptation of the tombs to local shallow phenomena of
soil compaction and collapse. This is, for instance, the case of the cluster
of tilted tombs in the northwestern quarter of the cemetery (Fig. 12B)
and those at the eastern corner of the central pathway (Fig. 12C). Inter-
estingly most of the clusters are distributed in the southern quarters of
the mound (Fig. 12A) where this type of evidence might not have been
expected given the low value of the slope angle. On the other side, some
gravestones located close to themound edge have been displaced along
the slope direction (Fig. 12D–E). Damage can be quite severe with mar-
ble slabs and stone sarcophagi partially or fully broken (Fig. 12F).

The CC′ and EE′ ERTs (Fig. 12G), whichwere acquired near the tomb
clusters in the northwestern and southwestern sectors (Fig. 12A–B),
highlight a correspondence between the tilted tombs on the surface
and the resistive area at about 1–3 m depth. Furthermore, the filtered
VLF-EM map (Fig. 12A) shows negative values (associated with more
resistive values) in these areas. These resistive values might indicate
the presence of coarser material subject to compaction phenomena.

Although, as explained in Section 4.1, some possible correlation was
found between the tilt patterns and the resistivity anomalies, the field
evidence proves that the tombs were impacted at some extent by
local processes of soil compaction and ground instability. This outcome
of the survey should be accounted for as part of the plans for
maintenance and restoration of the cemetery. Notably the combination
of VLF-EM and 2D-ERT could also be very useful to detect subsoil anom-
alies related to areas of water accumulation that can cause superficial
subsidence, especially if these techniques are implemented according
to a schedule of regular acquisitions across various seasons.

5. Conclusions

The geophysical approach presented in this paper allows subsurface
and surface data to be collected and integrated to assess holistically the
nature and current condition of mounds that represent topographic
anomalies in flat urban landscapes. With no need of expensive, time-
consuming, and invasive ground investigations, this approach offers
an improved geognostic knowledge in urban environments to inform
the design of maintenance and restoration measures, especially when
the mounds have historic and cultural value and are used for civilian
purposes.

The experiment undertaken in the English Cemetery of Florence is a
proof-of-concept of the opportunities that this method can offer for im-
plementation in urban contexts. In agreement with the historical archi-
val records, our investigations prove that the Florentine mound has
been hugely modified from the former natural setting, thus becoming
a remarkable anthropogenic feature at the boundary of the city centre.
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The VLF-EM tomographies reveal the presence of resistive anomalies
with values N300 and 400 Ωm. Given the location and the shape of
the geophysical signals, these anomalies might refer to the perimeter
wall that was attached to the medieval city walls prior to their demoli-
tion undertaken in the 1870s.

Factors increasing the exposure of the cemetery to groundwater-
related instability and local collapses include the mixed natural and
artificial character of the mound, the varied morphology and topog-
raphy, the tree coverage, and the high density of tombs. While ERTs
and VLF-EM sections do not present evidence of an apparent correla-
tion with the causes of tomb and groundmovements, the maps of tilt
and crack patterns clearly indicate where local-scale processes of soil
compaction and ground instability are manifesting and should be
remediated to prevent failure.
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