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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).

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

Geomorphology 273 (2016) 335–347

⁎ Corresponding author.
E-mail addresses: veronica.pazzi@unifi.it (V. Pazzi), deodato@bgs.ac.uk (D. Tapete),

luca.cappuccini@unifi.it (L. Cappuccini).

http://dx.doi.org/10.1016/j.geomorph.2016.07.035
0169-555X/© 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/).

Contents lists available at ScienceDirect

Geomorphology

j ourna l homepage: www.e lsev ie r .com/ locate /geomorph

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2016.07.035&domain=pdf
http://dx.doi.org/10.1016/j.geomorph.2016.07.035
mailto:luca.cappuccini@unifi.it
http://dx.doi.org/10.1016/j.geomorph.2016.07.035
http://www.sciencedirect.com/science/journal/0169555X
www.elsevier.com/locate/geomorph


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
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