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Capabilities and limitations of electrical resistivity tomography
for mapping and surveying hillfort fortifications
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Ages within the area of Europe. They were usually surrounded by fortifications consisting of various combinations of ramparts and ditches, which today constitute their
most striking remains. Although magnetometry surveys are commonly used for spatial identification of ramparts and ditches, a different method must be employed for
directly obtaining depth information. Hence, we evaluate the potential of electrical
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resistivity tomography (ERT) for surveying hillfort fortifications. Within three hillforts
of different ages in the Czech Republic, we investigated various features affecting
the imaging ability of ERT, including bedrock type, building material, present-day condition of fortification, impact of past or recent agricultural activities, and field settings
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of the ERT method. Supported by additional information from magnetometry and
electromagnetic surveys, the results show that ERT is most applicable in cases of
stony ramparts, ditches carved into rocky bedrock or well-preserved earthen
ramparts. Poorer results were achieved upon active and/or recently active agricultural lands, where fortifications have been gradually destroyed by ploughing. The
remains of stony ramparts remained distinguishable in the latter case, but mere traces
of earthen ramparts and ditches were invisible to ERT due to mixing of fortification
material with on-site soil. ERT is a unique method for detailed investigation of both
ramparts and ditches by which a structure and its extent can be evaluated to indicate
the function of a settlement and obtain information about former environmental conditions, population, land use and/or human–environmental interaction.
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I N T RO DU CT I O N

purposes, including strategic, cultural and religious (Vencl, 1984).
Due to the builders' limited construction abilities, and especially of

Hillforts are fortified archaeological sites spread throughout Europe,

inhabitants from earlier ages, only ramparts and ditches have been

including within the territory of the Czech Republic, that were built

preserved to the present day. These fortified structures usually sur-

from the Neolithic to the Early Middle Ages (Čtverák et al., 2003).

round and/or divide the hillfort area and are today the most investi-

These sites were preferentially established at strategic places protec-

gated phenomena related to hillforts.

ted by natural elements, such as on mountains and hills bordered by

Hillfort fortifications exist in numerous shapes and sizes,

steep slopes or watercourses. The hillforts served for various

depending upon the age of origin, location, time of occupation and
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importance of a given site. In general, and probably serving for defen-

distribution of electrical resistivity in both lateral and vertical direc-

sive purposes, there would be huge ditches several metres deep

tions (e.g., Loke, 2020; Loke & Barker, 1996; Tabbagh, 2017), and

accompanied by ramparts, palisades and/or stone walls, possibly

thus, fortifications can be distinguished from the surrounding envi-

including more complex constructions consisting of two or three

ronment. It is widely used in archaeology for a variety of situations,

ditches and/or ramparts in succession (e.g., Christensen, 2004;

including to investigate graves (e.g., Nero et al., 2016), building

Osgood et al., 2000). Considerably, smaller ditches or isolated

foundations (e.g., Al-Saadi et al., 2017), walls (e.g., Leontarakis &

ramparts without ditches might delineate hillforts built only for spe-

Apostolopoulos, 2013) and burial mounds (e.g., Zhao et al., 2019).

cial

astronomical

Although ERT also has been used for mapping of hillfort fortifications

(e.g., Oliva, 2004; Parkinson & Duffy, 2007; Zotti & Neubauer, 2011),

(e.g., Nowaczinski et al., 2012), the extent of such use is surprisingly

but an absence of more complex fortification can be related also to

small and especially in the case of ditches. Hillfort ramparts could be

the terrain situation at a given site or to a region or cultural period.

stacked from massive, low porosity and thus resistive stones; built

From the infill of sunken features (including ditches), information can

with combinations of wood, earth and stones with mid-range resis-

be retrieved about former environmental conditions, the population

tivity; or have the form of a low-resistivity earthen wall. In general,

of settlement or human–environmental interaction.

the ditches manifest low resistivities due to their infill by sediments,

purposes,

such

as

cultural,

religious

or

Hillfort fortifications can be detected by various techniques,

which further reduce resistivity due to their greater moisture reten-

including satellite imaging, aerial photography, LiDAR sensing and

tion. Unlike magnetometry surveys, ERT is not sensitive to magnetic

geophysical prospection (e.g., Oswin, 2009; Wiseman & El-Baz, 2007).

properties and thus can be used even on igneous bedrock. Due to its

Whereas geophysical methods can image a variety of archaeological

field set-up in a single line, ERT's measurements can be taken at sites

features in the subsurface, magnetometry surveys have a special place

posing various levels of difficulty, and it also is very resistant to any

in archaeological prospection. The materials found at archaeological

sources of artificial noise. ERT is not ideal in efficiency terms for spa-

sites often contain iron oxides, while past exposure of these materials

tial survey, because areal 3D survey is extremely demanding of time

to intense heat usually resulted in detectable magnetic anomalies (for

and human resource.

detailed principles, see, e.g., Fassbinder, 2017). Thus, magnetometry

In providing direct vertical information, electromagnetic methods,

surveys are commonly used for detecting features associated with

such as ground penetrating radar (GPR) or frequency-domain electro-

burning, such as hearths, kilns or cooking pits (e.g., Andreou

magnetic survey (FDEM), can be employed. Both ramparts and ditches

et al., 2017; Urban et al., 2014, 2019). Magnetometry is also used for

can be imaged by GPR (e.g., Hegyi et al., 2018), but, because it was

detecting ramparts (e.g., Hegyi et al., 2018), because they were in

not used in our study, it will not be further discussed (more informa-

many cases vitrified (i.e., burned out by fire), thus resulting in strong

tion about GPR in archaeological prospection can be found in,

thermoremanent magnetization (e.g., Catanzariti et al., 2008). The infill

e.g., Goodman & Piro, 2013). The FDEM method works on the princi-

of former ditches usually has different magnetic properties than do

ples of electromagnetic induction, whereby a time-varying electro-

the surrounding soils and thus can be identified usually as linear (oval

magnetic field is generated by a transmitter coil and an induced

or irregular) magnetic anomalies with different magnetization

electromagnetic field is recorded by a receiver coil. The received sig-

(e.g., Schultze et al., 2008) due to enhanced magnetic susceptibility of

nal consists in two components: in-phase and out-of-phase with the

archaeological matter (e.g., Le Borgne, 1960; Mullins, 1977) or natural

transmitted signal. These components are (under low induction num-

remanent magnetization (Fassbinder & Stanjek, 1993). Unfortunately,

ber) related to apparent magnetic susceptibility and bulk apparent

magnetometry surveys are almost unusable in cases of igneous bed-

resistivity (e.g., Di Maio et al., 2018; Tabbagh, 2017). FDEM surveys

rock or in the presence of human metallic infrastructures, whereby

are usually used in combination with other methods for identification

archaeological magnetic anomalies are hidden under stronger mag-

of building foundations (e.g., Di Maio et al., 2018) and ditches

netic signal of natural and/or human origin.

(e.g., Simpson et al., 2010) or for archaeological site prospection gen-

Although magnetometry survey is ideal for spatial recognition of

erally (e.g., de Smedt et al., 2013; Rodrigues et al., 2009). FDEM sur-

former fortification remains, it is almost inapplicable for obtaining ver-

vey offers a combination of both magnetic and resistivity information,

tical information (i.e., depth of the ditches or thickness of ramparts). A

but, due to its dependency on the principles of EM induction, it can-

more suitable method must be employed for this task, such as electri-

not be used in the vicinity of such human-made conductive structures

cal or electromagnetic methods or detailed magnetic susceptibility

as pipelines or electric fences.

measurements. Electrical resistivity tomography (ERT) uses an injec-

The main aim of this paper is to evaluate the potential of ERT for

tion of electric current into the ground through two current elec-

hillfort fortification surveys while considering different types of bed-

trodes (C1 and C2) while measuring electrical potential between

rock and pedological properties, present conditions of fortifications

another two potential electrodes (P1 and P2) and subsequent calcu-

(and also their construction material), impact of agricultural activities

lation of apparent electrical resistivity according to Ohm's law.

and ERT field settings, including selection of array type and electrode

Then, apparent resistivity must be transformed to real resistivity by

spacing. The results are presented and discussed for three hillforts of

inversion, by which an inversion program seeks to find a resistivity

different ages within the Czech Republic (Figure 1) and with support-

model explaining the measured data. By changing of different cur-

ive information from other archaeogeophysical measurements

rent and potential pairs of electrodes, ERT characterizes subsurface

(i.e., magnetometry and FDEM surveys).

3

KLANICA ET AL.

FIGURE 1

(a) Schematic map of Europe with position of the Czech Republic and (b) position of studied hillforts within the Czech Republic

F I G U R E 2 Topographic map of the hillfort Štěpánov based on a LiDAR digital elevation model (CUZK, 2017), with measured ERT profiles
[Colour figure can be viewed at wileyonlinelibrary.com]

2 | G EO LO GI C A L A N D A R CH A E OL OG I CA L
S E T T I N G S O F S T U D I E D SI TE S

(736 m a.s.l.). The promontory is oriented east–west, is slightly sloped
from north-east to south-west (Čtverák et al., 2003) and ranges in altitude between 620 and 651 m a.s.l. Steep slopes on the northern,

2.1

|

Hillfort Štěpánov

western and southern sides naturally protect the hillfort area, while
the elevation difference from the surrounding landscape is between

The hillfort Štěpánov is situated on the top of Štěpánov Hill

110 and 150 m.

(651 m a.s.l.) belonging to the České Středohoří Mts. volcanic–

The total area of the hillfort is 12 ha, and it is divided into two

sedimentary complex composed of an assemblage of Tertiary alkaline

parts: the acropolis and the outer bailey, each covering 6 ha (Figure 2).

volcanics and sediment intercalations. Štěpánov Hill is composed of

The fortification was built on the eastern side, thereby separating the

alkaline basalt of the Ústí Formation (ca. 36–26 Ma), and near the

promontory with the hillfort from the rest of the Pařez massif. Fortifi-

surface, it has been eroded into rocky and rubble fields (Cajz, 2000).

cation structures include (from bailey to acropolis) a ditch with outer

The compact basaltic bedrock is expected to occur very near to the

transverse rampart delimiting the outer bailey and an inner double

surface. The igneous bedrock is highly magnetic, preventing use of

rampart with two ditches between the bailey and acropolis, arranged

magnetometry surveying for archaeological purposes.

as follows: ditch–rampart–ditch–rampart (Smrž, 1995).

The hillfort area encompasses the top of the hill with an adjacent

The outer rampart is 400 m long and can be divided into south-

promontory, constituting the southernmost part of the Pařez massif

ern and northern parts. The southern part has a ditch 0.45 m deep

4
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along its full length, the rampart itself is 0.65 m high (from the bailey),

agricultural activities and recent landscaping, the remains of the forti-

and total fortification width including both ditch and rampart is

fication have today the form of an indistinct terrain rise with 2 m

10 m. The northern part lacks the ditch in the last 100 m, and the

height and 50 m width. The total hillfort area, including baileys from

rampart is 2.7 m high (from the bailey), while its total width is 17.5 m

the Middle Ages (at which time the prehistoric core was used as an

around that area. The inner double rampart consists of two ramparts:

acropolis), extends to 12 ha (Křivánek, 2008, 2013).
The promontory was inhabited from the Eneolithic (3800–3400

an outer rampart 143 m long and an inner rampart 246 m long. The
present total width of the fortification system, where both ramparts

and 3100–2800

are present, is 30 m, while the height of the outer rampart is 2.5 m

Age (800–400

and the inner rampart almost 3 m. The remnants of ditches where

suggested by excavations. The main fortification structure was proba-

they existed are around 0.7 to 0.9 m deep.

bly established at the turn of the eighth and ninth centuries

Although the hillfort area has not been extensively investigated,

BC)

BC)

through the Bronze Age (2300–800

century

settlement to the Late Bronze Age (1000 to 750

Fridrichová, 1965; Profantová, 1996).

This period is

and Iron
AD),

as

(Kudrnáč, 1963), and the hillfort was abandoned at the end of ninth

metal and ceramic artefacts have been found that allow dating the
BC).

BC)

up to the Early Middle Ages (500–900

with

onset

of

the

Přemyslid

dynasty

(Mašek

&

suggested especially by the presence of bronze objects (knives, sickles
and axes) and ceramic material (mostly settlement related).

2.3
2.2

|

Hillfort Zámka

|

Hillfort Kouřim-sv. Jiří

The hillfort Kouřim-sv. Jiří was built within the Kutná Hora Crystalline,
here represented by two-mica migmatites to orthogneisses, which are

The hillfort Zámka spreads out above the right bank of the Vltava

covered by aeolian Quaternary loess. The hillfort lies south of the town

River, north of Prague within the Proterozoic Kralupy–Zbraslav Group

of Kouřim on a promontory (highest point 281 m a.s.l.) above the con-

composed of greywackes and siltstones covered by Quaternary loess.

fluence of two small streams that border the promontory from the

The hillfort lies on a distinct promontory (highest point 251 m a.s.l.)

west, north and east with 30 m of elevation difference.

elongated in an east–west direction and protected by narrow valleys

The hillfort area encompasses 9 ha and is divided into three parts:

from the north and south. The western side is bounded by the Vltava

northern bailey; acropolis (with castle and church); and outer, southern

River. The difference in elevation from the Vltava River and adjacent

part (Figure 4, Tomanová, 2012). The northern bailey and acropolis

valley floors reaches up to 60 m.

were surrounded by an outer rampart built of earth and wood with total

The prehistoric hillfort covers a promontory with an area of about

width 10–12 m, reinforced by a frontal wall of piled stones around

6.5 ha and was protected from the eastern side by a rampart with

2.5 m wide. The remains of a ditch were found only on the southern

ditch (Figure 3). The rampart was built using a combination of earth,

side. The outer fortification line is situated today upon active agricul-

stones and wood and probably was burnt out by fire (Čtverák

tural land, an indistinct terrain rise 1.5 m high and 40 m wide. A better

et al., 2003). There is a ditch on the eastern side. Due to intensive

preserved part of the rampart within a grove of trees is 3 m high and

F I G U R E 3 Topographic map of the hillfort Zámka based on a LiDAR digital elevation model (CUZK, 2017), with placement of the geophysical
surveys [Colour figure can be viewed at wileyonlinelibrary.com]
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geophysical methods (magnetometry and FDEM surveys; for summary
of field works, see Table 1). All ERT profiles were measured using the
five-channel ARES II resistivity system (GF Instruments, Brno,
Czech Republic) with several different electrode arrays within each
locality (Wenner–Schlumberger [WS], inverse Wenner–Schlumberger
[IWS; regular WS array with switched current and potential electrodes] and dipole–dipole [DD]). For sketches and advantages of the
individual electrode configurations, see, for example, Dahlin and
Zhou (2004), Loke (2020) and Section 3.2.1. All arrays were used in a
high-density (HD) arrangement with a larger number of measured
points than in the cases of regular arrays of the same type. This is
done by using overlapping data levels with different combinations of
distances between C1–C2 and P1–P2 electrodes. The total number of
data points acquired by such configuration is approximately double
than those obtained by a regular non-HD array (Loke, 2020). Within
selected hillforts, tests of electrode array and electrode spacing were
performed (see Section 3.1). Rainfall and soil moisture effects on ERT
data were neglected, because significant seasonal changes of soil moisture are usually observed to depth 0.90 m (de Jong et al., 2020), but
the shallowest data with 1 m electrode spacing were collected from
depth of 0.60 m. Thus, soil moisture most likely does not affect results
on metre-sized and thick and/or deep defensive structures. Magnetometry surveys were measured by a Scintrex SM-4G caesium magnetometer (Scintrex, Concord, ON, Canada) registering the vertical gradient of
total magnetic field. The FDEM survey utilized a CMD-Explorer threedepth

probe

(GF

Instruments)

with

dipole

centre

distances

1.48/2.82/4.49 m in low depth range setting (horizontal orientation of
coils) related to calibrated depth levels 1.1/2.1/3.3 m.
ERT data were processed using the Res2Dinv algorithm (Loke &
Barker, 1996; for details of inversion routine, see, e.g., Loke, 2020),
F I G U R E 4 Topographic map of the hillfort Kouřim-sv. Jiří based
on a LiDAR digital elevation model (CUZK, 2017), with measured ERT
profiles and magnetometry survey [Colour figure can be viewed at
wileyonlinelibrary.com]

with topographic correction based on a LiDAR digital elevation model
(CUZK, 2017). Hillfort Štěpánov was inverted using the L1 norm (socalled robust inversion), due to an expected sharp resistivity boundary
between the rampart and rocky basement, while hillforts Zámka and
Kouřim-sv. Jiří were inverted by the L2 norm (standard inversion; for
use of different norms, see, e.g., Loke et al., 2003) favouring smooth

15 m wide. Later, an inner rampart with a ditch between the northern

transitions as expected within ploughed fields. All geophysical data

bailey and acropolis (unpreserved today) was also built. The rampart

sets, including the final inverse models, were interpolated and visual-

was made of earth with a frontal stone wall, and the total width of the

ized in Surfer (Golden Software, Golden, CO, USA).

fortification was 8 to 9 m (Šolle, 1969, 1993, 2000).
As suggested by excavations, the hillfort area was inhabited from
the Iron Age (600–500 BC) through the Early Middle Ages (ca. 8th cen-

3.1

Field works

|

tury), but its main prosperity relates to the Přemyslid dynasty within
the 10th to 13th centuries, when the main fortifications together with

3.1.1

|

Hillfort Štěpánov

a castle and church were also built. The hillfort was conquered and
destroyed in 1223 (Tomanová, 2012).

Two ERT profiles (P1 and P2) were measured within the hillfort fortifications, both with 1 m electrode spacing and using a WS HD electrode array. The profile across the outer transverse rampart was 55 m

3

|

GEOPHYSICAL METHODS

long, and length of the profile crossing the inner double rampart was
71 m. In addition, one profile 40 m long (P3) using an IWS HD elec-

Although the main goal of this study is to evaluate the applicability of

trode array across the inner double rampart was measured in order to

ERT, results from other methods were used also on those sites located

test resolution differences in output among individual electrode spac-

on agricultural land to provide supportive information from different

ings (0.5/1/2/4 m; Figure 2).

6
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TABLE 1

Summary of field works
Electrical resistivity tomography

Site

Profiles

Array

Electrode spacing

Magnetics

FDEM survey

Štěpánov

3

WS/IWS HD

0.5/1/2/4 m

/

/

Zámka

5

WS/DD HD

1m

x

x

Kouřim-sv. Jiří

4

WS/IWS/DD HD

1m

x

/

3.1.2

|

Hillfort Zámka

(iv) sensitivity (e.g., Dahlin & Zhou, 2004). In archaeological applications, the WS and DD arrays are most commonly used in HD variants

Previous geophysical study of the hillfort area included detailed mag-

with additional measured points (Loke, 2020). The general purpose of

netometry survey during 2005–2006. Data were collected in a regular

the WS array is imaging of horizontal or quasi-horizontal layers. The

1  0.25 m grid, covering both the prehistoric part of the hillfort on

depth range is about one fifth the maximum distance between current

the promontory and the Middle Ages bailey (Křivánek, 2008, 2010,

electrodes, while the resolution is rather ideal for investigation of

2013). Spatial results from the magnetogram were used for efficient

shallow structures (Loke, 2020). WS offers one of the best depth

placement of the ERT profiles and FDEM survey. Within this study,

determinations relative to the other arrays. One of its disadvantages

only the results from the vicinity of the fortification are presented.

is that WS, due to its specific geometry, does not spare any measure-

Five parallel ERT profiles (P1–P5), with 15 m north–south off-

ment time when used for multichannel acquisition. The reciprocal var-

set, were measured on Zámka. While P1 was 55 m long, the others

iant of WS known as IWS must then be used. Due to the switched

had the same 71 m length. All profiles used electrode spacing of 1 m

current and potential electrodes, IWS tends to pick up more telluric

(Figure 3) and were obtained using a WS HD electrode array, while on

noise and have possibly lower sensitivity at large potential electrode

P1 and P2, the DD HD array was also tested.

spacings than does regular WS array (Prins et al., 2018). The DD array

In addition, a zone of the former rampart and ditch was sup-

excels in imaging of vertical structures, its depth range is about one

plemented with the FDEM survey covering a polygon of 0.57 ha

fifth of the maximum current electrodes distance and it offers the

(roughly based on a 71  71 m2). It covered three depth levels (1.1,

highest resolution. DD is significantly limited by a rapid decrease of

2.1 and 3.3 m) and was performed as east–west profiles in continuous

measured potential at large dipole distance, and it is prone to artificial

mode with sampling frequency of 10 Hz and profile spacing of 2.5 m.

electrical noise (Loke, 2020). DD can be used without any modifications for multichannel measurements, which is its strong advantage.
Our tests of the WS and IWS arrays found no significant differ-

3.1.3

|

Hillfort Kouřim-sv. Jiří

ence between the two in the case of profile P4 across rampart at
Kouřim-sv. Jiří (Figure 5a,b), but IWS in a five-channel measurement

The hillfort area had previously been investigated by detailed magne-

system is 3 times faster in data acquisition (not five times, because

tometry survey during 2010–2012. Data were collected in a regular

all five different electrode pairs cannot be used at the ends of arrays).

1  0.25 m grid covering all parts of the hillfort, including the north-

The mentioned greater telluric noise or lower sensitivity at the large

ern bailey, acropolis and the southern part (Křivánek, 2013, 2019a,

potential electrode spacings probably does not affect the relatively

2019b). Spatial results from the magnetogram were used for efficient

short profiles used in archaeological prospection. Results from DD

emplacement of ERT profiles. Within this study, only results from the

(Figure 5c) do not differ very much from those of the two WS vari-

vicinity of the prospected fortification line are presented.

ants, but still some differences can be observed. Optionally, a high-

The survey on this hillfort consisted of three parallel ERT profiles

definition inverse model combining two or more different arrays

(P1–P3) with length of 71 m and electrode spacing of 1 m, using an

(e.g., Bharti et al., 2016) like WS and DD might also be used

IWS HD electrode array across the outer rampart within the active

(Figure 5d), especially in a situation when the original resolution is not

agricultural land. In addition, a single ERT profile (P4) was measured

sufficient for distinguishing targets. Combining WS and DD data

across a part of the outer rampart well preserved in a grove between

enhanced most of the anomalies due to higher sensitivity and resolu-

fields, with length of 31 m and 1 m electrode spacing, and using three

tion. In general, both ramparts and ditches usually form a horizontal

different electrode arrays: WS HD, IWS HD and DD HD (Figure 4).

layer (due to erosion, gravitational collapse or agricultural activities),
and thus, WS/IWS arrays tend to be better for that layer's imaging.

3.2

Effect of ERT field settings

|

3.2.2
3.2.1

|

|

Selection of electrode spacing

Type of electrode array
Due to the different number of measured points, electrode spacing

The selection of electrode array directly affects (i) horizontal–vertical

directly affects the method's resolution in both vertical and horizontal

resolution, (ii) data coverage, (iii) depth of investigation and

directions (Dahlin & Zhou, 2004). For example, a profile measured

7
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F I G U R E 5 Inversion results for the different ERT arrays from Kouřim-sv. Jiří profile P4: (a) Wenner–Schlumberger, (b) inverse
Wenner–Schlumberger, (c) dipole–dipole and (d) combined (concatenated) inversion of Wenner–Schlumberger and dipole–dipole [Colour
figure can be viewed at wileyonlinelibrary.com]

F I G U R E 6 Comparison of inversion results from double inner rampart at hillfort Štěpánov, profile P3: (a) electrode spacing of 0.5 m,
(b) electrode spacing of 1 m, (c) electrode spacing of 2 m and (d) electrode spacing of 4 m. High-resistivity (R) and low-resistivity structures
(C) are described in Section 3.2.2 [Colour figure can be viewed at wileyonlinelibrary.com]

with 1 m electrode spacing will have roughly four times more points

resolution among various electrode spacings in the case of a double

than does the same profile with 2 m electrode spacing, thus making

inner rampart at Štěpánov. Four different electrode spacings (0.5, 1, 2

the choice of proper electrode spacing very important. Depending on

and 4 m) were tested on the 40-m-long profile P3. The very dense

the targeted structures and desired resolution, small spacings of 0.25,

electrode spacing of 0.5 m (Figure 6a) clearly identifies high-resistivity

0.5 and 1.0 m are usually used in archaeology (e.g., Al-Saadi

et al., 2017; Balkaya et al., 2018; Fernández-Alvarez
et al., 2017).

stones used in building a left rampart (R1) as well as volcanic base-

Because ramparts and ditches usually are of a size and are measured

remains of the former ditches. It is unclear why there is also a low-

on a scale of metres, the electrode spacing of 1 m generally gives

resistivity zone C2 under the right rampart, which manifests only

results with sufficient detail, but we investigated differences in

slightly higher resistivity compared with the left rampart. The

ment (R2). Low-resistivity zones C1 and C3 probably represent

8

KLANICA ET AL.

geophysical image is practically unchanged in the case of electrode

30 Ωm (C1a) to depth of 2 m and width 3 m. In addition, there is a

spacing of 1 m (Figure 6b), where only some minor changes near the

second, similar anomaly on the eastern side of the rampart (C1b). The

surface can be observed compared with electrode spacing of 0.5 m. A

rest of the profile shows mid-range resistivity (100–300 Ωm, C2) with a

different situation occurs in Figure 6c, where results from 2 m elec-

varying thickness from 2 to 6 m under the surface and with deeper

trode spacing are displayed. The extent of the R1 structure is larger,

parts exhibiting higher resistivities from 300 to 1000 Ωm (R2).

and individual low-resistivity zones C1–C3 are merged into a single

An inverted section from a double inner rampart (profile P2;

zone or are disappearing. The longest electrode spacing of 4 m

Figure 7b) shows a rampart structure (position 12–40 m) with high

(Figure 6d) loses the resolution and deforms the structures so that

resistivities reaching up to 10 000 Ωm (R3) and thickness from 1 to

even the high-resistivity stones of R1 become nearly indistinguishable.

3 m. Below the eastern side of both ramparts are low-resistivity

The test proved that 1 m electrode spacing is adequate for surveying

anomalies of 30 Ωm (C3) with 2 m thickness and 6 m width, both

hillfort fortifications. Closer electrode spacing can be beneficial for

starting at 2 m below the surface. Around the rampart structure are

imaging the internal structure of ramparts or ditches, while electrode

small-scale high-resistivity anomalies (>1000 Ωm, R4) near the sur-

spacings longer than 1 m are clearly losing the required resolution and

face, while underneath lies a layer 4–5 m thick of mid-range resistivity

should be avoided in the case of structures several metres in size.

around 100 Ωm (C4). Deeper parts of the profile are represented by
high resistivity from 300 to 1000 Ωm (R5). Because the results from
profile P3 are similar to those of profile P2, these results are only

4
4.1

RESULTS

|
|

briefly described in Section 3.2.2.

Hillfort Štěpánov
4.2

|

Hillfort Zámka

Inverted ERT profile P1 (Figure 7a) shows an elevated structure of the
rampart (position 23–32 m) with mid-range resistivity around 100 Ωm

Magnetometry survey (vertical gradient) shows a positive, roughly

and a high-resistivity anomaly reaching 1000 Ωm on the eastern side

north–south-oriented stripe anomaly in x-position range 30–50 m

(R1). Underneath the eastern side, there is a low-resistivity anomaly of

(A1), which turns on the south end towards the west (Figure 8). The

F I G U R E 7 Inversion results for ERT profiles from hillfort Štěpánov: (a) profile P1 crossing outer rampart and (b) profile P2 crossing double
inner rampart. High-resistivity structures R1 and R3 are related to ramparts, while low-resistivity anomalies C1 and C3 show possible remains of
the ditches. Other marked structures indicate various lithologies (see Section 5.1.1) [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 8 Interpolated results from
the magnetometry survey within the
hillfort Zámka with placement of ERT
profiles. The strong anomaly A1 marks the
rampart, while the uniform anomaly A2
represents the ditch [Colour figure can be
viewed at wileyonlinelibrary.com]

anomaly has varying width locally exceeding ±30 nT. There is a sec-

(R5) from positions 0 to 42 m, while there are some smaller low-

ond north–south-oriented stripe (A2) with more uniform distribution

resistivity anomalies at 16 and 24 m (50 and 30 Ωm, respectively; C4).

around +10 nT located between x positions 60 and 80 m. The

The rest of the profile to the east shows uniform resistivity around

remainder of the image is filled with local, small-scale and mostly posi-

50 Ωm (C5).

tive anomalies.

Figure 10 shows interpolated results depicted as integral values

Figure 9a–e shows inverted sections from all five ERT profiles

from top to a certain depth from the FDEM survey. The out-of-phase

(P1–P5) measured by WS HD array. At the beginning of profiles P1–

component (apparent resistivity, Figure 10a) generally exhibits low

P3 from positions 0 to 20–30 m, there is a high-resistivity layer

apparent resistivities between 30 and 90 Ωm within all three integral

between 130 and 600 Ωm (R1) with thickness of around 1–2 m.

volumes, while only the SW corner shows higher resistivities up to

Below lies a low-resistivity layer of 30–50 Ωm with varying thick-

200 Ωm. Apparent resistivities rise gradually from shallow to greater

ness from 4 to 8 m (C1). This layer is interrupted between positions

depth, and a high-resistivity anomaly in the SW spreads with increas-

13 and 39 m by a more resistive anomaly of 100–300 Ωm

ing depth. In Figure 10b, results from the in-phase component show

(R2) protruding upwards on the P1 profile. On P2 and P3 profiles, a

distinct differences among individual integral volumes. From the top

more resistive layer with values ranging from 100 to 1000 Ωm

to depth about 1.1 m, there are two indistinct NNE–SSW-oriented

(R2) lies below the low-resistivity layer. The P4 profile can be charac-

anomalies (10 m wide) forming two stripes. Within integral values to

terized by high-resistivity values of 100–1000 Ωm (R3) from positions

a depth of about 2.1 m, both stripes are clearly visible with lower in-

0 to 40 m, with low-resistivity anomalies (50 Ωm, C2) placed

phase values compared with the surrounding environment, but the

between 4 and 10 m and at 20 m. The eastern side of the profile

western stripe is stronger. Integral values to a depth of about 3.3 m

shows much lower resistivity around 50 Ωm (C3), with a small, high-

show a narrower and more visible western stripe, due to higher in-

resistivity anomaly (300 Ωm, R4) between 60 and 66 m. The P5 pro-

phase values in the surrounding environment, while the eastern stripe

file manifests generally high resistivities between 300 and 1000 Ωm

has disappeared completely.
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F I G U R E 9 Inversion results for the ERT profiles P1–P5 (a–e) from the hillfort Zámka. High-resistivity structure R1 represents remains of the
rampart, while all other marked anomalies can be related to soil and/or geological features (see Section 5.1.2). The ditch is completely invisible in
the resistivity image [Colour figure can be viewed at wileyonlinelibrary.com]

4.3

|

Hillfort Kouřim-sv. Jiří

structure at positions 10–21 m, with mid-resistivity between 60 and
100 Ωm to a depth of around 1.5 m (C4). The rest of the profile gener-

Figure 11 displays interpolated results from the magnetometry survey,

ally shows lower resistivities of 30 Ωm (C5), with a higher resistive

showing several elongated, mostly positive anomalies. The most sig-

anomaly of 100 Ωm from 22 to 28 m 2 m below the surface (R5).

nificant anomalies are two east–west-oriented stripes between

Between 5 and 15 m, a high-resistivity anomaly 100–300 Ωm (R6) is

x positions 20 and 100 m (A1) followed by a perpendicular stripe

protruding from lower portions of the profile.

trending to the north between y positions 0 and 60 m. A less distinct
anomaly between x positions 40 and 120 m (A2) forms several positive and negative stripes coinciding with an elevated rise in the topog-

5

DI SCU SSION

|

raphy. At the east of the image, these stripes are followed by a more
significant positive anomaly (A3).

5.1

Geophysical interpretation

|

Figure 12a–d shows inverted sections from all four ERT profiles
(P1–P4) measured by IWS HD array. Three resistivity layers can be

5.1.1

|

Hillfort Štěpánov

distinguished on the P1 profile: a top layer 2 m thick with low resistivity around 30 Ωm (C1) and with a resistive anomaly around

Only the eastern side of the outer rampart on profile P1 (Figure 7a)

100 Ωm between positions 44 and 52 m (R1), a mid-layer with thick-

with high resistivity (probably caused by piled up stones) is clearly visi-

ness of 5 m and almost uniform very low resistivity around 1 Ωm

ble within the elevated structure of the rampart (R1). The rest of the

(C2), and a base layer with increasing resistivity from 100 to 1000 Ωm

rampart has the same resistivity as the top geological layer, which can

(R2). Profiles P2 and P3 are quite similar, with a low-resistivity layer of

be related to weathered basaltic rocks and suggests a different con-

30–80 Ωm 1–2 m thick near the surface (C3). That thickness is

struction of the outer rampart compared with that of the inner double

increasing to 4 m from position 40 m on P2 and to 8 m at position

rampart. Below the eastern side of the rampart there is a low-

54 m on the P3 profile. The remainder of the profiles to the depth of

resistivity anomaly (C1a) that can possibly coincide with a former

17 m exhibit high resistivity from 300 to 1500 Ωm (R3), while only

ditch, but we are aware that it might be an inversion artefact caused

between positions 30 and 44 m are lower resistivities ranging from

by compensation effects in the resistivity model. Due to this fact, it is

100 to 300 Ωm observed in the top 5 m and forming distinct mid-

possible that the former ditch is more likely represented by the C1b

resistivity anomalies (R4). The P4 profile shows an elevated rampart

anomaly. It is certain that the rampart had a very different form during

11
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F I G U R E 1 0 Electromagnetic survey results from the hillfort Zámka: (a) out-of-phase component (apparent resistivity) and (b) in-phase
component (magnetic susceptibility); both for integrated values from top to depths of 1.1/ 2.1/ 3.3 m. Within images, the shapes (black
broken line) of magnetic anomalies related to the rampart (A1) and the ditch (A2) are drawn [Colour figure can be viewed at wileyonlinelibrary.
com]

the Bronze Age, so it is possible that through the years, the rampart

rampart structures also possibly collapsed through the years to the

collapsed to the sides and covered the ditch. The deepest portion of

sides and covered the ditches. The emplacement of C3 anomalies

the profile is built of compact bedrock.

directly under the R3 high-resistivity anomaly raises the question

An inner double rampart on profile P2 (Figure 7b), stacked from

whether these conductors are not caused by an inversion process, but,

stones, is much more visible due to extremely high-resistivity values

due to their strict location under the former ditches and not elsewhere

(R3). Below the eastern side of both ramparts, there are low-resistivity

under R3; we are not inclined to such explanation. The ramparts, same

anomalies (C3) that can probably be related to the filled ditches. The

as the ditches, are clearly emerging from the weathered basaltic bed-

same can be said in the case of the outer rampart, where former

rock (C4) that is covering the compact basement (R5).

12
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F I G U R E 1 1 Interpolated
results from magnetometry
survey within hillfort Kouřim-sv.
Jiří with placement of ERT
profiles. Two positive anomalies
(A1) probably represent the outer
double ditch, while several stripelike anomalies (A2) show
ploughed remains of the rampart
and ditches. The positive anomaly
A3 can be related to the ditch
behind the rampart hidden in a
grove [Colour figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 1 2 Inversion results for ERT profiles P1–P4 (a–d) from the hillfort Kouřim-sv. Jiří. High-resistivity anomalies R1 and R4 might
represent ploughed remains of the rampart within the field, while the low-resistivity anomaly C4 can be related to a rampart in a grove. All other
marked structures show various soil and/or geological features (see Section 5.1.3) [Colour figure can be viewed at wileyonlinelibrary.com]

5.1.2

|

Hillfort Zámka

loess cover, supported by an accumulation of topsoils in the depression.
The high-resistivity structures on the bottom of P1–P3 (R2) and the

The fortification of the hillfort Zámka is not visible in the present

western sides of P4/P5 (R3 and R5) are probably caused by the Prote-

topography, but it can be clearly distinguished with magnetics

rozoic basement greywackes and siltstones, which especially on P4/P5

(Figure 8), where it is causing positive anomalies. The rampart

are moving to the surface due to a change in topography of the inner

(A1) was probably burned, thereby resulting in a strong positive anom-

hillfort area.

aly, while infill of the ditch (A2) is a little bit different than the regular
on-site soil, also presenting as a (weaker) positive anomaly.

Unfortunately, ERT was completely insensitive to the fill of the
former ditch on all profiles, despite that it is highly visible in mag-

The ERT results (Figure 9) only detect the stones, from which the

netic data. Because the magnetometry survey provided no vertical

rampart was built forming a high-resistivity layer (R1) at the beginning

information, an FDEM survey was conducted to obtain it. The out-

of profiles P1–P3. Due to agricultural activities and erosion of topsoil

of-phase component (related to apparent resistivity) proves

layers, in the present day, the stones are ploughed and spread to the

(Figure 10a) that the ditch has no inductive response differing from

inner upper flat area of the hillfort acropolis. A low-resistivity layer (C1,

the surrounding loess and soil cover within all three depth levels.

C3 and C5) within all profiles can be associated with the Quaternary

The shapes of magnetic anomalies for both rampart and ditch drawn
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to the resistivity slices have no relation to the measured resistivity

rampart, there are no signs of the ditch discovered by the magnetom-

structures. A different situation occurs in the in-phase component

etry survey (A3 in the magnetogram).

(related to magnetic susceptibility and thus to magnetic properties;
Figure 10b), where distinct stripe-like anomalies can be seen coinciding with the shape of fortification structures from the magnetometry survey. Integral values to a depth of about 1.1 m show

5.2 | Effects of preservation of fortification,
building material and bedrock type

lower in-phase values that can be assigned to the rampart and ditch
while the rampart is significantly stretched in the east–west direc-

For successful identification of the fortification, a resistivity contrast

tion. Within integral values to a depth of about 2.1 m, the in-phase

between the fortification structure and surrounding soil and/or rock is

contrast is more evident, especially for the rampart, but both fortifi-

most important. This is generally most affected by present-day preser-

cation structures have lower in-phase values than the surrounding

vation of the rampart, the building material used and the bedrock

environment. Integral values to a depth of about 3.3 m show that

type. As can be seen in the examples from Štěpánov, well-preserved

the rampart is narrowing in the in-phase image and moves a little to

stony ramparts can be successfully identified with ERT even on rocky

the west compared with the shape from magnetics. The ditch is dis-

bedrock. Ramparts of piled up stones usually exhibit only weak inter-

appearing completely.

connection between individual stones, thus resulting in exceptional
high resistivity. A completely different situation exists at Kouřim-sv.
Jiří, where only earthen ramparts were built. Even a quite well-

5.1.3

|

Hillfort Kouřim-sv. Jiří

preserved part of the rampart in the grove is only scarcely distinguishable from the bedrock in the resistivity image. The poorest results

Fortifications within the open and active agricultural field are almost

were achieved on active agricultural fields with noticeably destroyed

invisible in the present topography. The results from magnetics

ramparts. The potential of ERT applications is very limited in this case

(Figure 11) confirmed ploughed out remains of the original southern

due to mixing of the rampart material with the on-site soils. If the ram-

rampart of the acropolis with different outer ditches (A2;

part had been built of stones, ERT could find at least some remnants,

Křivánek, 2019a, 2019b). Other fortification lines can be seen on the

as at Zámka, but in the case of earthen ramparts, as probably was the

magnetogram as positive anomalies: A1 probably represents an outer

case at Kouřim-sv. Jiří, ERT is most likely unable to see any resistivity

double ditch, with possible remains of the rampart; A3, which can be

contrast.
The bedrock type mostly affects the identification of ditches. The

related to a ditch, is surprisingly situated behind the well-preserved

strongest resistivity contrast can be found at localities where ditches

rampart in the grove.
The ERT results on the P1–P3 profiles are clearly affected by agri-

were carved directly into rocky bedrock. Even if it was more recently

cultural activities (Figure 12). On P1 only, small near-surface anoma-

filled with a rocky-and-sedimentary mixture, the ditch holds moisture

lies to depth of about 2 m between positions 34 and 50 m with a little

better in comparison with the surrounding rocks, as it is more porous,

bit higher resistivity (R1) can possibly be attributed to material of a

is less compacted and acts as a kind of drainage channel. Thus, it

former rampart that has been ploughed out. A low-resistivity layer

exhibits as a low-resistivity zone. This is the case of Štěpánov, where

(C2) underneath can be associated with aeolian sediments (loess),

low-resistivity zones can be found on the outer side of each rampart.

while

and/or

In the case of Zámka, where the ditch was built inside the aeolian sed-

orthogneisses) is indicated by high resistivity (R2). P2 and P3 appear

iments and is nicely seen in magnetic data, ERT completely failed. As

similarly, but on both profiles, resistive crystalline rocks (R3) are rising

the ditch was probably filled with a similar material (i.e., on-site soil

up to near the surface while the sedimentary cover is thickened only

and loess), the resistivity contrast is almost negligible. That was also

to 1–2 m (C3). Only on the northern edges of the profiles do the aeo-

proven by an additional FDEM survey using a different physical

lian sediments have greater thickness around 6 m. Between positions

method (electromagnetic induction) for obtaining the resistivity infor-

26 and 42 m at the depth of the first several metres, there are several

mation. The ditch was completely invisible within the out-of-phase

anomalies with lower resistivity (R4) within the crystalline basement

component (apparent resistivity), but it was identifiable by in-phase

on both profiles. These may be related to the former rampart. Results

(magnetic susceptibility). This means that the ditch at Zámka formed a

from P4 across a well-preserved part of the rampart in the grove

layer with different magnetic susceptibility but the same resistivity as

prove that the rampart was not built of stones at all, but interpretation

the surrounding environment. On accessible sites with strong mag-

of P4 is somehow difficult due to low-resistivity contrast and possible

netic anomalies caused by ditches, therefore, FDEM survey can be

inversion artefacts, especially represented by pairs of anomalies

used satisfactorily instead of ERT for obtaining vertical information.

bedrock

with

crystalline

rocks

(migmatites

C4/C5 and R5/C5. The rampart can possibly be characterized by midresistivity values (C4) to depth around 2 m and which are slightly
greater than the surrounding sediments (C5) but still too low for piled

5.3

|

Impact of agricultural activities

up stones when compared with other investigated hillforts having
clear stone ramparts. At the beginning of the profile, crystalline rocks

Within the cultivated fields, where arable soil plays the main role in

(R6) are rising from below. At the end of the profile, behind the

agricultural activities, usually the top 0.2–0.4 m of the soil is affected
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by ploughing. The ploughing causes soil loss and can rapidly and irrep-

functions of a hillfort, its former environmental conditions, its original

arably damage archaeological sites (e.g., Lambrick, 2004; Noble

inhabitants, relevant human–environmental interactions and/or the

et al., 2019). This occurs due to increased alteration of the soil chem-

state of the archaeological site's subsurface preservation.

istry and aeration of the soil, as well as to compaction and fragmentation by farm machinery (e.g., Dain-Owens et al., 2013; Kibblewhite
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within integral values to depths of 1.1 and 2.1 m. It is very unlikely
that ploughing would also affect the third layer. A discrepancy
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C O N CL U S I O N

ERT was used to survey hillfort fortifications at three localities within
the Czech Republic characterized by different (i) ages (from the Bronze Age to early medieval), (ii) bedrock types, (iii) present-day conditions and (iv) effects of agricultural activities. Generally, the results
show that ERT is highly suitable for mapping well-preserved stony
ramparts or ditches carved into rocky bedrock and offering a huge
resistivity contrast. The method is also applicable for describing the
internal structure of earthen ramparts if they were preserved and not
destroyed by human activities. A substantially poorer situation was
seen in the cases of hillforts located on agricultural lands, where
ramparts and ditches had been affected by ploughing. Under such conditions, ERT is able to find only remnants of former ramparts (if they
were stacked of stones), while ditches are almost completely invisible
due to mixing of ditch infills with on-site soils and thus resulting in no
resistivity contrast. Still, ERT is a valuable technique capable of
obtaining depth information and for mapping an internal structure of
fortifications that can be carried out under difficult conditions that
include rocky and heavily forested sites. The information thereby
obtained can significantly improve our understanding concerning the
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areálu pravěkého a raně středověkého hradiště Zámka v PrazeBohnicích. Archaeologica Pragensia, 19, 233–256.
Křivánek, R. (2010). Geofyzikální průzkum hradišť Přerovská hůra a Zámka
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