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Chapter 4. Novel geophysical techniques and methods  

Research surveys have frequently employed novel techniques and traditional 

techniques using novel methods (e.g. high resolution) of data collection (see 

Section 2.2.3, Volume 1) that may offer benefits to large-scale projects if 

their use were adopted by commercial surveyors. The legacy data archive 

(see Section 3.1.3, Volume 1) clearly demonstrated reliance upon 

magnetometry that resulted in some key failures such as sites being missed 

or the technique being inappropriately used on certain soils or geologies (see 

Section 3.4.3, Volume 1). This chapter will examine if alternative geophysical 

techniques and methods of data collection can improve upon some of the 

earlier failures highlighted by the legacy data archive review and how (if at 

all) they can be applied to prospection strategies on national road schemes. 

Magnetometry was the most frequently used technique (used in 94% of 

survey events) in the legacy data archive (see Section 3.1.3, Volume 1), had 

the highest hectare coverage (68%) and - despite a number of multi-method 

combinations available - 56% of road scheme assessments used only 

detailed magnetometry surveys. Earth resistance survey usage was 

infrequent (a ratio of 1:27 to magnetometry), attributed to the slower rate of 

data acquisition (Table 34), which is a principle influence on survey costs. A 

key driver of this research (Objective 3, below) is to establish what role novel 

geophysical techniques can play and to determine if there is a viable and 

rapid alternative to magnetometry and earth resistance surveys.  
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Survey Technique Daily Coverage 

Twin-probe array earth resistance 1 ha with a MPX15 multiplexer  
(0.5 ha per day without it) 

Wenner array earth resistance 0.5 ha 

Square array (manual) earth resistance 0.48 ha 

Square array (articulated) earth resistance 1 ha 

Magnetometer (Dual System) 2-3 ha 

Magnetometer (Single Sensor) 1 ha 

Table 34. Daily coverage offered by traditional hand-held instruments for 1m x 1m 
data acquisition (from Parkyn 2012, Saunders 2002). 

 

To determine this, surveys were carried out which partly incorporated 

Objectives 1, 2, 3 and 5 of the research: 

Objective 1 Review 10 years of unpublished archaeological geophysical 

literature from Irish road schemes and assess their 

effectiveness for linear corridors in Ireland (i.e. retrospectively, 

could the application of novel techniques have made the 

historical surveys more effective?).  

Objective 2 Review, investigate and test the different variables that impact 

upon the success or failure of a geophysical survey. 

Objective 3 Assess the traditional and non-traditional methods of 

geophysical surveys as applied on Irish road schemes via 

reviews and new pilot studies (traditional methods will be 

addressed in Chapter 5, below). 

Objective 5 Establish a reproducible method of data collection to 

investigate the majority of archaeological features at a given 

area.  
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In order to satisfy these objectives, a series of new geophysical surveys were 

carried out. The surveys utilised recently developed, newly (commercially) 

available and novel electromagnetic (EM) and electrical resistance imaging 

(ERI) instruments that can both rapidly collect multiple datasets. Surveys 

using traditional magnetometry and earth resistance techniques were also 

carried out using novel methods of high resolution data capture. The 

published results of high-resolution multi-channel GPR (reviewed in Section 

2.2.3, Volume 1) have shown that such instruments will provide additional 

results on certain types of sites. However, a number of challenges arise for 

its use in Ireland: the small size and irregular shape of fields as well as 

predominantly wet soils. Small-scale projects employing these GPR 

instruments are not currently financially advantageous to use under these 

conditions and further work is needed to determine their viability over larger 

landscapes.  
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4.1 Materials and Methods 

4.1.1 Novel geophysical survey techniques 

Electromagnetic survey 

EM surveys are regarded as a novel technique as their use has not been 

particularly exploited on road schemes in the past (1.1% of all survey 

projects in the legacy data, see Section 3.1.3, Volume 1), mirroring the 

general use of EM in Ireland (see Appendix 2 and Table 75, below). 

Comparative statistics from England suggest that EM accounts for 0.4% of 

geophysical surveys (sample size n=2,667) between 2001-2010 (AIP 2012) – 

EM was not used in any of the 2,882 surveys that occurred between 1971-

2006 in the East Midlands region (Knight et al. 2007). 1.48% of all entries 

(n=3,179) in the English Heritage Geophysical Survey Database (English 

Heritage 2012) used EM – these were carried out between 1975-2006 

(1.67% of surveys for that period).  

The low occurrence could be attributed partly to the slow pace of traditionally 

‘popular’ EM instruments which have limited data collection ability, inherent 

issues of instrument drift and a lack of depth analysis and partly due to an 

over-reliance upon magnetometry, earth resistance, and ground penetrating 

radar technology in the British Isles (see Appendix 2, Table 75, below).  
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Only 2 EM surveys were carried out on road schemes in the legacy data 

archive: one obtained the quadrature (apparent electrical conductivity or 

ECa) response over 0.3 ha (to determine the presence/absence of a 

souterrain) and the other obtained the in-phase (apparent magnetic 

susceptibility or MSa) response over 24.5 ha (at a 5m x 5m resolution for a 

general reconnaissance of a road scheme). 

Modern EM instruments are capable of collecting both in-phase (MSa) and 

quadrature (ECa) data simultaneously, at multiple depths. These new 

instruments such as the DUALEM-21S with a large coil spacing (De Smedt 

et al. 2013b, De Smedt et al. 2011, Saey et al. 2012, Simpson et al. 2009, 

Simpson et al. 2010) and the CMD Mini-Explorer (Bonsall et al. 2013a) with a 

smaller coil spacing, offer the chance to identify archaeological deposits from 

a number of datasets in one survey sweep. The use of modern EM 

instruments to simultaneously acquire co-located MSa and ECa data, is of 

particular interest for the prospection and assessment of archaeological 

features as these are measurements that cannot be replicated by the 

acquisition of combined magnetometry, magnetic susceptibility and earth 

resistance data, owing to the differing volume of earth sampled by each 

technique.  
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A scoping exercise suggested that in a number of cases (Bonsall et al. 2011) 

some ditched enclosure features in Ireland had no observable magnetic 

contrast and were not identified by detailed magnetometry - using both 

caesium vapour and fluxgate gradiometers. The novel EM surveys were 

conducted to establish if the MSa or ECa properties of ditched enclosure 

features indicated a measurable contrast from the background soils.       

The novel EM surveys were carried out using a GF Instruments CMD Mini-

Explorer (GF Instruments 2010) which has coil arrangements in the 

horizontal coplanar (HCP) configuration (obtaining data from the vertical 

dipole orientation, also known as the ‘full depth’ range) and the vertical 

coplanar (VCP) configuration (collecting data in the horizontal dipole 

orientation, also known as the ‘half depth’ range). The CMD Mini-Explorer 

collects data from one coil arrangement at a time, thus two survey sweeps 

are required if both HCP and VCP data are to be obtained.  

The perpendicular (PERP) coil arrangement has been described as the most 

appropriate for the detection of archaeological features (Tabbagh 1986b), 

however the environmental and engineering geophysics industry that drives 

the production of EM instruments tends to prefer the HCP / VCP 

arrangement, as found in the CMD Mini-Explorer and the commonly used 

Geonics EM38. Encouragingly for these instruments, the VCP coil 

arrangement has been described as the second most appropriate for 

archaeological geophysics and is best suited for the measurement of centred 

and symmetrical anomalies (Tabbagh 1986b) which return an accurate 

representation of archaeological features.   
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HCP is the best coil arrangement for detecting a deep conducting layer, but 

the worst for detecting a magnetic layer (Tabbagh 1986b). Importantly, the 

HCP coil arrangement of some EM instruments shifts the polarity of a 

measured response at approximately 1m depth (Bonsall et al. 2013a, Dalan 

2008, Linford 1998, McNeill and Bosnar 1999).  

The CMD Mini-Explorer operates at 30 kHz, has one Tx coil and three Rx 

coils acquiring 3 datasets relating to differing depths of both quadrature and 

in-phase responses (6 data sets are simultaneously acquired per survey 

sweep, or 12 datasets if both HCP and VCP coil arrangements are used).  

Coil Arrangement Rx-Tx Coil Separation Effective Depth Range 

VCP 0.32m (Level 1) 0.25m 

VCP 0.71m (Level 2) 0.5m 

VCP 1.18m (Level 3) 0.9m 

HCP 0.32m (Level 1) 0.5m 

HCP 0.71m (Level 2) 1.0m 

HCP 1.18m (Level 3) 1.8m 

Table 35. Coil separation and effective depth range for CMD Mini-Explorer VCP and 
HCP coil arrangements. 

 

The instrument has an effective depth range of up to 1.8m (Table 35) for 

both in-phase (MSa) and quadrature (ECa) measurements (GF Instruments 

2010). Bonsall et al. (2013a) have suggested that the manufacturer’s depth 

of investigation and accuracy for both ECa and MSa responses is indicative 

only, as previous research (Scollar et al. 1990, Tabbagh 1986b) 

demonstrated that most EM instruments map the two soil properties at 

different depths when investigating archaeological soils.  
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The CMD Mini-Explorer has a measuring range of 1,000 mS/m and a 

resolution of 0.1 mS/m for ECa. For the MSa properties it has a measuring 

range of +/-80 ppt and a resolution of 10 ppm. 

Unless specified below, the EM data were collected at a 0.5m line spacing 

and at timed intervals that varied between 0.1-0.3s depending on ground 

conditions. Data were collected in zig-zag format. Data from the EM 

instrument was downloaded using GF Instruments’ CMD Data Transfer. Data 

were exported to MS Excel, checked for errors, and gridded to 0.5m x 0.25m 

in Golden Software Surfer 8 using a natural neighbour gridding function. The 

data were imported in to - and processed in - Geoplot 3.00v.  

Data processing steps (see Appendix 3), if required, included zero mean 

traverse to eliminate drift and de-staggering data to correct for positional 

errors. The 3 depth profiles (‘Levels 1-3’) returned for the CMD Mini-Explorer 

are not centred at the same location due to the separation of the Tx and Rx 

coils (the centre point between the Tx and relevant Rx coils occur at 0.16m, 

0.355m and 0.59m from the Tx coil), accounting for a minor displacement of 

the Level 2 (displaced by 0.195m) and Level 3 (displaced by 0.43m) data 

compared with the Level 1 data. No attempt was made to correct for this. 

Experimentation found that in some cases a High Pass filter using a 

Gaussian weighting were beneficial for the analysis of the ECa data, whereas 

in other cases this was not so. In most cases, a Low Pass filter with a 

Gaussian weighting was used upon the MSa data. Finally, the data were 

interpolated (sin(x)/x) to 0.25m x 0.25m.   
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Induced Polarisation surveys 

It has already been identified (in Section 2.1.2, Volume 1) that modern multi-

channel electrical resistance imaging (ERI) instruments are capable of 

simultaneously acquiring time-domain Induced Polarisation (IP) data from a 

variety of probe arrays (ZZGeo 2009). IP has not been used at all for 

archaeological purposes in Ireland according to the national Licensing 

Database (NMS 2008;  2012), making the technique truly novel and its 

application for this research is the first of its kind. 

Time-domain IP and ERT data were collected using a ZZGeo FlashRes64 

ERI instrument (Fry et al. 2011b, ZZGeo 2009) to assess the extent of the 

Edercloon wooden trackway complex that had been excavated in advance of 

a road scheme (Moore and O'Connor 2009). The excavation suggested that 

up to 3 wooden trackways continued beyond the road scheme into 

undisturbed pasture land.  
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The FlashRes64 allows ‘array free’ data collection (for both resistivity and IP) 

that can be subsequently de-constructed into particular arrays via 61 

channels from a single 64-probe array (ZZGeo 2009), collecting data in 

approximately 9 minutes (Fry et al. 2011b), which is significantly faster than 

traditional ERI instruments that typically require 15-25 minutes to acquire a 

single (e.g. Wenner) configuration for the same number of probes. The 

FlashRes64 offers the chance to rapidly acquire ERI data not over single 

profiles but over wider areas as well - the speed of survey is impeded only by 

the need for multiple profile set-outs, which affects all ERI surveys (Gibson 

and George 2013: 187).  

The IP and ERT data were collected with colleagues from the University of 

Bradford (Bonsall et al. 2013b). Five parallel profiles (31.5m long, spaced 2m 

apart, 0.5m probe separation) were oriented NW-SE. The profiles were 

located 10m to the NE of the Edercloon excavation cutting to avoid gathering 

potentially anomalous data derived from the disturbed and backfilled 

excavation. This limits some of the a priori archaeological data - it was 

considered a reasonable assumption that at least one of the three trackways 

would continue in to the survey area as the excavated trackways varied in 

length between 12-34m within the excavation cutting.  
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Ideally, the profiles should have been aligned at 90° to the known trackway 

trajectory in order to acquire the most informative data however this was not 

possible due to 1) the modern field boundary and 2) the varying E-W and N-

S trajectories of the trackways. Significantly, the excavation had shown that 

the trackways were not linear and frequently altered direction or terminated 

for no discernible reason, therefore the prediction of trackway trajectory over 

a >10m distance is hazardous. The profiles were purposefully aligned 

parallel to the excavation cutting and field boundary which favoured 

unimpeded probe movement to the NE.  

A single long profile (Line 6) was collected parallel to Line 2. This profile was 

80m in length, with a probe separation of 0.5m. Line 6 was used to provide 

further information on the immediate environment. 

The time-domain IP data were collected with all 61-channels and available 

probe configurations. The IP data were the only data of interest due to the 

techniques ability to map large wooden features as polarised contrasts in the 

host soil (see Section 2.1.2, Volume 1). However, the multiple datasets 

acquired by the FlashRes64 offered an opportunity to examine other ERI 

data from the same profile. Electrical resistance data extracted from Wenner, 

WennerB, Double-Dipole, and Wenner-Schlumberger arrays were selected 

for a comparison. 
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The FlashRes64 measures time-domain IP to a sensitivity of 0.01ms 

(milliseconds) of apparent chargeability (M) and electrical resistivity data to 

0.01Ω-m (ZZGeo 2009). The data were collected with an output voltage of 

90V. All ERI data were imported to Res2Dinv v3.58 (Geotomo Software 

2013) for inversion using the Robust-least squares finite element method.  

Individual 2D profiles were produced in Res2Dinv. The 5 parallel profiles 

were imported to Res3Dinv to create a semi-3D inversion of 10 depth slices 

between 0-4.5m beneath the surface, at 0.5m intervals. The semi-3D 

inversion data were interpolated between the 5 profiles to produce a 31.5m x 

8.0m sized plot of the survey area. A 3D iso-surface visualisation of selected 

anomalies was created from the semi-3D inversion data using Golden 

Software Voxler. 

4.1.2 Traditional geophysical survey techniques 

Magnetometry  

The traditional magnetometry technique was used to capture data at a novel 

high resolution, not for ‘a research assessment’ of archaeological features 

but as a ‘commercial geophysical survey’, which is abnormal in the legacy 

data archive. A decreased line spacing of 0.5m traditionally required twice 

the amount of surveying; however recently developed, newly available and 

novel arrays of magnetometer sensors offer a more rapid and less labour 

intensive alternative.  
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Magnetometry instruments were calibrated according to the relevant 

manufacturers guidelines (Foerster 2008, Geoscan Research 2006c) and 

data were collected in zig-zag format using either:  

 a pair of Geoscan Research FM256s in dual-system mode with a CF6 

carry frame (Geoscan Research 2006c)  

o a 0.5m line spacing and 0.25m (or better) in-line spacing  

o 0.05 nT instrument sensitivity  

o FM256s remained in the same direction throughout the survey 

o Data were downloaded to - and processed in - Geoplot 3.00v, or 

 a Foerster FEREX cart system (Foerster 2008)  

o a 0.5m line spacing and 0.1m in-line spacing 

o <0.2 nT instrument sensitivity 

o FEREX probes were rotated 180° (upon a cart) for alternate 

transects 

o Data were downloaded to Data2Line, exported to Geoplot 3.00v 

for processing via Golden Software Surfer 8, which was used to 

resample data from a 0.1m sample resolution to 0.125m. 

Grids were co-located with those of the novel technique(s), and mostly 

facilitated the collection of data along lines broadly oriented south-north to 

allow for increased geomagnetic resolution; in some circumstances (e.g. 

irregular field boundaries or other constraints), data were collected along 

angles that arced between WNW-ENE alignments.  
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Data processing steps (see Appendix 3) included equalising each line of data 

to around zero in the absence of archaeological anomalies (zero mean 

traverse) and de-staggering data where required to correct for positional 

errors. Low Pass filters with a Gaussian weighting were used as necessary 

to enhance the appearance of weak contrast archaeological-derived 

anomalies in the data. Finally, the data were interpolated (sin(x)/x) to 0.25m 

x 0.25m or 0.125m x 0.125m.  

Earth resistance 

Earth resistance surveys in the road scheme legacy data were carried out 

using Twin-probe (90.5%) and Square (9.5%) arrays. It was decided to 

collect earth resistance data using the ‘novel’ Wenner array – which has 

been infrequently used in archaeological geophysics since the development 

of the Twin-probe array. The Wenner array offers a comparative depth of 

investigation to the EM survey.  

Data were collected using a Geoscan Research RM15-D earth resistance 

meter (Geoscan Research 2009):  

 a PA5 array collected data in zig-zag format 

 a 0.5m line spacing and 1m in-line spacing 

 probes spaced 0.5m apart.  

 the RM15-D has a sensitivity of 0.1 Ω.  

 data were downloaded to - and processed in - Geoplot 3.00v.  
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Data processing steps (see Appendix 3) included grid equalisation and de-

spiking to remove spurious outliers caused by near surface cobbles or poor 

probe contact. High Pass filters with a Gaussian weighting were used as 

necessary to minimise large background variations due to bedrock or surface 

geology. Finally, the data were interpolated (sin(x)/x) to 0.5m x 0.5m or 

0.25m x 0.25m. 

4.2 Assessments and Results 

The novel techniques were used at 7 test sites to establish if they were 

capable of identifying specific archaeological-feature types that are 

commonly encountered on road schemes and large or complex site types 

that delay construction works due to the need for full excavation (Table 36). 

The varied geology, landscape and ground conditions of the test sites were 

also assessed. The surveys occurred at known archaeological sites, some of 

which had been assessed either through earlier geophysical assessments 

and/or resolution (full, detailed) excavation. 

Area, Site Type M ER EM IP Excavation OS 
Map 

Field 
walking 

Edercloon, Wooden Trackways        
Kilcloghans, Ditched Enclosure        
Hughes’-Lot East, Ditched Enclosure, ditches        
Knockduff Burnt Mound of Stones        
Slievemore, Pre-bog field walls        
Windmill Hill, Structure (stone walled)        
Knockduff, Structure (sod-walled)        

Table 36. Novel geophysical techniques and methods and archaeological sources 
of information. 
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4.2.1 Wooden trackways at Edercloon, Co. Longford 

Ireland’s peat coverage (as discussed Section 2.4.2, Volume 1), is the third 

highest in Europe, covering 16.5% of the country. The anaerobic soil 

conditions preserve a range of archaeological objects and features that do 

not survive in non-peaty soils. Wooden trackways are commonly 

encountered in areas of commercial peat harvesting and occasionally on 

road schemes. A large wooden trackway complex was found in a 0.51 ha 

excavation at Edercloon, Co. Longford in 2006, prior to the construction of 

the N4 Dromod-Roosky road scheme (Moore and O'Connor 2009). The 

complex was extremely dense with forty-five individual trackway sites located 

in very close proximity (Figure 39). Many of the trackways abutted and 

crossed over and beneath each other. The complex consisted of 4 primary 

trackways, 8 secondary trackways, 12 tertiary trackways, 5 platforms & 13 

deposits of archaeological wood, dating from the Neolithic to the medieval 

period, with the majority dating to the Late Bronze Age and Early Iron Age. 

There were indications that some of the trackways (Table 37) continued 

beyond the excavation in to undisturbed pasture land. This afforded the 

opportunity to trace the undisturbed extent of the trackways using 

geophysical methods. 

  



233 
 
 

 

Figure 39. Excavated wooden trackways at Edercloon. 

Figure reproduced from excavation report (Moore and O'Connor 2009). 
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Excavated Trackway 

EDC 5 EDC 26 EDC 31 EDC 36 

Orientation N-S NE-SE & E-W NW-SE NW-SE 

Elevation -1.95m unknown -1.56m unknown 

Length 32.5m 34m 12m 38m 

Width 3.6m 3.3m 4.8m 3.05m 

Depth 1.3m 1.53m 0.6m 0.06m 

Table 37. Morphology of excavated trackways in the vicinity of IP profiles 1-6.  

Elevations taken from local excavation datum (Data collated from Moore and 
O'Connor 2009). 

 

Methodology 

The five parallel profiles (Lines 1-5, 31.5m in length) and a sixth longer 

profile (Line 6, 80m in length) were collected in pasture land to the NE of the 

known trackways (Figure 40).  
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Figure 40. Location of IP profiles adjacent to trackways and wooden platforms. 
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Results 

Two distinctive IP anomalies clearly contrast with the background soils 

across profiles 1-5 (Figure 41) as anomalies ‘A’ and ‘D’ - these are absent 

(as expected) from the comparative electrical resistivity data (Figure 42) but 

can be traced across the semi-3D inversion of the IP data (Figure 43). 

Anomaly ‘A’ could be interpreted as an artefact of the data collection as it lies 

upon the tapering edge of the IP data, whereas anomaly ‘D’ is centred within 

the profile. However, the 80m long profile (Figure 44), which encountered 

wide variations in background readings (over a larger area than the shorter 

IP traverses) and is presented on a logarithmic scale, identified both 

anomalies and confirmed that ‘A’ does exist as an anomaly (near the centre 

of the traverse) rather than an artefact of the data collection.  

Anomaly ‘A’ coincides with the projected trajectory of known and excavated 

trackway EDC 5 (Late Bronze Age) as well as those of secondary trackways 

EDC 31 (Iron Age) and EDC 36 (Early Bronze Age), which vary in size 

(Table 37, above). Anomaly ‘A’ is most likely to represent the largest 

trackway (EDC 5), as traced in the semi-3D inversion (Figure 43), or 

potentially as an amalgam of all three trackways which may converge at this 

point. Anomaly ‘A’ was mapped continuously across the 8m wide profiles and 

apparently continues beyond the area of investigation. EDC5 was 32.5m 

long in the excavation - the IP data suggests that it can be increased (by 

19m) to approximately 52m in total, incorporating a slight bend to the NE, as 

suggested by the excavation.  
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Figure 41. IP Profiles No. 1-5 with the position of anomalies A and D highlighted.   
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Figure 42. Comparative ERT data from Profile No. 1-5. 
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Figure 43. IP Profiles No. 1-5. 

Presented as a semi-3D inversion (left) and depth slice at 4.5m in relation to the excavation (right).  

Data processing artefact 
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Figure 44. IP Profile No. 6 with the position of anomalies A, B, C, D and E highlighted.  

 

C 
D 

A 
E 
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Anomaly ‘D’ represents a shorter feature that appears to terminate halfway 

across the 8m wide profiles. It may represent an extension of EDC 31 or 

EDC 36, or it could be another of the isolated platforms that were found in 

the excavation (Moore and O'Connor 2009).  

Anomalies ‘B’, ‘C’ and ‘E’ were identified only in the 80m profile (Line 6, seen 

in Figure 44). Curvilinear primary trackway EDC 26 (Iron Age) may 

correspond to either anomaly ‘B’ or ‘C’. Anomaly ‘E’ might represent EDC 6, 

a 10.5m long, 3.6m wide Iron Age tertiary trackway. 

Discussion 

The RMS errors of the modelled IP data are very high (between 9.1-17.9%) 

which suggests that the model may not be a good representation of the 

measured IP data. The background values are very low (0-10 mSecs) 

reflecting the saturated peat and this might account for the high RMS errors. 

It is difficult to determine if the RMS error is indeed erroneous or normal for 

IP data from archaeological sites as the application of IP on peat lands is 

limited (Slater et al. 2001). Other archaeological investigations (Meyer et al. 

2007, Schleifer et al. 2002) neither discuss nor present modelled IP data and 

no other comparable (peat land and trackway) sites have been subjected to 

the technique. What can be said is that the 6 profiles of data are consistent in 

terms of the anomalies returned (and the RMS error) and that the ERT data 

also have a reasonably high RMS error (7.2-11.3%).  
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Regular IP users (for archaeological geophysics) have suggested that errors 

higher than 10% are unusual (Berge 2013) however their experience extends 

only to non-peat land sites. Environmental and geological IP users have 

reported RMS errors of 1-4% (El-Galladi et al. 2007), however these 

investigated peat layers above other sediments. The shallow IP responses at 

Edercloon are homogenous which might suggest that only the peat layer has 

been investigated. The decomposed plant material within the peat will also 

have a high surface charge (Slater et al. 2001), therefore surface conduction 

will also influence the bulk conductivity. IP studies on peat lands have been 

mixed; boreholes have shown that IP has both inaccurately detected the 

bottom of a peat layer (El-Galladi et al. 2007) and accurately determined 

peat thickness (Slater et al. 2001) - the Edercloon result is therefore 

consistently unclear in this regard, but the RMS error is consistent. 

Importantly for the study of archaeological features - and regardless of its 

ability to determine peat depth - the IP survey did demonstrate that a known 

wooden trackway could be clearly traced across the profiles.  
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There are a number of challenges for identifying wooden trackways in 

geophysical data. The function of a wooden trackway is not necessarily 

clear; while many can be used as access routes between drier, higher lands, 

others such as the Iron Age trackway of Corlea 3, Co. Longford, terminate 

within a bog for no apparent reason (Raftery 1996). In other cases, including 

Edercloon, isolated platforms exist, the function of which have not been 

determined. It is therefore difficult to anticipate, model or predict where a 

wooden trackway may be located within a bog, as they do not necessarily 

link archaeological (or natural dryland) sites together.  

4.2.2 Kilcloghans, Tuam, Co. Galway 

A pair of circular enclosures were subjected to high resolution magnetometer 

and EM surveys at Kilcloghans. The enclosure pair were identified (Table 38) 

as a result of investigations on the N17 Tuam Bypass (Bonsall and Gimson 

2007a, McKinstry 2010, Roseveare and Roseveare 2005). Half of ringfort 

RMP No. GA029-211001 was excavated (Figure 45); the remainder (and all 

of enclosure GA029-212) was located beyond the road scheme (Figure 46). 

The site was subsequently used for an earth resistance time-lapse study 

(see Chapter 6, below).  
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Phase of Work Ringfort  
GA029-211001 
Identified? 

Enclosure 
GA029-212 
Identified? 

Topsoil MS (10m x 15m sample resolution) No N/A 

15m wide detailed (caesium) magnetometer 
sample strip 

Survey 
prevented by  
high silage 

N/A 

Test Trenching & Resolution Excavation Yes N/A 

Detailed (fluxgate gradiometer) magnetometer 
and earth resistance  

Yes Yes 

Table 38. Archaeological investigations at the Kilcloghans enclosure pair. 

 

 
Figure 45. Excavation of ringfort GA029-210011. 

Reproduced from the excavation report (from McKinstry 2010). 
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Topsoil magnetic susceptibility survey (from Roseveare and Roseveare 2005). 

 

         
Magnetometer survey (from Bonsall and Gimson 2007a) 

 

       
Earth resistance survey (from Bonsall and Gimson 2007a) 

Figure 46. Geophysical surveys at Kilcloghans from the NRA legacy data.  
Yellow represents a 40m x 40m area; Green represents a 100m x 90m area.  
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The geophysical surveys managed to identify the two enclosures although 

the magnetic contrasts encountered for the enclosure ditches were 

reasonably low (<2nT, see Figure 28 from the retrospective scanning 

assessment in Section 3.3.3, Volume 1) and were typical of magnetometer 

surveys in the legacy data archive on Carboniferous limestone geology in the 

west of Ireland (Bonsall et al. 2011). The enclosures were surveyed with the 

novel electromagnetic technique to determine if such a survey could offer a 

more substantial contrast for earth-cut ditched enclosures.  

Methodology 

As an early test of the CMD Mini-Explorer instrument, several different EM 

surveys were carried out (Table 39).  

Area Survey Type Traverse 
Direction 

Survey Resolution 

Acquisition Gridded to Interpolated to 

40m x 40m EM (HCP) SE-NW 1m x 0.3s  1m x 0.25m 0.25m x 0.25m 

40m x 40m EM (HCP) SW-NE 1m x 0.3s  1m x 0.25m 0.25m x 0.25m 

40m x 40m EM (VCP) SW-NE 1m x 0.3s  1m x 0.25m 0.25m x 0.25m 

100m x 90m EM (VCP) SW-NE 0.5m x 0.1s 0.5m x 0.125m 0.125m x 0.125m 

100m x 90m Magnetometer SW-NE 0.5m x 0.1m 0.5m x 0.125m 0.125m x 0.125m 

40m x 40m Wenner, Twin-probe and Square array earth resistance data were used at a sample 
resolution of 0.5m x 1m as part of a time-lapse study covering the same 40m x 40m 
area above. The earth resistance results are presented in Chapter 6, below. 

Table 39. Novel techniques and methods used at Kilcloghans.  

See Figure 46, above for survey areas. 
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Results 

The MSa HCP (Figure 47) data undergo the expected polarity change for a 

target at a certain depth, as recorded elsewhere (Bonsall et al. 2013a, Dalan 

2008, Linford 1998, McNeill and Bosnar 1999, Simpson et al. 2010, Tabbagh 

1986b). The polarity of the HCP data changes from the shallowest layer 

(positive) to deeper layers (negative) - between Level 1 (0.5m) and Level 2 

(1.0m) at depths suggested by the manufacturer (see Table 35, above). The 

depth at which the polarity changes is influenced by the coil separations at 

Level 2 (and Level 3) which is 0.71m (and 1.18m, respectively). The 0.71m 

coil separation offers a depth of investigation of approximately 1.0m (Table 

35). The DUALEM-21S experience encountered a polarity change at the 

smallest HCP coil separation (1.0m) for that instrument (Simpson et al. 

2009), which is actually larger than the two shallowest HCP sensors of the 

CMD Mini-Explorer. The VCP data from the CMD Mini-Explorer have a 

consistent polarity throughout the three levels of data. This indicates that the 

CMD Mini-Explorer is obtaining a consistent polarity throughout all three VCP 

configurations and the shallowest HCP configuration; the polarity changes for 

the second and third HCP configurations. 
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The enclosure ditches are visible in the MSa data (although not in the Level 2 

HCP datasets). The ECa data are less impressive - the SW-NE aligned 

traverses (Figure 48) illustrate the ditched enclosures more coherently. The 

differences between the HCP and VCP data are minimal; although the VCP 

data (Figure 49) should be of a better quality for archaeological features 

(Tabbagh 1986b), the HCP data appear to be the most coherent, despite the 

loss of the enclosure ditches in MSa Level 2 (HCP).  

Discussion 

The high resolution (0.5m x 0.1s) EM VCP data (Figure 50, Figure 51) are 

particularly clear and coherent compared to the magnetometry data (Figure 

52). A disturbance from a former field boundary visible in the magnetometry 

can be faintly perceived in the MSa data. The MSa data identified more 

archaeological features than the ECa data, including internal features, field 

boundaries and plough furrows and the enclosure ditches were mapped in 

finer detail. The comparatively poorer ECa data might be indicative of a 

seasonal response. The EM surveys have shown that ditched enclosure 

features can be mapped clearly by EM and that the MSa contrasts are 

particularly strong upon the limestone geology.  
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ECa Level 1 ECa Level 2 ECa Level 3 

               
     +2.9mS/m            +7.8mS/m       +3.3mS/m              +4.9mS/m       +3.1mS/m            +4.7mS/m 
Range: 

-
6.3-25.3mS/m 

Mean: 5.3mS/m 
Std. Dev.: 2.4mS/m 

Range: 
-
5.7-6.8mS/m 

Mean: 4.1mS/m 
Std. Dev.: 0.8mS/m 

Range: 
-
6.3-6.5mS/m 

Mean: 3.9mS/m 
Std. Dev.: 0.8mS/m 

   

   
MSa Level 1 MSa Level 2 MSa Level 3 

               
    +0.95ppt                     +1.19ppt +1.12ppt                       +1.34ppt +1.05ppt                       +1.23ppt 
Range: 0.9-2.0ppt 
Mean: 1.0ppt 
Std. Dev.: 0.1ppt 

Range: 0.86-1.96ppt 
Mean: 1.2ppt 
Std. Dev.: 0.11ppt 

Range: 0.68-1.69ppt 
Mean: 1.1ppt 
Std. Dev.: 0.08ppt 

 
   
0m                              40m North   

Figure 47. HCP EM data at Kilcloghans. 

SE-NW aligned traverses, 1m x 0.3s (gridded to 1m x 0.25m and interpolated to 
0.25m x 0.25m). All data shown at ±1 standard deviation from the mean. 
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ECa Level 1 ECa Level 2 ECa Level 3 

               
     -1.8mS/m            +2.1mS/m       -0.7mS/m              +1.1mS/m       -0.7mS/m            +1.4mS/m 
Range: 

-
74.6-19.6mS/m 

Mean: 0.1mS/m 
Std. Dev.: 1.9mS/m 

Range: 
-
25.5-4.1mS/m 

Mean: 0.1mS/m 
Std. Dev.: 0.9mS/m 

Range: 
-
8.4-6.5mS/m 

Mean: 0.3mS/m 
Std. Dev.: 1.1mS/m 

   

   
MSa Level 1 MSa Level 2 MSa Level 3 

               
    -0.07ppt                     +0.08ppt   -0.05ppt                       +0.06ppt -0.054ppt                      +0.064ppt 
Range: 

-
0.1-1.0ppt 

Mean: 0.006ppt 
Std. Dev.: 0.07ppt 

Range: 
-
0.9-0.7ppt 

Mean: 0.006ppt 
Std. Dev.:0.06ppt 

Range: 
-
1.1-0.6ppt 

Mean: 0.005ppt 
Std. Dev.: 0.059ppt 

 
   
0m                              40m North   

Figure 48. HCP EM data at Kilcloghans. 

SW-NE aligned traverses, 1m x 0.3s (gridded to 1m x 0.25m and interpolated to 
0.25m x 0.25m). All data shown at ±1 standard deviation from the mean. 
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ECa Level 1 ECa Level 2 ECa Level 3 

               
     -1.6mS/m            +2.3mS/m       +3.8mS/m              +5.7mS/m       +3.9mS/m            +5.4mS/m 
Range: 

-
2.6-18.8mS/m 

Mean: 0.36mS/m 
Std. Dev.: 2.01mS/m 

Range: 
-
2.4-8.7mS/m 

Mean: 
-
2.4mS/m 

Std. Dev.: 8.4mS/m 

Range: 0.8-7.4mS/m 
Mean: 4.7mS/m 
Std. Dev.: 0.7mS/m 

   

   
MSa Level 1 MSa Level 2 MSa Level 3 

               
    -0.031ppt                  +0.034ppt   -0.056ppt                    +0.066ppt -0.041ppt                      +0.047ppt 
Range: 

-
0.1-0.3ppt 

Mean: 0.001ppt 
Std. Dev.: 0.03ppt 

Range: 
-
0.1-0.6ppt 

Mean: 0.005ppt 
Std. Dev.: 0.06ppt 

Range: 
-
0.27-0.39ppt 

Mean: 0.002ppt 
Std. Dev.: 0.04ppt 

 
   
0m                              40m North   

Figure 49. VCP EM data at Kilcloghans. 

SW-NE aligned traverses, 1m x 0.3s (gridded to 1m x 0.25m and interpolated to 
0.25m x 0.25m). Compare with Figure 48 for difference between HCP and VCP coil 

arrangements. All data shown at ±1 standard deviation from the mean. 
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-1 S.D.                   +1 S.D.   

 
-0.027ppt          +0.022ppt 

 

 

 

 

 
-2 S.D.                   +2 S.D.   

 
-0.051ppt          +0.046ppt 

 
 
 
Range: 

-
0.3-0.2ppt 

Mean: 
-
0.002ppt 

Std. Dev.: 0.02ppt 

 

 

 

 

-3 S.D.                   +3 S.D.   

 
-0.075ppt          +0.071ppt 

 
 
 
 

0m                                         50m 

 
North  

Figure 50. VCP EM MSa data from Level 3, at Kilcloghans. 
0.5m x 0.1s (gridded to 0.5m x 0.125m and interpolated to 0.125m x 0.125m).  
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-1 S.D.                   +1 S.D.   

 
-1.4mS/m              +1.7mS/m 

 

 

 

 

 
-2 S.D.                   +2 S.D.   

 
-2.9mS/m             +3.0mS/m 

 
 
 
Range: 

-
3.3-6.0mS/m 

Mean: 0.03mS/m 
Std. Dev.: 1.51mS/m 

 

 

 

 

-3 S.D.                   +3 S.D.   

 
-4.4mS/m              +4.5mS/m 

 
 
 
 

0m                                         50m 

 
North  

Figure 51. VCP EM ECa data from Level 3, at Kilcloghans.  
0.5m x 0.1s (gridded to 0.5m x 0.125m and interpolated to 0.125m x 0.125m).  
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-1 S.D.                   +1 S.D.   

 
-3.4nT                      +4.0nT 

Range: 
-
126-364nT 

Mean: 0.3nT 
Std. Dev.: 3.7nT 
 
 
 
0m                                         50m 

 
North  

Figure 52. Magnetometer data at Kilcloghans. 

0.5m x 0.1m (gridded to 0.5m x 0.125m and interpolated to 0.125m x 0.125m). 

 

4.2.3 Hughes’-Lot East, Cashel, Co. Tipperary 

A multi-period archaeological site (including a bi-vallate enclosure, kilns and 

field systems), was discovered during archaeological excavations at 

Hughes’-Lots East on the N8 Cashel Bypass (Ó Droma 2011). Approximately 

half of the enclosure was excavated and the remainder lay in a pasture field 

beyond the road scheme. Surveys were carried out to assess which methods 

were capable of identifying the ditched enclosure remains and to what extent 

the multi-depth capabilities of recently developed, newly available and novel 

EM surveys can be relied upon, in comparison to the adjacent excavation.  
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Figure 53. Excavation of Hughes’-Lot East.  

Geophysical survey area marked (from Ó Droma 2011). 

  

Survey area 
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Methodology 

The novel techniques and methods of data collection (Table 40) were carried 

out on Ballyadams formation, crinoidal wackestone, packstone and limestone 

geology. 

Area Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

40m x 20m EM (HCP) 0.5m x 0.3s  0.5m x 0.25m 0.25m x 0.25m 

40m x 20m EM (VCP) 0.5m x 0.3s  0.5m x 0.25m 0.25m x 0.25m 

40m x 20m Magnetometer 1m x 0.25m - 0.25m x 0.25m 

40m x 20m Earth Resistance (Wenner) 0.5m x 1m - 0.5m x 0.5m 

Table 40. Novel techniques and methods used at Hughes’-Lot East. 

 

The CMD Mini-Explorer was used in both the HCP and VCP coil 

arrangements, obtaining data from all 12 configurations and 6 depth levels 

(see Table 35, above). The accuracy of the depth data were assessed 

against the morphology of the adjacent excavated enclosure ditches (Ó 

Droma 2011). The EM response of the two enclosure ditches were compared 

to the background (mean) responses to determine a percentage contrast for 

each coil configuration (given as 3-HCP-MSa for apparent magnetic 

susceptibility Level 3, HCP coil configuration, etc.). 
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Results 

The EM survey mapped the unexcavated portion of the enclosure ditches 

and a linear ditch (Figure 54) that compared very well with both the 

magnetometer and earth resistance data. The ditches were clearest in the 

VCP acquired MSa data from Levels 2 and 3. The ECa data are 

comparatively poor (across all datasets) for the earth-cut ditches, but they 

are visible. A circular low conductivity anomaly can be seen across all 6 ECa 

datasets and as a high (earth) resistance anomaly at the junction of the 

enclosure ditches and the linear ditch.  

The excavated components of the enclosure ditches were 1-1.3m in depth 

(Ó Droma 2011). The ditches were visible in all 12 configurations of the EM 

data (Table 41), although they were barely appreciable in the lower levels of 

data (i.e. in the 3-VCP-ECa and 3-HCP-MSa configurations). The highest 

contrasts mostly occurred at the 1.00m and 1.80m depth of investigation, 

which coincides with the 1-1.3m depth of the ditches, suggesting that the EM 

data are accurate to 0.5m-0.8m. However, the shallowest ECa data 

(suggested depth of investigation of 0.25m) had the highest contrast, which 

may reflect seasonally high moisture content in the upper layers of the ditch 

fill or topsoil.  
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ECa HCP Level 1 DoI: 0.5m ECa HCP Level 2 DoI: 1.0m ECa HCP Level 3 DoI: 1.8m 
Clip: 

-
44-41mS/m 

Range: 
-
313-465mS/m 

Mean: 
-
1.2mS/m 

Std. Dev.: 42.8mS/m 

Clip: 
-
19-14mS/m 

Range: 
-
137-57mS/m 

Mean: 
-
2.0mS/m 

Std. Dev.: 17.0mS/m 

Clip: 
-
12-10mS/m 

Range: 
-
109-127mS/m 

Mean: 
-
1.0mS/m 

Std. Dev.: 11.7mS/m 
   

   
ECa VCP Level 1 DoI: 0.25m ECa VCP Level 2 DoI: 0.5m ECa VCP Level 3 DoI: 0.9m 
Clip: 

-
32-28mS/m 

Range: 
-
273-143mS/m 

Mean: 
-
2.0mS/m 

Std. Dev.: 30.7mS/m 

Clip: 
-
21-18mS/m 

Range: 
-
163-77mS/m 

Mean: 
-
1.6mS/m 

Std. Dev.: 20.3mS/m 

Clip: 
-
14-13mS/m 

Range: 
-
93-61mS/m 

Mean: 
-
0.6mS/m 

Std. Dev.: 13.9mS/m 
   

   
MSa HCP Level 1 DoI: 0.5m MSa HCP Level 2 DoI: 1.0m MSa HCP Level 3 DoI: 1.8m 
Clip: 

-
0.007-0.006ppt 

Range: 
-
0.031-0.043ppt 

Mean: 
-
0.00064ppt 

Std. Dev.: 0.00068ppt 

Clip: 
-
0.016-0.013ppt 

Range: 
-
0.1-0.09ppt 

Mean: 
-
0.001ppt 

Std. Dev.: 0.01ppt 

Clip: 
-
0.029-0.036ppt 

Range: 
-
0.3-0.3ppt 

Mean: 0.003ppt 
Std. Dev.: 0.03ppt 

   

   
MSa VCP Level 1 DoI: 0.25m MSa VCP Level 2 DoI: 0.5m MSa VCP Level 3 DoI: 0.9m 
Clip: 

-
0.007-0.006ppt 

Range: 
-
0.03-0.02ppt 

Mean: 
-
0.0002ppt 

Std. Dev.: 0.006ppt 

Clip: 
-
0.021-0.014ppt 

Range: 
-
0.08-0.05ppt 

Mean: 
-
0.003ppt 

Std. Dev.: 0.017ppt 

Clip: 
-
0.028-0.021ppt 

Range: 
-
0.17-0.14ppt 

Mean: 
-
0.003ppt 

Std. Dev.: 0.02ppt 
   

  

 
              

Interpretation 

 

Magnetometer Data Earth Resistance (Wenner) Data 
Clip: 

-
1.094-1.162nT 

Range: 
-
30.2-27.7nT 

Mean: 0.025nT 
Std. Dev.: 1.51nT 

Clip: 51-73Ω 
Range: 31.6-97.4Ω 
Mean: 62.5Ω 
Std. Dev.: 10.5Ω  

 
 
 
 
 
 

  

 

0m                                      40m     North -1 S.D.                         +1 S.D. 

Figure 54. Geophysical data from Hughes’-Lot East.  

Data shown at ±1 standard deviation from the mean, with suggested EM depth of 
investigation (GF Instruments 2010).  
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Configuration Depth of 
Investigation 

Ditch 1 
deviation from 

background 

Ditch 2 
deviation from background 

1-HCP-ECa 0.50m +40.0% +34.0% 

1-HCP-MSa 0.50m +8.9% +16.5% 

2-HCP-ECa 1.00m +61.6% -36.3% 

2-HCP-MSa 1.00m -56.2% -17.8% 

3-HCP-ECa 1.80m -77.5% +39.4% 

3-HCP-MSa 1.80m +12.9% +38.4% 

1-VCP-ECa 0.25m +21.8% +116.5% 

1-VCP-MSa 0.25m +7.0% +42.4% 

2-VCP-ECa 0.50m +7.7% +25.8% 

2-VCP-MSa 0.50m +2.4% +6.6% 

3-VCP-ECa 0.90m +2.1% -5.3% 

3-VCP-MSa 0.90m -4.2% -10.8% 

Table 41. Responses at depth of enclosure ditches 1 and 2 at Hughes-Lot East. 

  

Discussion 

The EM survey identified the enclosure ditches on the limestone soil; the 

magnetometer and earth resistance survey produced similarly clear results. 

The presence of the ditches in the EM data at certain depth levels (see Table 

35, above) were accurate to within 0.5m-0.8m compared to the reported 

depth of the excavated ditches in the adjacent cutting (Ó Droma 2011). The 

responses in Levels 1-3 may be relative to different fills of the ditches at 

different depths which do not influence the MSa data from layers above or 

below (McNeill and Bosnar 1999, Simpson et al. 2010).  

The depths encountered at Hughes’-Lot East should be regarded as relative 

depth between the successive layers rather than true depth; the accuracy of 

the depth data are strongly influenced by physical properties of the 

underlying soil, which are often unknown (Tabbagh 1986a). This particular 

instrument has demonstrated however the benefits of visualising the various 

elements of the ditches.  
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4.2.4 Knockduff, Bree, Co. Wexford 

A burnt mound of stones (fulacht fiadh) was identified from a walkover survey 

in Knockduff, Bree, Co. Wexford. As discussed (see Section 2.4.3, Volume 

1) this monument type is the most frequently encountered in Irish road 

scheme excavations (McCarthy 2010). 

Methodology 

The novel techniques and methods of data collection (Table 42) were carried 

out alongside a field drain which the burnt mound was adjacent to, on a 

geology of Campile Formation Rhyolitic volcanics, grey and brown slates, 

overlain by tills.  

Area Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

40m x 20m EM (VCP) 0.5m x 0.1s  0.5m x 0.25m 0.25m x 0.25m 

40m x 20m Magnetometer 0.5m x 0.1m 0.5m x 0.125m 0.125m x 0.125m 

Table 42. Novel techniques and methods used at Knockduff Burnt mound of stones. 

 

Results 

The MSa data (Figure 55) indicated that the burnt mound has a higher MS 

than the background geology and suggests a possible location for the trough 

at the southern end (surrounded by a typical horseshoe shape of burnt 

stones). The magnetometer data shows the burnt stones have been widely 

distributed over a 10m x 30m area (presumably by cultivation activity), 

whereas the MSa data offers a more coherent 10m x 5m anomaly that 

represents the bulk of the burnt mound monument.  
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EM MSa Level 3 Data Magnetometer Data 

Clip: 
-
0.21-0.16ppt 

Range: 
-
0.95-0.24ppt 

Mean: 
-
0.02ppt 

Std. Dev.: 0.18ppt 

Clip: 
-
2.92-3.24nT 

Range: 
-
18-92nT 

Mean: 0.16nT 
Std. Dev.: 3.08nT 

  
 

 

0m                                     20m          North                    -1 S.D.                         +1 S.D. 

Figure 55. EM MSa data and magnetometer data of the burnt mound of stones. 

 

Discussion 

The EM survey successfully mapped the burnt mound which is particularly 

important as it is the most common monument type encountered on road 

schemes. The ability of the MSa data to map the core component of the 

mound (as opposed to the widely distributed anomalies found in the 

magnetometer data), is a key advantage for accurately mapping the feature 

and for subsequent investigations. The thermoremanent deposits in the 

magnetometer data have an enhanced signal in comparison to the 

background whereas the MSa data are only examining the induced element, 

which is much more coherent.  

Burnt mound 
of stones 

Possible 
trough 
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No further areas of burning were knowingly assessed by the novel surveys, 

however the success of EM at Knockduff suggests that it should produce 

clear and comparable responses for hearths, kilns and furnaces. 

4.2.5 Leper Hospital, Windmill Hill, Cashel, Co. Tipperary 

Windmill Hill contains three recorded monuments, a ringfort enclosure (RMP 

No. TI061:072), a medieval Leper Hospital (RMP No. TI061:073) and a 

(reputed) Moated Site (RMP No. TI061:167). The bedrock geology at the site 

is Lagganstown formation cherty limestone. The novel testing was designed 

to determine if the walls of the hospital could be successfully (and rapidly) 

mapped using electromagnetic survey.  

A magnetometer survey (Bartington Grad-601-2 fluxgate gradiometer, 0.5m x 

0.25m and 0.25m x 0.125m within the ringfort) was carried out by James 

O’Driscoll of University College Cork as part of a research project (Gimson 

2012) following the initial use of a novel EM survey for this PhD research. 

The magnetometer survey identified many archaeological features (Figure 

56) but (as expected), failed to map the walls of the Leper Hospital due to a 

low magnetic contrast between the locally derived stone and the host 

geology. The ground-observed analysis of magnetometer data (Section 

3.3.1, Volume 1) found that this was a typical scenario encountered by 

magnetic techniques over stone structures. 
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Methodology 

The novel survey technique was located directly over the remains of the 

Leper Hospital based on its location on the 1st Edition OS Map (Ordnance 

Survey 1829) and LiDAR imagery (Gimson 2012).  

 

 
   
0m         40m North  -1nT                  +1nT 

Figure 56. Magnetometer survey at Windmill Hill.  

Data collected by James O’Driscoll. From (Gimson 2012).  

Moated Site 
Quarry 

Ringfort 

Electromagnetic Survey Area 
(site of Leper Hospital) 

Sunken brick walls 
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Area Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

40m x 40m EM (VCP) 0.5m x 0.3s  0.5m x 0.25m 0.25m x 0.25m 

40m x 40m EM (HCP) 0.5m x 0.3s  0.5m x 0.25m 0.25m x 0.25m 

Table 43. Novel techniques used at Windmill Hill Leper Hospital. 

 

Results 

The MSa HCP (Figure 57) data undergo the known and predicted polarity 

change (Bonsall et al. 2013a, Dalan 2008, Linford 1998, McNeill and Bosnar 

1999), as discussed, above.  

The Leper Hospital was successfully identified as a foundation layer in all six 

MSa datasets (Figure 57 and Figure 58) and there are indications of an 

outline in the HCP derived ECa datasets (which are less clear in the VCP 

derived data in Figure 58), as well as a clear indication of metal, also 

identified in the magnetometer data. The responses change with depth and 

the clearest data were obtained from the VCP coil arrangement of Level 2, 

for both MSa and ECa, 
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ECa Level 1 ECa Level 2 ECa Level 3 

               
    -25.7mS/m             +28.1mS/m      -30.8mS/m            +40.4mS/m        -33.0mS/m         +44.9mS/m 
Range: 

-
363-173mS/m 

Mean: 1.1mS/m 
Std. Dev.: 26.9mS/m 

Range: 
-
657-373mS/m 

Mean: 4.8mS/m 
Std. Dev.: 35.6mS/m 

Range: 
-
39-374 mS/m 

Mean: 5.9mS/m 
Std. Dev.: 38.9mS/m 
 

   

   
MSa Level 1 MSa Level 2 MSa Level 3 

               
-0.03ppt                       +0.03ppt -0.03ppt                       +0.03ppt -0.03ppt                       +0.03ppt 
Range: 

-
0.94-94ppt 

Mean: 0.61ppt 
Std. Dev.: 7.4ppt 

Range: 
-
0.46-94ppt 

Mean: 0.61ppt 
Std. Dev.: 7.3ppt 

Range: 
-
0.47-99ppt 

Mean: 1.87ppt 
Std. Dev.: 12.4ppt 

 

                                                                                             
Interpretation of HCP data 
   
0m                              40m North   

Figure 57. EM data from the Leper Hospital. 

ECa and MSa data collected using the HCP coil arrangement. ECa data displayed at 
±1 Standard Deviation.  
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ECa Level 1 ECa Level 2 ECa Level 3 

               
      -60mS/m                 +69mS/m       -37mS/m                +43mS/m       -33.0mS/m          +44.9mS/m 
Range: 

-
122-829mS/m 

Mean: 4.9mS/m 
Std. Dev.: 64.9mS/m 

Range: 
-
66-791mS/m 

Mean: 3.5mS/m 
Std. Dev.: 40mS/m 

Range: 
-
39-374 mS/m 

Mean: 5.9mS/m 
Std. Dev.: 38.9mS/m 
 

   

   
MSa Level 1 MSa Level 2 MSa Level 3 

               
-0.03ppt                       +0.013ppt -0.04ppt                       +0.02ppt -0.04ppt                       +0.03ppt 
Range: 

-
1.07-100ppt 

Mean: 1.81ppt 
Std. Dev.: 13.5ppt 

Range: 
-
4.0-99.7ppt 

Mean: 1.5ppt 
Std. Dev.: 11.2ppt 

Range: 
-
0.40-99.7ppt 

Mean: 1.5ppt 
Std. Dev.: 11.2ppt 

 

       
Interpretation of VCP data 
 
   
0m                              40m North   

Figure 58. EM data from the Leper Hospital. 

ECa and MSa data collected using the VCP coil arrangement. ECa data displayed at 
±1 Standard Deviation.  
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Discussion 

Despite the absence of a measurable contrast in the magnetometer data, the 

walls and foundation layers were identified via the EM ECa and MSa data 

respectively. The MSa data obtained using the VCP (shallow) coil 

arrangement are particularly clear due to the contrasting MS of the 

foundation layer against the surrounding soils, despite the suspicion that the 

foundation layer may be constructed from locally derived (therefore similarly 

enhanced) bedrock. The MSa change could be associated with laminar type 

features e.g. tiled floors, destruction via burning etc.. 

Each survey sweep required 1 hour of fieldwork (0.5m x 0.3s sample 

resolution) over the 0.16 ha area; this suggests that a similar EM resolution 

could survey 1 ha per day, and that a 1m line spacing could achieve >2 ha 

per day. That is significantly faster than an earth resistance survey and 

comparable to a magnetometer survey at the same resolution. On the basis 

of this assessment, an EM survey could be used as a rapid method to 

identify walls and structural foundations (on a limestone geology). 
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4.2.6 Pre-bog field walls, Slievemore, Achill Island, Co. Mayo 

Slievemore mountain is covered by deposits of thick peat and the land is 

covered in heather. Excavations by the Achill Archaeological Fieldschool at 

Slievemore (Rathbone et al. 2011) found that the morphology of pre-bog field 

walls were highly varied and far more substantial than surface indications 

suggested. Bog probing, traditionally a very successful method of identifying 

field walls elsewhere in County Mayo (Warren 2008), is problematic at 

Slievemore as the mountainside is covered by dense build ups of stone 

within the mineral soil. A magnetometer survey was not viable due to the 

strong background magnetism of possible igneous intrusions within the 

psammites, marbles and schist geology. New road schemes on uplands are 

rare; however the presence of thick peat, uneven ground and heather were 

encountered on 5%-10.6% of projects in the legacy data. This rugged upland 

location was therefore selected as a test site for an EM and earth resistance 

survey to determine if such a challenging landscape could viably be 

assessed using archaeological geophysical methods.  
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Methodology 

The novel survey techniques and methods of data collection (Table 44) were 

located over the suspected extent of a field wall that continued under the 

peat through the survey area (Rathbone et al. 2011). The HCP coil 

arrangement was selected to assess deep deposits. A Wenner array earth 

resistance survey was selected due to its ease (and speed) of movement 

(compared to manual Twin-probe and Square arrays) across uneven, upland 

soils. The depth penetration of the Wenner was advantageous for the 

assessment of deeply buried soils and as a comparison to the HCP coil 

arrangement of the EM survey.   

Area Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

40m x 40m EM (HCP) 1.0m x 0.3s  1.0m x 0.25m 0.5m x 0.5m 

40m x 40m Earth Resistance (Wenner) 1.0m x 1.0m - 0.5m x 0.5m 

Table 44. Novel survey techniques and methods used at Slievemore. 

 

Results 

The HCP acquired EM data from the deepest level are shown Figure 59, 

therefore the polarity displayed here is, in reality, reversed. The field walls 

contrast against the background soils for both the MSa and ECa data, 

although the ECa data are more comparable to the earth resistance data, as 

would be expected.  
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Earth Resistance MSa Level 3 ECa Level 3 

               
     +24Ω                          +100Ω -0.03ppt                       +0.03ppt       +3.3mS/m         +5.7mS/m 

Range: 24-105Ω 

Mean: 47Ω 

Std. Dev.: 11Ω 

Range: 
-
0.47-99ppt 

Mean: 1.87ppt 
Std. Dev.: 12.4ppt 

Range: 1.3-6.2mS/m 
Mean: 5.7mS/m 
Std. Dev.: 0.6mS/m 

 

                                                    
   
0m                                40m North    

Figure 59. Geophysical data from Slievemore. 

Earth resistance, ECa and MSa data (using the HCP coil arrangement) over pre-bog 
field walls. 
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Discussion 

There were clear advantages and disadvantages in using both instruments 

(Table 45). The earth resistance survey identified the field walls, although 

progress was slow and impeded by the need to obtain probe contact upon 

the uneven surface. Both the MSa and ECa data identified the pre-bog field 

walls which corresponded well with excavation data, however the responses 

are not as clear as the Wenner earth resistance data. The CMD Mini-

Explorer could be operated reasonably well on the wet and boggy upland 

soils, allowing data acquisition at both a faster rate and a higher resolution 

than the earth resistance survey. By extrapolating the survey time required, 

an EM survey could survey 1 ha in just over 4 hours (1m x 0.3s), while the 

Wenner could survey the same area (with minor allowances given for poor 

probe contact on uneven ground) in just over 7 hours.  

 Earth Resistance 
(Wenner) Survey 

EM Survey 

Speed of survey 70 minutes 40 minutes 

Coverage over uneven ground 99.25% 100% 

Ability to map features Good Good 

Coherency of features Good Medium 

 Table 45. Performance of earth resistance and EM surveys over upland peats 
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Is an EM survey a viable alternative to a Wenner earth resistance survey on 

upland soils? The earth resistance data offers a higher quality although some 

data were lost due to poor probe contact. The EM data were acquired faster, 

offer 6 data sets (rather than 1) and obtained full coverage over the uneven 

ground. If small areas of <1 ha are to be assessed, than an earth resistance 

survey would be the most suitable, particularly if archaeological features are 

known or suspected. However, if a larger area requires assessment, an EM 

survey would be preferable in the first instance to prospect for pre-bog 

features.  

The method could be enhanced by combining an EM survey with subsequent 

(focused) earth resistance surveys over areas of interest. If a higher sample 

resolution (than the 1m x 1m earth resistance survey) is required, then the 

EM survey will again offer the most practical and efficient solution at speeds 

comparable to magnetometry.        

4.2.7 Sod-walled cottage, Knockduff, Bree, Co. Wexford 

The legacy data GIS assessment (see Section 3.3.1, Volume 1) 

demonstrated that sod-walled cottages are difficult to identify in geophysical 

data (GSB 2001, Rathbone 2009). The walls of such structures are made 

from turf or mud brick (which have no magnetic contrast with the background 

soils), upon stone-wall footings. The floors may have no foundations or 

surfaces other than natural rushes or straw. Compaction of the surface floors 

and potential wall-footings might be traced via elevated levels of earth 

resistance and an isolated magnetic anomaly should indicate a hearth.   
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Turf walls in Iceland have been detected via both high and low resistance 

anomalies due to increased water retention and mineralisation, as weak 

positive magnetic anomalies due to increased levels of iron mineral content 

and as weak negative anomalies where surrounding soils are more magnetic 

(Horsley 2004), however these responses occurred over exclusively igneous 

geologies which are less frequent in Ireland.  

The absence of sod-/turf-walled structures is not exclusive to geophysical 

data nor is it limited to Ireland – the ‘invisibility’ of these structures is a 

significant issue on excavations across the world and the (mis)identification 

of these features is a common theme for the study of archaeology at 

Neolithic sites and those of much later periods (Armit 2003, Loveday 2006).     

A sod-walled turf cottage, known from 19th century 1st Edition OS maps in 

Knockduff, County Wexford, was assessed on sloping ground. There are no 

surviving structures on the site and the 19th century field boundaries have 

also disappeared. The novel EM technique was used to determine if it was 

capable of mapping a turf-built structure. The geology is Campile Formation 

Rhyolitic volcanics, grey and brown slates, overlain by tills.    
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Methodology  

A preliminary magnetometer survey was carried out over a 0.48 ha area to 

identify the remains of field boundaries from the 1st Edition OS map to 

determine the likely location of the cottage. The EM survey focused upon a 

40m x 40m area at the anticipated location of the cottage. The MSa data 

presented were not subjected to a zero mean traverse (ZMT) function as the 

drift was limited and it was found that a substantial anomaly was removed 

when a ZMT function was applied. 

Area Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

40m x 40m EM (VCP) 1.0m x 0.1s  1.0m x 0.25m 0.25m x 0.25m 

80m x 60m Magnetometer 0.5m x 0.1m 0.5m x 0.125m 0.125m x 0.125m 

Table 46. Novel survey techniques and methods used at Knockduff cottage. 

 

Results 

The MSa data (Figure 60) are consistently clearer than the ECa data for the 

identification of discrete archaeological features. The MSa data identified 

plough furrows (also visible in the magnetometer survey) and a rectangular 

anomaly of enhanced MS which has been interpreted as the turf-cottage 

floor surface.  
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ECa Level 1 ECa Level 2 ECa Level 3 

               
      -1.4mS/m               +1.5mS/m       -1.2mS/m               +1.2mS/m       -1.3mS/m          +1.3mS/m 
Range: 

-
3.5-6.5mS/m 

Mean: 0.05mS/m 
Std. Dev.: 0.76mS/m 

Range: 
-
7.8-5.2mS/m 

Mean: 
-
0.009mS/m 

Std. Dev.: 0.62mS/m 

Range: 
-
2.8-5.3mS/m 

Mean: 
-
0.04S/m 

Std. Dev.: 0.67mS/m 

   

   
MSa Level 1 MSa Level 2 MSa Level 3 

               
    +2.8ppt                       +3.1ppt +2.50ppt                       +2.85ppt +2.6ppt                       +2.9ppt 
Range: 2.3-10.4ppt 
Mean: 3.1ppt 
Std. Dev.: 1.1ppt 

Range: 
-
37.7-1041.1ppt 

Mean: 39.4ppt 
Std. Dev.: 171.3ppt 

Range: 
-
37.6-1020.2ppt 

Mean: 30.4ppt 
Std. Dev.: 148.3ppt 

 

 

    
 
 
 
 
 
 
 

 
 

Interpretation of cultivation 
furrows and cottage 

 

Magnetometer Data          Range: 
-
151-975nT 

Mean: 7.0nT, Std. Dev.: 66.7nT 
                                                   -3nT                          +3nT        

0m                              40m North   

Figure 60. Geophysical data from Knockduff. 
ECa and MSa data collected using the VCP coil arrangement over the turf cottage. 
ECa data are displayed at ±2 standard deviations from the mean. EM survey area 

marked in yellow on the comparative magnetometer survey.  

Structure 



276 
 
 

The ECa data indicate broad trends in conductivity that are likely to reflect the 

sloping aspect of the topography. However, there is a very slight indication of 

a very narrow rectilinear feature in the ECa data - coinciding with the MSa 

enhancement anomaly – that could represent a narrow wall-footing of a 

structure. The anomaly has a very low contrast and is unlikely to have been 

recognised were it not for its co-location with the more prominent MSa 

anomaly of the cottage floor.  

Discussion 

Given that the cottage is known and there is a likelihood of a compacted floor 

surface, it was expected that the ECa response would have mapped a low 

conductivity anomaly, which did not occur. However it was compensated for 

by a slight indication of the cottage walls in the ECa data. The MSa data were 

better suited to the identification of discrete features at this site. Significantly, 

the MS contrast of the cottage in the MSa data did not result in a measurable 

magnetic contrast in the magnetometer data. This demonstrates the value of 

applying EM to sites that may be comprised of thin laminar elements as well 

as positive or negative archaeological features. The novel testing applied at 

the Knockduff turf cottage also emphasises the need to expand geophysical 

techniques beyond the (traditionally relied upon) magnetometry.     
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4.3 General discussion and conclusions 

The application of new or novel geophysical technology was required to 

explore the potential benefits of using non-traditional techniques. The NRA 

has previously heavily relied upon magnetometry. Objective 2 of this 

research was to review, investigate and test the different variables that 

impact upon the success or failure of a geophysical survey. A key variable 

identified in Chapters 2 and 3 (Volume 1) is the parent geology; surveys over 

Carboniferous limestone geology often encountered poor magnetic contrasts 

between earth-cut features and the background soils and peat lands also 

responded poorly for magnetometry due to the impedance of magnetic 

susceptibility mechanisms for waterlogged soils (see Section 3.4.3, Volume 

1). The reliance upon magnetometry also means that most stone structures 

(and field walls) will not be mapped due to an absence of contrast between 

the host soils and the (mostly) locally derived stone. 

The issue of Carboniferous limestone and peat is particularly prevalent in the 

west of Ireland. 12 ditched enclosure sites (ring-ditches, ring-forts, hillforts 

and other enclosures) were excavated on 7 road schemes; 50% of the 

enclosures were not identified at all by detailed magnetometer surveys. 4 of 

the 7 road schemes (and 2 more schemes without ground-observed data) 

used reconnaissance topsoil MS surveys that created a substantial digital 

archive available for review (Bonsall et al. 2011).  
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The data showed that 11.8% of the 8,545 topsoil MS responses (across 

almost 80km of linear road corridors), had a negative MS (i.e. <0 x 10-5 SI 

Units) derived from the prevalence of diamagnetic saturated organic peat. 

The MS enhancement of an archaeological feature at a waterlogged site may 

be substantially lower than the expected enhancement of a similar feature at 

a non-waterlogged site, as shown by Weston (2004). It is suggested that the 

use of regional topsoil MS or coarse EM surveys (e.g. 20m x 20m or 50m x 

50m) could be used in the first instance to determine the presence of weak 

paramagnetic or diamagnetic soils that would suggest an alternative form of 

assessment to the magnetometer technique for a given area(s).  

Objective 1 of this research required an assessment of effectiveness of the 

surveys in the legacy data archive. Retrospectively, the application of multi-

depth EM surveys would have clearly benefitted the assessment of some 

archaeological sites (particularly ditched enclosures) on low-contrast 

Carboniferous limestone soils, due its ability to clearly map both the MSa and 

- crucially - ECa responses, at multiple depths. On this basis, some of the 

historical surveys in the legacy data archive - particularly those in the west of 

Ireland would clearly have benefitted from the use of a multi-depth EM 

survey (where previously a combination of Carboniferous limestone, peat 

and low topsoil MS have resulted in poor magnetometer responses for earth-

cut ditches). 
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In other cases, where magnetometry failed to identify stone structures, EM 

could again have been used as an alternative to either magnetometry or 

earth resistance (Windmill Hill Leper Hospital, Knockduff cottage, Slievemore 

field-walls). 

The EM surveys demonstrated an ability to map a range of archaeological 

features (Table 47). The multi-depth capabilities offered by the CMD Mini-

Explorer have shown significant advantages over magnetometer surveys in 

areas of low contrast geology. In particular the MSa data returned much 

clearer and more coherent responses of the underlying archaeological 

features than the ECa (which was often found to be more useful for the 

assessment of underlying soils and their impact upon the detection of 

archaeological features). This is significant as traditionally EM instruments 

have been used principally for the collection of ECa data (Bevan 1983, Witten 

et al. 2000), whereas the CMD Mini-Explorer has shown that the MSa data 

are of equal, if not greater value to the study of ditched enclosure features. 

As discussed (see Section 2.2.3, Volume 1), the rate of data acquisition is a 

principle driver of survey costs. The rapid acquisition of multi-depth EM data 

(1 ha per day at 0.5m line spacing, >2ha per day at a 1m line spacing) 

suggests that the technique could be used to collect high resolution apparent 

electrical conductivity data as a cost-effective alternative to the traditional 

earth resistance surveys (Table 48).  
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Area Site Type Geology Magnetometer Earth Resistance Electromagnetic Induced 
Polarisation 

MSa ECa  

Kilcloghans Ditched Enclosure Limestone Moderate-Good Good (see Chapter 6) Good Moderate N/A 

Hughes’-
Lot East 

Ditched Enclosure, ditches Limestone Good Good Good Moderate N/A 

Slievemore Pre-bog field walls Psammites, 
schists and 
marbles 

N/A Good Moderate Moderate-
Good 

N/A 

Windmill 
Hill 

Structure (stone walled 
Leper Hospital) 

Cherty 
Limestone 

Poor N/A Good Good N/A 

Knockduff Structure (sod-walled 
cottage) 

Rhyolitic 
volcanics, 
grey and 
brown slates 

Poor N/A Good Moderate N/A 

Knockduff Burnt Mound of Stones Rhyolitic 
volcanics, 
grey and 
brown slates 

Moderate N/A Good N/A N/A 

Edercloon Wooden Trackways Agrillaceous 
Limestone, 
deep peat 

N/A N/A N/A N/A Good 

Table 47. Ability of geophysical techniques to identify archaeological features investigated by the novel testing methods.  

Good = the feature and its limits were clearly mapped (could be used to target subsequent intrusive work).  

Moderate = the feature was mapped, but its limits/extent were less clear.   

Poor = the feature was not found at all.                                                                      N/A=Not applicable; the technique was not used. 
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 Survey Technique Daily Coverage 

Twin-probe array earth resistance 1 ha with a multiplexer MPX15  
(0.5 ha per day without it) 

Wenner array earth resistance 0.5 ha 

Square array (manual) earth resistance 0.48 ha 

Square array (articulated) earth resistance 1 ha 

Magnetometer (Dual System) 2-3 ha 

Magnetometer (Single Sensor) 1 ha 

Electromagnetic (HCP or VCP; ECa & MSa) >2ha 

Table 48. Pedestrian-acquired EM survey speed in comparison to those from Table 
34, for 1m x 1m data acquisition. 

  

ATV-acquired EM data has been used elsewhere over large landscapes (De 

Smedt et al. 2013a), but at a much lower resolution (1.75m x 0.25m) than the 

novel surveys carried out above. Based on the speed of movement stated by 

De Smedt et al. (0.75 ha per hour), it is estimated that ATV-acquired EM 

data on 1m and 0.5m line intervals could be collected at a rate of 4.2 ha per 

day and 2.1 ha per day, respectively, approximately twice that of the 

pedestrian-acquired EM data collected for this research.   

The survey at Slievemore (on upland peats and dense bogland vegetation) 

also demonstrated that the ease of movement offered by an EM survey is 

another considerable advantage over earth resistance surveys that require 

probe contact with the ground. As expected, the simultaneous collection of 

co-located MSa and ECa data offered an opportunity to consider the 

composition and construction of sites as well the ability to identify metal 

objects in the soil that were encountered at the Windmill Hill Leper Hospital. 
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The Slievemore survey also found that EM surveys were unaffected by 

strongly magnetic igneous intrusions that prevented the use of a 

magnetometer survey. Between 4-9.1% of road schemes in the legacy data 

archive encountered an igneous rock, many of which were near surface 

geologies or igneous dykes that strongly impacted upon the magnetometer 

data (Bonsall et al. 2005). EM surveys could be used to assess entire road 

schemes that occur on igneous geology (or areas of near surface igneous 

geology where magnetometry is of limited use). If the depth of the igneous 

geology is unknown, a coarse magnetometer scanning survey (parallel 

traverses spaced 30m apart), could be used to assess the magnitude of the 

background responses. If the background is strongly impacted by near 

surface geological responses, then a detailed EM survey could be applied as 

an alternative to the (current) default detailed magnetometer survey (which 

should be limited to areas unaffected by the near surface geology).    

The use of HCP and VCP coil arrangements at Kilcloghans, Windmill Hill and 

Hughes’-Lot East have shown that EM surveys are repeatable for the coil 

arrangements, although these favourable results could be site specific. The 

selection of an appropriate coil arrangement for a given area must consider 

the likely depth of an archaeological feature as well as the soils encountered. 

These could be determined from geological site investigations and borehole 

data that are used in advance of archaeological geophysical surveys on most 

NRA road schemes.  
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The Induced Polarisation survey (see Section 4.2.1, above) was very 

successful at Edercloon and demonstrated not only the advantages of the 

technique, but also the speed offered by multi-configuration ERI surveys 

using recently developed, newly available and novel instruments and its 

application for both 2D and semi-3D assessments. Traditional ERI survey 

instruments capture data at a slower rate than the ZZGeo FlashRes64, 

however the limitations of speed incurred by initial probe set-out and traverse 

movement or roll-along (Gibson and George 2013: 187) still apply. The use 

of Induced Polarisation at Edercloon solved a specific problem (although 

further tests would be useful) that geophysical surveys had not previously 

been used for in Ireland: the identification and mapping of wooden 

trackways. Induced Polarisation could be applied to other large wooden 

features including wooden watermills (Jackman et al. 2013, Murphy 2006) 

and crannogs (as well as trackways) as well as other IP applications e.g. 

mapping ore deposits within industrial landscapes (Meyer et al. 2007). 
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Can an IP survey be used as a prospection technique over large areas? The 

limited semi-3D inversion (of data collected at a probe separation of 0.5m) 

suggests that it is possible to trace trackways >3m width or >0.6m depth, 

however, it is not necessarily feasible for prospection. Following the initial 

set-out of the site, the 5 profiles of IP data were collected in approximately 2 

hours, and subsequently produced a 31.5m x 8.0m (0.0252 ha) plot. If this 

were extrapolated out to the 0.51 ha of the Edercloon excavation area, the 

necessary fieldwork time required to produce a similar survey would be 

approximately 6 working days. If the site limits were poorly defined (and a 

general prospection strategy were envisaged), then the IP survey carried out 

for this research could be replicated at a rate of 12 days per ha. The slow 

speed of survey (and the unknown physical variables of the archaeological 

features) limits its use, although further tests at wider spaced probe 

separations might be useful to determine if the trackways are still visible. IP 

is not suited for use as a ‘blind’ prospection technique in areas of unknown 

archaeological potential; the method depends upon an assumed knowledge 

of trackway existence, orientation and an estimate of likely depth. Time-

domain IP will however be particularly useful for mapping the extent and 

direction of exposed trackway sections. It is envisaged that the method could 

be used in the future after test trench investigations (or peat milling) have 

identified the presence of a trackway. Had the technique been used after the 

first test trenches exposed the trackways at Edercloon, the IP data could 

have been used to gauge their likely extent. Such a survey could have 

informed the excavation timetable or other mitigation options – such as 

realigning the road.    
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4.3.1 Application of novel methods to NRA road schemes 

The criteria in Table 49, below, could be used to determine if novel methods 

are applicable for a given area or archaeological site. Applying these criteria, 

the use of novel techniques and novel methods of data capture can be 

extrapolated out and applied to the legacy data archive. The areas or site 

types in Table 50 indicate those surveys in the legacy data archive that could 

have benefitted from novel techniques and methods. In most cases, the 

depth of peat encountered is unknown (or variable) and the archaeological 

feature type was unknown at the time of the initial geophysical survey. 
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No.  Criteria Recommended Technique Usefulness 

1 The parent geology has a low 
magnetic contrast e.g. 
Carboniferous limestone 

Multi-depth EM Very useful 

2 The parent geology has a high 
magnetic contrast e.g. granite 
or other igneous rock 

Multi-depth EM (combined 
with Geological 
Magnetometer Scanning) 

Strongly 
advised 

3 The area is overlain by peat 
<0.2m depth 

Multi-depth EM Useful 

4 The area is overlain by peat 
0.2m-0.5m depth 

Multi-depth EM (VCP) Very Useful 

5 Combination of Criteria 1, 3 
and/or 4 

Multi-depth EM Strongly 
advised 

6 The area is overlain by peat 
0.5m-1.5m depth 

Multi-depth EM (HCP) Strongly 
advised 

7 The area is overlain by peat 
>1.5m depth 

Coarse Multi-depth EM 
(HCP) to locate near-surface 
(archaeologically 
prospective) gravels, 
combined with auguring 

Strongly 
advised 

8 The archaeological site is a 
stone structure 

Multi-depth EM Very useful 

9 The archaeological site is a 
ditched enclosure 

Multi-depth EM Very useful 

10 The archaeological site is a 
wooden structure in peat 

Induced Polarisation Strongly 
advised 

11 The archaeological site is 
comprised of features at a 
depth greater than 1.0m 

GPR or ERI Strongly 
advised 

12 The archaeological site is very 
large and comprised mostly of 
small-scale features (post-
hole, <1m pit, inhumations) 

GPR Strongly 
Advised 

Table 49. Criteria for the application of novel techniques.  
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Suggested Novel 
Technique 

Criteria Site Type / Area in the legacy 
data archive 

Electromagnetic The archaeological 
site is a stone 
structure 

4 x souterrains 
3 x castles 
3 x 18th/19th century houses 
2 x stone structures 
1 x wall footing 
1 x vernacular house 
1 x cashel 
1 x building 
1 x church 
1 x field wall 

Electromagnetic The archaeological 
site is a ditched 
enclosure 

6 x enclosures 
2 x ringfort  
1 x henge 

Electromagnetic A low magnetic 
contrast: 
Carboniferous 
limestone overlain 
by peat 

8.6% of all geophysical surveys 
were carried out on Carboniferous 
limestone overlain by peat. 

Electromagnetic The area is 
overlain by peat 

5% of all geophysical surveys were 
carried out exclusively on peat (a 
further 5.6% of surveys were 
carried out on peat and other 
surface soils). 

Electromagnetic 
(potentially combined 
with Geological 
Magnetometer 
Scanning) 

The parent geology 
has a high 
magnetic contrast 
e.g. granite or 
other igneous rock 

4% of all geophysical surveys were 
carried out over exclusively 
igneous rocks (a further 5.1% of 
surveys were carried out over 
igneous and other rocks). 

Induced Polarisation The archaeological 
site is a wooden 
structure in peat 

2 x (complexes of multiple) wooden 
trackways  
1 x mill undercroft 
1 x water-mill 

GPR or ERI The archaeological 
site is comprised of 
features at a depth 
greater than 1.0m 

4 x souterrains 
 

GPR The archaeological 
site is comprised 
mostly of small-
scale features 
(post-hole, <1m pit, 
inhumations) 

9 x graveyards, cemeteries 
8 x cremation pit (or pits) sites 
2 x habitation sites 
3 x houses 
8 x hut sites 
44 x pit (or pits) sites 
14 x post-hole sites 

Table 50. Retrospective application of novel survey techniques on geophysical 
surveys in the legacy data archive that failed to identify (subsequently excavated) 

archaeological sites.  

Failure occurred due to the use of magnetometry or topsoil MS surveys. Additional 
examples are likely for sites that a) did not undergo any form of geophysical survey 
or b) were comprised of stone structures that were assessed with earth resistance 

(and could be surveyed faster using EM ECa).  
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The outcomes of the novel testing carried out are: 

Demonstrable benefits of multi-depth EM surveys: on low-contrast soils, 

upland (rough terrain) areas, peat land, igneous geology; for the detection of 

earth-cut, structural and burnt features; as a viable (and rapid) alternative to 

magnetometry or earth resistance surveys. 

27 excavated archaeological sites that were not identified in the legacy data 

archive (using magnetometry or topsoil MS) are likely to have benefitted from 

the retrospective application of EM surveys. 

8.6% of geophysical survey events in the legacy data archive occurred on 

low-contrast geologies overlain by peat which could have benefitted from the 

retrospective application of EM surveys. 

4%-9.1% of geophysical survey events in the legacy data archive occurred 

on high contrast igneous geology, which could have benefitted from the 

retrospective application of EM surveys (or Geological Magnetometer 

Scanning and EM surveys). 

Up to 5%-10.6% of geophysical survey events in the legacy data archive 

occurred on peat that could have benefitted from the retrospective 

application of EM surveys (and/or auguring) to map archaeologically 

prospective near surface gravels. 

Wooden trackways can be clearly identified by Induced Polarisation. Beyond 

the test site, 4 large wooden structural sites were excavated in the legacy 

data archive. Wooden structures are rare, however if they are identified at a 

test trenching (or earlier) stage, an Induced Polarisation survey can be useful 

for mapping the extent of the structures. 
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Chapter 5. Resurveys at known archaeological sites 

New ‘resurveys’ were carried out at known archaeological sites that were 

previously identified or assessed through commercially funded geophysical 

surveys on national road schemes. The purpose of the resurveys was to 

investigate the impact of geology and spatial resolution using a range of 

geophysical techniques that included magnetometry, earth resistance, topsoil 

magnetic susceptibility and electromagnetic surveys. These were carried out 

in order to satisfy objectives 2, 3 and 5 of the research: 

Objective 2 Review, investigate and test the different variables that impact 

upon the success or failure of a geophysical survey. 

Objective 3 Assess the traditional and non-traditional methods of 

geophysical surveys as applied on Irish road schemes via 

reviews and new pilot studies. 

Objective 5 Establish a reproducible method of data collection to 

investigate the majority of archaeological features at a given 

area. 

5.1 Materials and Methods 

Survey data are presented as greyscale images; the corners of each 

geophysical survey grid (or for magnetic susceptibility data, each individual 

survey point) were located and recorded in the field using a Differential 

Trimble Pro-XRS GPS, to an accuracy of ±0.5m. The following geophysical 

survey techniques and methods were used for the resurveys; deviations from 

these methods for particular survey areas are mentioned specifically for each 

case study.   
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Magnetometry 

Magnetometry surveys in the legacy data archive (Bonsall et al. 2013d) 

mostly acquired data at a spatial resolution of 1m x 0.25m (Table 51, below). 

It is known that such assessments could only be used to prospect for 

archaeological targets >1m in size (see Section 3.1.7, Volume 1). A 

particular focus for this research was to rigorously investigate the benefits of 

a 0.5m line spacing to visualise the weakly-magnetic contrasts of known 

archaeological features using modern instruments. To achieve this, the 

resurveys used fluxgate gradiometer magnetometry surveys at a high 

resolution.  

Line Spacing (m) In-line Spacing (m) n % 

0.25 0.0625 1 0.63 

0.40 0.05 1 0.63 

0.50 <0.25 8 5.05 

0.50 0.25 3 1.89 

1.00 <0.25 17 10.75 

1.00 0.25 116 73.41 

1.00 0.5 8 5.06 

1.00 Unknown 2 1.26 

Unknown Unknown 2 1.26 

Total 158 100 

Table 51. Spatial resolution of magnetometry surveys used in the legacy data 
archive. 

 

The magnetometer surveys collected data using the same Geoscan 

Research FM256 and Foerster FEREX cart system used for the novel testing 

(see Section 4.1.2, above). The cart system was a specific area of 

investigation - the benefits offered by high-resolution cart-acquired 

magnetometer data (for the improvement of data collection speed and the 

reduction of walker-induced noise) were assessed at selected sites.   



291 
 

The data were processed as described in the novel testing (see Section 

4.1.2, above and Appendix 3). In some cases data were resampled by 

deleting alternate 0.5m lines to simulate the use of a 1.0m line spacing for 

comparison between high and standard resolution methods. Where this 

occurred, data were resampled as the first step of processing, i.e. before the 

application of a zero mean traverse function, etc..    

Earth resistance 

Earth resistance surveys in the road scheme legacy data (Bonsall et al. 

2013d) were carried out using Twin-probe (90.5%) and Square (9.5%) 

arrays. The new resurveys used Twin-probe, Square and Wenner arrays to 

determine if there were any substantial differences in their ability to identify 

archaeological features. The different arrays offer practical advantages 

(speed, spatial resolution, light weight, increased depth penetration, etc., as 

discussed above in Sections 2.1.1. and 2.2.3, Volume 1) that vary in their 

suitability for rapid assessments of the changeable ground conditions that 

are often encountered on road scheme assessments. A high spatial 

resolution greatly improves the visualisation and detection of archaeological 

features in earth resistance data. Traditionally, a compromise has been 

required between greater resolution and the time constraints afforded by a 

technique that has been slower than magnetometry. Recently developed 

articulated arrays offer a rapid acquisition of data (Dabas 2009, Parkyn 2012, 

Walker et al. 2005) at high resolutions of 1m x 0.25m and better.  
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The earth resistance surveys utilised a Geoscan Research RM15-D earth 

resistance meter (Geoscan Research 2009).  

 Twin-probe and Wenner configurations collected data on: 

o a PA5 array in zig-zag format 

o a 0.5m line spacing and a 1.0m in-line spacing 

o probes spaced 0.5m apart. 

 A MPX15 multiplexed system (Geoscan Research 2006b) allowed for the 

near simultaneous acquisition of Twin-probe data along two parallel 

traverses. 

 The remote probes of the Twin-probe were relocated when necessary 

over large survey areas and attempts were made to keep the background 

readings consistent in accordance with the manufacturers guidelines 

(Geoscan Research 2009).   

 The Wenner array data were collected at single line spacings (doubling 

the survey time compared to the multiplexed Twin-probe array).  

 Square array data were collected by mounting the RM15-D on a Geoscan 

Research MSP40 articulated Mobile Sensor Platform with a DL256 

datalogger (Geoscan Research 2006a) that acquired both alpha (a) and 

beta (b) data, allowing for the later calculation of gamma (γ) data. The 

Square array collected data at: 

o  a 1.0m line spacing and a 0.25m in-line spacing 

o in zig-zag format  

o probes spaced 0.75m apart.  
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o The b data (collected at 90° to the direction of the traverse), 

when resampled down to 0.5m intervals along the line, were 

comparable to the spatial resolution of the Twin-probe and Wenner 

data.  

Data from the RM15-D and DL256 were downloaded to - and processed in - 

Geoplot 3.00v. The earth resistance data were converted to apparent 

resistivity (ρA), expressed in Ω-m, which allows for direct comparisons 

between the different probe configurations for the relevant probe geometry 

(Clark 1996, Geoscan Research 2009, Schmidt 2013), where α is the 

geometric factor: 

Twin-probe array:  

R ≈    ρ 

        πα 

 

Wenner array:  

R ≈    ρ 

       2πα 

Square array:  

Apparent resistivity calculated for α or β 

ρA = 2παR 

       2-√2 

  



294 
 

Apparent resistivity calculated for ϒ 

ρϒ(α)≡0 

The calculations are true for a homogenous half space as the measurement 

lies on the equipotential line that is equal to 0. For an inhomogeneous 

ground  

ϒ = α - β 

Data processing steps followed those of the novel testing (see Section 4.1.2, 

above and Appendix 3). In some cases data were resampled by deleting 

alternate lines to simulate the use of 1.0m x 0.5m or 1.0m x 1.0m rate of data 

capture to compare high and standard resolution methods.  

Topsoil magnetic susceptibility 

Topsoil (volume specific) magnetic susceptibility (MS) measurements are 

typically acquired in the field using a regularly spaced coarse- (10-50m), 

medium- (≤10m) or fine-sample (1m) interval (Gaffney and Gater 1993). 

Coarse-sample surveys are mostly used as a form of rapid reconnaissance 

of large survey areas in advance of (or supporting and aiding) magnetometer 

surveys and are capable of identifying broad zones of MS enhancement 

(Clark 1996).  
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Discrete archaeological features have been identified successfully 

(Challands 1992, Gaffney et al. 2005) using a fine-sample spatial resolution 

suitable for the relevant features under investigation. As an active technique, 

fine-sample high resolution topsoil MS surveys have always been time 

consuming, however with the advent of passive modern multi-probe 

magnetometer technology, medium- and coarse-sample MS surveys have 

become largely redundant as a form of reconnaissance over large survey 

areas, although they are used to aid the interpretation of magnetometer data.  

A scoping exercise that reviewed the road scheme legacy data had already 

suggested that topsoil magnetic susceptibility surveys had encountered 

significant difficulties due to dense vegetation or poorly contrasting soils, 

particularly in areas of waterlogged peat land (Bonsall et al. 2011). In order 

to investigate this further, surveys were carried out using a Bartington 

Instruments MS2 magnetic susceptibility meter, with a MS2D Surface 

Scanning Probe with a D-loop (Bartington Instruments 2008): 

 The MS2 was connected to a Trimble Pro-XRS DGPS  

o The DGPS obtained 

 A national grid reference (to an accuracy of ±0.5m)  

 The height above sea level (to an accuracy of ±2.5m)  

 Topsoil volume magnetic susceptibility from the MS2  

 The data were collected at a 2m x 2m resolution in zig-zag format  

 The MS2 was used at a sensitivity setting of 1 x 10-6 SI units  

 The instrument was calibrated according to manufacturer’s guidelines 

(Bartington Instruments 2008) before obtaining data from each sample 

point.    
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Data from the Pro-XRS DGPS were downloaded to Trimble GPS Pathfinder 

Office and exported as an ASCII file comprised of Irish National Grid 

references for easting and northing, elevation and topsoil magnetic 

susceptibility, along with a date and time stamp to the nearest second. Data 

were gridded in Surfer 8 (using nearest neighbour interpolation) to a regular 

line and in-line spacing that matched the field procedure. Data were not 

processed further unless specifically mentioned in the text. The data are 

displayed as a greyscale image. In some cases the data were resampled to 

simulate the use of low resolution methods.  

Electromagnetic Survey 

The EM surveys were carried out using a GF Instruments CMD Mini-Explorer 

(GF Instruments 2010). The data were collected and processed as 

established in the novel testing (see Section 4.1.1, above and Appendix 3). 

In some cases data were resampled by deleting alternate lines to simulate 

the use of 1.0m x 0.5m or 1.0m x 1.0m spatial resolution to compare high 

and standard resolution methods and to enable comparisons with earth 

resistance or magnetometer survey data capture parameters.  

5.2 Assessments and Results 

The five survey areas were selected to investigate specific challenges or 

problems that were highlighted in the analysis of the legacy data archive and 

subsequent excavations (see Section 3.4.3, Volume 1). A theme that runs 

through this particular area of research is the influence of geology. A 

common problem identified in Section 3.4.3. (Volume 1), was the absence in 

magnetometry data of subsequently excavated enclosure ditches that failed 

to create an (expected) measurable magnetic contrast.  
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The influence of strongly magnetic geology on magnetometry data is also 

examined. A second theme is the detection of small-scale archaeological 

features / monuments, such as post-hole structures or isolated hearths that 

leave little physical impact upon a landscape and have, traditionally, been 

difficult to identify. As the majority of known archaeological sites on road 

schemes have since been excavated, most of the ‘resurveys’ occurred 

adjacent to known archaeological sites that were known/suspected to 

continue beyond the road scheme.  

5.2.1 Magheraboy, Co. Sligo 

In 2003 the remains of an extensive Early Neolithic enclosure containing 

structures and a later medieval ringfort were partially excavated on a hilltop 

at Magheraboy as part of the N4 Sligo Inner Relief Road (Danaher 2007). 

Magnetometer (1m x 0.5m) and earth resistance surveys (1m x 1m) were 

used at the time of the excavation to trace the extent (beyond the road 

scheme) of an Early Neolithic timber palisade and an outer causewayed 

enclosure as well as the early medieval ringfort ditch (Bonsall and Gimson 

2003b).  
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The medieval ringfort enclosure ditch (2.6m wide, 0.94m average depth) was 

identified by the 2003 earth resistance survey but not by the magnetometry; 

the Early Neolithic palisade and causewayed enclosure were not identified 

by either technique. The excavated sections of the steep sided and flat 

bottomed timber palisade varied in depth, the bedding trenches measured on 

average 0.35m in width and 0.2m in depth, the post-pits measured up to 

0.42m in depth and were surrounded by packing stones derived from the 

local Dartry Limestone Formation (dolomitised limestone) geology. Ten 

irregular sections of the causewayed enclosure ditch were dug to a 

maximum depth of 1.2m into the overlying sandy glacial moraine soils, and 

measured 2.1m in width.  

The resurvey was designed to assess two significant issues:  

1) is the ringfort ditch capable of being imaged by a rapid (high resolution) 

magnetometer assessment?  

2) can a high resolution survey of small scale (post-pit / narrow palisade) 

features achieve more significant results than the earlier (lower resolution) 

surveys?  

Methodology 

The archaeological site at Magheraboy was resurveyed in 2012 using high 

resolution magnetometry (cart-acquired Foerster FEREX) over a 1.4 ha area, 

to the west of the road scheme and an electromagnetic survey (CMD Mini-

Explorer, collected in VCP configuration) targeting a smaller area that 

focused on the ringfort enclosure ditch (Table 52).   
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Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

EM (VCP) 0.5m x 0.1s  0.5m x 0.25m 0.25m x 0.25m 

Magnetometer 0.5m x 0.1m 0.5m x 0.125m 0.125m x 0.125m 

Table 52. Resurveys used at Magheraboy. 

 

Results 

A series of parallel negative trends can be seen across most of the 

magnetometer data (Figure 61), particularly in the NW survey area which lies 

upon the hilltop plateau; the anomalies are less strong in the southern survey 

areas down the steep slope of the hill. These trends are likely to represent 

geological anomalies or – potentially – widely spaced cultivation furrows. 

Despite a significant increase in spatial resolution the magnetometer 

resurvey reproduced a similar result to the earlier low resolution survey 

(Bonsall and Gimson 2003b) and again failed to image the western extent of 

the ringfort ditch. 
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Figure 61. Magheraboy site plan and magnetometer data.  

Reproduced from excavated report (after Danaher 2007: with additions). 
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Figure 62. Magnetometer data from Magheraboy.  

Displayed with a ±12 nT colour scale plot (after Danaher 2007: with additions). 
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Figure 63. Magheraboy: Enlargement of the NW and SW areas of magnetometer 
data.  

A slight arcing trend of anomalies that represent the timber palisade can be faintly 
discerned.  
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An arcing trend of isolated negative anomalies across the NW survey area of 

the magnetometer data appears to correspond with the trajectory of the 

timber palisade (these are better appreciated in a colour scale plot in Figure 

62 and Figure 63). The negative responses are likely to represent 

concentrations of limestone boulder stone-packing within the palisade ditch. 

The palisade has been mapped to a length of 60m across most of the NW 

survey area, however its (likely) continuation through the SW survey area 

could not be appreciated. The arcing trend appears to enclose to the SE an 

area of increased and isolated magnetic responses, that represent cultural 

activity, hearths and post-pit features which decrease in frequency beyond 

the arcing trend; this would tend to confirm the presence of a feature 

enclosing a cultural activity zone.   

The causewayed enclosure - which is irregular in length and spacing on the 

excavation plan (Danaher 2007) - is not clearly appreciable in the 

magnetometer data, despite the presence of some positive anomalies. The 

excavated sections of the causeway enclosure ditch contained fills derived 

from natural silting and collapse, with the remains of a (possible) stone 

revetment. The fills were mostly sterile and contained very few finds and a 

number of limestone boulders. Some charred planks were recovered, which 

could, potentially, exhibit measurable magnetic properties and it is possible 

that similar deposits account for the positive anomalies seen above.  
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To the west of the ringfort enclosure, the magnetometer survey identified four 

1-1.5m diameter isolated positive anomalies (9 to 40nT), at the corners of a 

rectilinear trend of negative anomalies (-1.5 to -2nT), identified in Figure 64 

as M1. These appear to represent the remains of a rectilinear structure 

(measuring 9m x 12m); the positive anomalies represent post-pits at the four 

corners of a building and the negative anomalies represent potential packing 

stones within linear slot trenches. Two isolated anomalies occur within the 

middle of the structure; these could represent two internal post-pits, one of 

which exhibits a strong response that suggests in situ burning. 

There are further indications of other similar trends (Figure 64) that might 

represent stone-packed slot trenches, however they are not as conclusive as 

the example above. Similarly, there are numerous isolated circular positive 

anomalies that could represent indications of post-pits or pit alignments in 

the SW survey area.  

The EM ECa survey identified the south-western extent of the ringfort ditch 

(Figure 65) as a broad trend of high conductivity. The MSa data also 

identified a broad zone of increased apparent magnetic susceptibility at the 

location of the ringfort (Figure 66), however no discrete features could be 

appreciated, which was consistent with the magnetometer survey results.  
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   0m                      12.5m               North  

Figure 64. Magheraboy: Enlargement of the SE area of magnetometer data. 

A structure in the data is highlighted and the expected location of the ringfort 
enclosure. Insert: 50m x 30m area of earth resistance data from 2003, white 50 

ohms to black 110 ohms (Bonsall and Gimson 2003b). 
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   0m                      12.5m               North  

Figure 65. Magheraboy: EM ECa data (Level 3, VCP) from the SE survey area.  

Insert: 50m x 30m area of earth resistance data from 2003, white 50 ohms to black 
110 ohms (Bonsall and Gimson 2003b). Field boundary changes since 2003 have 

prevented a precise co-location of survey areas. 
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Figure 66. Magheraboy: EM MSa data (Level 3, VCP) from the SE survey area.  

Minor artefacts of the data collection are marked by a dashed yellow line. Insert: 
50m x 30m area of earth resistance data from 2003, white 50 ohms to black 110 

ohms (Bonsall and Gimson 2003b). Field boundary changes since 2003 have 
prevented a precise co-location of survey areas. 
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The potential Neolithic rectangular structure (identified in the magnetometer 

survey as M1) corresponded to a broad rectangular area of low conductivity 

in the EM ECa data. In the context of a structure, the low conductivity could 

be interpreted as indicative of a hardened floor surface. 

Discussion 

The rectilinear structure identified by the magnetometer data is located within 

the presumed limits of the Neolithic palisade (Figure 61). The strong 

response of the four corner post-pits are consistent with the Neolithic 

tradition of deliberate destruction via burning such as those at Barnagore, 

Lough Gur, Tankardstown, Coolfore and Pepperhill (Danaher 2009). The 

structure is located 76m from - and parallel to - an excavated Early Neolithic 

rectangular structure (Danaher 2007) which can be seen in Figure 61. The 

excavated structure measured roughly 14m x 4.5m, comprised three stone-

packed slot trenches (0.32m wide, 0.08-0.2m deep) with a break (possible 

entrance) in the NE corner and a southern edge marked by the large timber 

palisade enclosure; it was interpreted as a mortuary structure. In consultation 

with Danaher, who directed the excavations at Magheraboy the anomaly 

identified as M1 could be interpreted as a previously unrecorded Neolithic 

structure (Danaher, pers. comm.), located within the palisade enclosure.  

A review of known Neolithic structures suggest that the M1 anomaly group 

which measures 9m x 12m (NE-SW aligned and a length to width ratio of 

1.33:1) is similar to Tankardstown 2 (NE-SW 13.9m x 6.3m), Ballyharry 1 

(unknown alignment, 13m x 6.5m) and Cloghers (E-W 13m x 7.8m), which 

would make it ‘exceptionally large’ (Grogan 2002).   
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It is striking that the magnetometer survey failed to image a known ringfort 

enclosure ditch or the presumed extent of the causewayed enclosure ditch, 

yet clearly identified small-scale and subtle anomalies that are thought to 

represent a (potentially Neolithic) structure and a narrow stone-packed 

palisade. This highlights at once the challenges of surveying on low contrast 

soils and the benefits of applying a high resolution methodology. It also 

demonstrates that whilst magnetometry may not be suitable for the detection 

of some types of features on Carboniferous limestone geology, in this case a 

ditched enclosure(s), that disadvantage should not rule out the use of 

magnetometry altogether. Both thermoremanent anomalies and local stone 

boulders (in this case a concentration of stone-packing) can be clearly 

imaged by the method, leading to the identification of a potentially important 

and previously unrecorded monument.  

Conversely, it is highly unlikely that the remains of the timber palisade could 

have been recognised in the magnetometer data alone without a priori 

knowledge of the feature’s size and trajectory from the adjacent excavation, 

due to the low contrast magnetic signatures that are barely distinguishable 

from the background soil noise. The slot-trenches or palisade ditches could 

be identified thanks to the limestone boulders, providing that there is a 

sufficient concentration of those boulders to create a negative contrast with 

the background soils.  
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It is noteworthy that the timber palisade can only be seen in the 

magnetometer data in the shallow soils upon the hill top; the anomalies do 

not continue through the progressively deeper soils down the hill slope due 

to a lower contrast between the stone-packed material and the 

deepening/thickening background soils. Thus the material composition of the 

features, the background response and the depth to bedrock are particularly 

important factors when assessing small-scale stone-packed features.  

The high resolution magnetometer survey was incapable of identifying the 

ringfort enclosure ditch whereas the EM ECa data (Figure 65) clearly found it 

- as expected, based on the favourable results of the 2003 earth resistance 

survey. The absence of the ditch in the magnetometry can be attributed to a 

low magnetic susceptibility contrast between the ditch fills and the 

background soils. The enclosure ditches contained frequent silt deposits 

reflecting the natural silting up of the feature over time (Danaher 2007). The 

location of the enclosure on a steep south-facing ridge would have led to 

favourable conditions for water gathering that impede the mechanism for 

magnetic susceptibility enhancement of the ditch fills, as identified by Weston 

(2004) and discussed in Section 2.4.2 (Volume 1).  

The EM MSa data did indicate slight enhancement in the vicinity of the 

ringfort ditch as a broad trend – the data were obtained from the widest 

Tx/Rx VCP coil pair spacing, from a deeper level than that examined by the 

magnetometer survey (potentially to a depth of 0.9m below the ground). The 

slight increase in apparent magnetic susceptibility could reflect an early basal 

fill (the average depth of the ditch is 0.94m) of cultural material rather than 

soils derived from natural silting.  
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5.2.2 Ballinorig West 2, Co. Kerry 

Between August and September 2010 a 40m x 40m area earth resistance 

survey, reportedly using a Twin-probe at 1m x 0.5m (Harrison 2010), was 

undertaken to trace the extent of a bi-vallate enclosure known as Ballinorig 

West 2 that was under excavation (Figure 67) in advance of the N22 Tralee 

Bypass (Bartlett et al. 2010, Clark 2012). The earth resistance survey 

identified only a small section of ditch associated with the ringfort, which was 

cut into Cracoean Reef member (un-bedded calcilutite Limestone) geology.  

  

 

 
North                 0m                        40m 
 

Figure 67. Excavation plan of Ballinorig West 2 after Clark (2012), with additions. 
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The resistance survey had been part of a wider geophysical assessment of 

the road corridor that mostly employed magnetometry (1m x 0.25m) and had 

generated poor results in light of subsequent excavations. Neither the raw 

nor processed earth resistance digital data were available for review, 

however an extract from the report of the 2010 data has been reproduced for 

comparative purposes (Figure 68). The report itself (Harrison 2010) omitted 

some key details (including a statement on the data clipping ranges and 

limited data processing information) which challenges the reliability that can 

be placed on the data collection, data display and subsequent interpretation 

(Figure 69).  

Other external factors may have influenced the poor quality of the results: 

frequent outcrops of near surface geology were encountered during the 

excavations and Ballinorig West 2 is complicated by the presence of multiple 

sink holes which have opened up across the site since prehistory, including 

within the earth-cut ditch of the ringfort. These factors may have hampered 

the earlier geophysical surveys along with the more general issues 

(discussed above in Section 4.3) raised in relation to the use of 

magnetometry on low contrast limestone geology in the west of Ireland. 

Ballinorig West 2 is principally comprised of two circular ditches that continue 

beyond the excavation and into the geophysical survey area. The inner 

annular enclosure ditch dated to the early medieval period and seven phases 

of activity were identified in the excavation (Clark 2012), with features dating 

from the Middle Neolithic and the Bronze Age, and later post-medieval 

agricultural activity.   
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Figure 68. Twin-probe earth resistance survey at Ballinorig West 2.  

Clipping range unknown, data from Harrison (2010) as presented, excavation plan 
from Clark (2012). 
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Figure 69. Ballinorig West 2, 2010 earth resistance survey  

Twin-probe earth resistance survey (left) and interpretation (right) at Ballinorig West 2. Clipping range unknown, from Harrison (2010) as 
presented. 
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The inner annular enclosure ditch measures 3.10m in width, 1.90m in depth 

and 28m in diameter; with the outer enclosing ditch measuring 3.85m in 

width, 1.70m in depth and approximately 40m in diameter. The outer 

enclosing ditch produced no datable material. The earliest dated prehistoric 

materials were found in the fills of sink holes, which included charcoal fills 

and slag; these reinforce the archaeological importance of these naturally 

occurring features and their suitability for detection via magnetic methods.  

In order to recommend a suitable methodology for the use of geophysical 

surveys under these conditions, a series of resurveys occurred in 2011 over 

the same area as the 2010 earth resistance survey (a 40m x 40m area). The 

survey area is located to the northwest of the N22 Tralee Bypass, contiguous 

to the final (resolution) excavation (Clark 2012) that occurred at the time of 

the new 2011 resurvey. The NE portion of the survey area was constrained 

by a fence marking the edge of the road corridor.  

Methodology 

The resurveys were carried out at a higher resolution than those typically 

prescribed for NRA specifications and site assessments in general (as 

discussed above in Section 5.1) to determine an appropriate methodology for 

future work in the region (Table 53). The high resolution data were compared 

with lower resolution data generated by resampling data points to the desired 

sample interval.  
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Survey Type Survey Resolution 

Acquisition Gridded to Interpolated to 

Magnetometer 0.5m x 0.125m 0.5m x 0.125m 0.125m x 0.125m 

Magnetic Susceptibility 2m x 2m 2m x 2m 2m x 2m 

Earth Resistance - Wenner 0.5m x 1m  0.5m x 1m 0.5m x 0.5m 

Earth Resistance – Twin-probe 0.5m x 1m  0.5m x 1m 0.5m x 0.5m 

Earth Resistance - Wenner 0.5m x 0.25m  0.5m x 0.25m 0.25m x 0.25m 

Table 53. Resurveys used at Ballinorig West 2. 

The resurveys comprised of hand-held magnetometry (Geoscan Research 

FM256), top soil magnetic susceptibility (Bartington Instruments MS2) and 

earth resistance surveys (Geoscan Research RM15 for Wenner and Twin-

probe arrays and in conjunction with a Geoscan Research MSP40 and 

DL256 for a Square array). In the week preceding the geophysical survey, 

the climatic conditions were warm and dry which continued during fieldwork 

and is unlikely to have affected the earth resistance surveys to a large 

degree. 

Results 

The 2m x 2m magnetic susceptibility data were gridded and resampled in 

Surfer to produce lower resolution plots of 5m x 5m and 10m x 10m acquired 

data to determine what advantages, if any, could be gained by the collection 

of additional data (Figure 70). The 2m x 2m data has identified a discrete 

zone of enhanced magnetic susceptibility in the SE corner of the plot that 

corresponds very well with the internal portion of the ringfort. The 

enhancement decreases sharply beyond the limits of the enclosure ditch. 

The enhancement associated with the ringfort is still appreciable in the 5m x 

5m data despite the loss in resolution. The 10m x 10m data is less clear 

however, owing to the small 40m x 40m survey area and a limited amount of 

background data to contrast against.  
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A discrete response along the edge of the ringfort corresponds to the 

location of the 3.1m deep and 1.9m wide inner ditch (context 003 of the 

excavation), principally comprised of naturally silting soils and varying 

quantities of charcoal (Clark 2012). The discrete response is much less 

coherent in the 5m x 5m data and is lost altogether in the 10m x 10m data. 

The high resolution magnetometer data (Figure 71) has a very noisy 

background due to near surface soil geology (and potential disturbance from 

sink holes) and walker gait – this has impacted the data and there is no 

significant indication of the enclosure ditch in the high resolution (0.125m x 

0.5m) data. The noise has been magnified by the survey rate of 16 samples 

per square metre; had the data been acquired using a cart (rather than the 

hand-held system used here) the noise threshold can be expected to be 

lower (Linford et al. 2007). Consequently, much of the noise was removed in 

the resampled lower resolution data, which are of a comparatively higher 

quality, allowing small-scale archaeological features to be seen clearly. 

The magnetometer survey identified both enclosure ditches as weak positive 

anomalies – the excavation found that the ditches were mostly comprised of 

natural silty soils - which explains the low magnetic contrast with the 

background soils. The outer enclosure ditch can be partly traced by a broken 

positive anomaly of magnetic enhancement. Intermittent sinkholes within the 

excavated ditches contained large amounts of charcoal and heat-shattered 

stones (Clark 2012), which (if replicated in the survey area) could account for 

the varying strength of responses in the magnetometer data. 
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2m x 2m sample resolution  

 
 

5m x 5m sample resolution  

 
 

10m x 10m sample resolution 
 

 

 

 

            -2 S.D.                                                                         +2 S.D. 
 

Field Data   Mean: 1.5 SI Units     Standard Deviation: 1.74 SI Units        

Range: 31.3 (White) to 35.9 SI Units (Black) 
 

All data were derived and extrapolated from the field data (2m x 2m). Yellow line indicates edge of enclosure. 

Survey Area measures 40m x 40m. 

Figure 70. Topsoil Magnetic Susceptibility data. 
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0.25m x 1m  
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0m                                  40m 

 

 

 

All data were derived and extrapolated from the field data (0.125m x 0.5m). 

 

Original Field Data (0.125m x 0.5m) 

Mean: 0.15 nT 

Standard Deviation: 1.7 nT 

Range: -40.7 nT (White) to 27.3 nT (Black) 

Figure 71. Magnetometer Data 

 

  



320 
 

Square Array (a) 

0.5m x 0.25m 

Square Array (b) 

0.5m x 0.25m 

Square Array (γ) 

0.5m x 0.25m 

   

Field Data 

Mean: 239.3 ohm/m 

Standard Deviation: 34.9 ohm/m 

Range: 138.2 – 1035.6 ohm/m 

Field Data 

Mean: 221.9 ohm/m 

Standard Deviation: 21.3 ohm/m 

Range: 113.6 – 563.3 ohm/m 

γ Data 

Mean: 2.2 ohm/m 

Standard Deviation: 4.2 ohm/m 

Range: -32.9-114.6 ohm/m 

                                      -1.5 S.D.                                                      +1.5 S.D. 

γ Data were derived and extrapolated from the a and b field data. 

Twin Probe Array 

0.5m x 1m 

Wenner Array 

0.5m x 1m 

Square Array (γ) 

0.5m x 1m 

   

Field Data 

Mean: 156.6 ohm/m 

Standard Deviation: 11.4 ohm/m 

Range: 114.7 – 206.0 ohm/m 

Field Data 

Mean: 172.6 ohm/m 

Standard Deviation: 16.1 ohm/m 

Range: 45.4 – 223.6 ohm/m 

Derived from (a and b) 

 field data 

Mean: 2.2 ohm/m 

Standard Deviation: 3.9 ohm/m 

Range: -13.8-38.9 ohm/m 

 

-2 S.D.                                                      +2 S.D. 

 

2010 Twin Probe Array 
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Headland Archaeology  
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0.5m x 1m sample resolution 

Unknown greyscale display values  

 

All Survey Areas measures 40m x 40m. 

 

 

 

Figure 72. Earth Resistance data from three arrays and the 2010 survey. 
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The three earth resistance surveys (Figure 72) illustrate some of the 

differences between the arrays used. The inner enclosure ditch is visible in 

the Twin-probe and Wenner array data as a low resistance anomaly but is 

less coherent in the Square array data. This can be accounted for by the 

comparatively shallow depth penetration of the Square array and the near 

surface limestone that has caused a number of high resistance spikes for 

this array. The ditch is less coherent on the western edge and this may be 

indicative of disturbed or mixed soils caused by subsidence from the 

limestone sink holes.  

The outer ditch of the enclosure is not coherent in any of the earth resistance 

data, although the Twin-probe array does suggest the presence of a low 

resistance anomaly that partly coincides with its trajectory. The internal 

section of the enclosure is comprised of very high resistance in all three data 

sets which is likely to represent the compacted soils of the ringfort interior.  

Discussion 

The ditches at Ballinorig West 2 were known from the excavation and were 

expected to be within the survey area which makes their assessment and 

identification a relatively easy task. A larger prospection assessment of the 

area without a priori knowledge of archaeological features would have been 

less successful, although a measurable contrast undoubtedly exists (as 

opposed to Magheraboy in Section 5.2.1, where no measurable contrast was 

observed for a similar enclosure feature). The low contrast of the ditch fills 

may be caused by the presence of sink holes which are known from the 

excavation (Clark 2012) and are likely to continue in to the survey area.   
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The 0.5m x 0.125m survey data were mostly impacted by soil noise 

magnified by walker gait: data acquisition at 16 samples per square metre is 

unnecessary for this scale of archaeological feature (an enclosure ditch). 

However, the extrapolated 0.5m x 0.25m data suggests that surveys of 

similar areas would benefit from this sample resolution in the first instance in 

order to enhance the visualisation of low contrast features. The magnification 

of the soil noise from the pedestrian survey is a compelling argument for the 

collection of cart-acquired data which should minimise handheld-induced 

errors. 

The Twin-probe results from 2010 (Harrison 2010) differ from the 2011 Twin-

probe resurvey. The data are not directly comparable: the direction of 

traverse was altered for the resurvey (to cross the ditches at a favourable 90° 

angle) and the greyscale values and clipping range of the 2010 data are 

unknown (but appear to represent ‘all’ of the data rather than a ‘clipped’ 

portion of the data); however the sample resolutions used are supposedly 

identical. Temporal-induced seasonal effects (Harrison’s work was carried 

out in August-September 2010 and the new data were collected in March 

2011) and traverse direction will have played a role in the differences 

between the data. Harrison’s survey data can be expected to have a higher 

average resistance than the 2011 survey data as moisture retaining features 

such as the enclosure ditches will have a lower contrast in a typical summer 

than data collected in a typical spring.  
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The original (earth resistance) survey carried out at the site (Harrison 2010) 

failed to clearly identify the enclosure ditch (the 2010 interpretation, as seen 

in Figure 69 cannot be substantiated by this research). It is clear from the 

topsoil MS and magnetometer survey that a contrast is likely to exist 

between the limestone soils and the ditch fill; in this case the use of a 

magnetometer would have been a more appropriate technique and future 

assessments on similar geologies could take advantage of a 0.5m x 0.25m 

sample resolution to identify enclosure- and smaller-scale cut-earth features.  

The 2m x 2m MS survey successfully identified zones of suspected 

occupation enhancement within the enclosure. Can the MS survey be 

applied to a prospection strategy? Although useful, the time required for a 

very fine-sample MS survey is now outweighed by the detailed information 

and speed of data acquisition offered by a (preferably) high resolution 

magnetometer survey (Table 54), although coarser MS sample intervals can 

still offer significant advantages in speed, but less detailed information. 

Survey Technique Daily Coverage 

MS Survey 2m x 2m  0.8 ha  

MS Survey 5m x 5m  5 ha  

MS Survey 10m x 10m  21 ha  

Magnetometer 0.5m x 0.25m 2-3 ha 

Table 54. Daily area coverage offered by MS and magnetometry. 
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Future prospection strategies for the assessment of unknown 

occupation/enclosure sites on low contrast limestone soils should use a 

detailed magnetometer survey in the first instance rather than a 

reconnaissance MS survey. Importantly however, the MS survey offers an 

insight in to the soil information that a magnetometer cannot; therefore a MS 

survey (even at a coarse resolution) can supplement and successfully 

complement magnetometer data to aid subsequent interpretations. This is 

especially true for identifying zones of low MS enhancement that might 

indicate areas at which a magnetometer may not produce satisfactory 

responses, such as areas of water-logging.   

5.2.3 Clonhaston, Co. Wexford 

In 2011 a series of magnetometer surveys (fluxgate gradiometer, 1m x 

0.25m) were carried out at areas of archaeological potential on the M11 

Gorey to Enniscorthy Motorway (Leigh 2011). One of these occurred over a 

0.91 ha area at Clonhaston, at the confluence of the River Ballyedmond and 

the River Slaney. The underlying Campile Formation Rhyolitic volcanics and 

slates geology (overlain by alluvial sand and gravel subsoil and poorly 

drained gley soils) caused widespread high contrast magnetic anomalies that 

were interpreted by Leigh as deep alluvial deposits, which occupied the 

entire survey area (Figure 73), preventing the detection of any potential 

archaeological features (this area has yet to be excavated and no 

archaeological features are known).  
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               -2nT                          +3nT      0m                  60m 

Figure 73. Magnetometer data at Clonhaston.  

From Leigh (2011). 

  



326 
 

The pre-processed digital magnetometer data (range clipped to ±5nT) forms 

part of the legacy data archive and is available for review (Figure 74). This 

research has already demonstrated that ECa data were suitable for mapping 

field walls on igneous geology at Slievemore (see Section 4.2.6 and Figure 

59, above) using the CMD Mini-Explorer electromagnetic device - it was 

used at Clonhaston on the assumption that it could rapidly acquire ECa data 

and that the MSa data might also be usable as an alternative to the earlier 

magnetometer survey. A limited 0.3 ha (150m x 20m) EM survey was carried 

out over part of Leigh’s earlier magnetometer survey, within a floodplain 

adjacent to the Rivers Ballyedmond and Slaney. 

Methodology 

The EM survey occurred at a spatial resolution of 0.5m x 0.1s (gridded to 

0.5m x 0.25m). The data were collected using the HCP coil arrangement to 

purposely assess the deeper sediments that were expected to have a strong 

MSa contribution from the underlying Rhyolitic volcanics. 

Results 

The EM ECa data (Figure 75) returned very clear information on the 

underlying soils. A 4m wide high conductivity anomaly (identified as ECa1) 

appears in Levels 2 and 3 of the data; this could feasibly represent a large 

ditch but is much more likely to represent a palaeochannel that appears to 

snake across the plot between two large zones of high conductivity that lead 

from the River Ballyedmond to its confluence with the River Slaney.  
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-3nT                          +3nT -12nT                     +12nT -12nT  -4nT  +4nT  +12nT 
   
Data Range:  
-103nT to 2,195nT 

Mean: 1.2nT 
Standard Deviation: 15nT 

North 
              0m                60m  

Figure 74. Alternative magnetometer data clips, from Clonhaston.  

Raw data supplied by Leigh (2011), alternate clips were applied for this research. 
The subsequent EM survey area is outlined in red. 
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Level 1 Level 2 Level 3 Magnetometer 
Data 

                            
-3.0mS/m   +6.0mS/m  -2.0mS/m      +2.0mS/m   -2.0mS/m         +1.5mS/m   -3nT      +3nT 
    
Range: 

-
103-90 mS/m 

Mean: 0.5 mS/m 
Std. Dev.: 3.9mS/m 

Range: 
-
22-102 mS/m 

Mean: 4.2 mS/m 
Std. Dev.: 16.8 mS/m 

Range: 
-
11-102 mS/m 

Mean: 3.3 mS/m 
Std. Dev.: 16.7 mS/m 

 

 

 

  
North 

 
       0m         20m  

 

 

Figure 75. Electromagnetic ECa data from Clonhaston and comparative 
magnetometer data from Leigh (2011). 
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Level 1 Level 2 Level 3 Magnetometer 
Data 

                            
-0.1ppm        +0.05ppm  -0.1ppm        +0.05ppm -0.3ppm              +0.3ppm   -3nT      +3nT 
    
Range: 

-
16-951ppm 

Mean: 5.3ppm 
Std. Dev.: 58.7ppm 

Range: 
-
2.8-99.6ppm 

Mean: 2.8ppm 
Std. Dev.: 11.6ppm 

Range: 
-
52-994ppm 

Mean: 3.1ppm 
Std. Dev.: 49.6ppm 

 

 

 

  
North 

 
       0m         20m  

 

 

Figure 76. Electromagnetic MSa data from Clonhaston and comparative 
magnetometer data from Leigh (2011). 
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Level 3 ECa Level 2 MSa Palaeochannel 
between alluvial 

deposits 

Magnetometer 
Data 

                        
  -2.0mS/m         +1.5mS/m  -0.1ppm       +0.05ppm    -3nT      +3nT 
    
Range: 

-
11-102 mS/m 

Mean: 3.3 mS/m 
Std. Dev.: 16.7 mS/m 

Range: 
-
2.8-99.6ppm 

Mean: 2.8ppm 
Std. Dev.: 11.6ppm 

  

 

 

 
       0m         20m  

 
North 

  
 

Figure 77. EM ECa (Level 3) and MSa (Level 2) data from Clonhaston. 
Magnetometer data from Leigh (2011). 
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The MSa data are very coherent (Figure 76) and were not expected given the 

high contrast magnetometer data derived from the geology. The EM survey 

returned isolated dipolar responses (in both the MSa and ECa data) that 

indicate the presence of metal - some of these can be appreciated as ferrous 

dipolar anomalies in the magnetometer data whilst others are overwhelmed 

by the higher contrast geological anomalies. EM is capable of mapping 

anomalies derived from a range of metal objects (therefore the EM dipoles 

that are absent in the magnetometer data are not necessarily ferrous 

objects), however the survey does demonstrate that the MSa and ECa 

responses are already offering the chance to map discrete features or 

objects that were not visible in the magnetometer data. 

The MSa responses are mostly consistent (allowing for the known and 

expected phase shift of the HCP coil arrangement in Level 3). The 

shallowest (Level 1) and deepest (Level 3) data are generally unaffected by 

the geology, whereas the central (Level 2) data does have a high contrast 

trend (identified as MSa1) at the SW end that is consistent with a high 

contrast positive magnetometer anomaly in the same area; this might 

represent a near surface alluvial deposit. The Level 2 data has also identified 

a number of isolated responses towards the northern end of the survey area 

that could represent erratic boulders derived from alluvial activity.  

Examining the MSa and ECa data together (Figure 77) the high conductivity 

palaeochannel can be seen passing between probable alluvial deposits of 

enhanced apparent magnetic susceptibility. The palaeochannel can also be 

faintly observed in the MSa data as a negative trend.  
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Discussion 

The use of EM at Clonhaston has revealed very little archaeological 

information (beyond illustrating a method of identifying ferrous and non-

ferrous metal objects) but has revealed the potential of multi depth EM for 

achieving clear and coherent results over a challenging igneous geology. It 

has also demonstrated the applicability of EM as a method of identifying and 

tracing palaeochannels and alluvial deposits that could be of potential 

archaeological interest for prehistoric site modelling and mitigating areas of 

archaeological potential.  

The survey demonstrates the value of multi depth EM as an alternative to 

magnetometry; whilst no discrete archaeological features can be seen in the 

Level 3 data, it could be anticipated that if any such deposits did exist, then 

they could be visible in this dataset, potentially below an alluvial layer, 

whereas the magnetometer data can only identify the combined magnetic 

response of the shallow (0.5-1.0m) soils beneath the sensor.   

5.2.4 Woodstown, Co. Waterford 

Woodstown has been the location of many geophysical surveys since 2002 

(Table 55) following the identification of an extensive enclosed settlement on 

the original line of the proposed M25 Waterford Bypass Motorway, to the 

south of the River Suir. Early phases of use were dated to the Bronze Age, 

however the main function of the site occurred during the Viking Age.  
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Although the term may not be entirely appropriate due to the absence of 

substantial military activity, the enclosure is generally interpreted as a 

longphort (Figure 78) and pre-cursor to the nearby Viking city of Waterford 

(Brady et al. 2008, O'Brien et al. 2005, Russell 2004, Russell and Harrison 

2011, Russell et al. 2007). The original line of the proposed motorway was 

moved after the importance of the site was realised; the site has since been 

protected as a National Monument. Woodstown has been described as of 

‘fundamental importance not simply on a regional or national level but 

internationally…it is one of the most productive dry land sites of Early 

Medieval date ever discovered in Ireland’ (Brady et al. 2008: 15). 

The first phase of intrusive investigation at Woodstown was carried out in 

2003 - 29 test trenches were excavated across two fields within the original 

line of the proposed road (Russell 2004). The trenches mapped numerous 

occupation deposits, parts of which were fully excavated and signalled the 

presence of a previously unrecorded Viking settlement. 

The first detailed geophysical surveys occurred between the open test 

trenches (Bonsall and Gimson 2003d) along the proposed road corridor and 

subsequently beyond it (Bonsall and Gimson 2004d) using magnetometry 

and topsoil magnetic susceptibility surveys (Table 55) that interpreted 

hearths, industrial zones and the outline of a contiguous pair of enclosures 

delineated by 400-500m long ditch.  
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Figure 78. Detail of Woodstown National Monument.  

From Brady et al. (2008). 
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Chronology Method of investigation Year of survey and 
location  

(in relation to 
original road 

corridor) 

Source 

Within Beyond 

1 Magnetometer Scanning 2002  Gimson 2002b 

2 Test Trenching 2003  Russell 2004 

3 Magnetometry  
(1m x 0.5m) 

2003  Bonsall and Gimson 2003d 

3 Magnetic  Susceptibility 
(2m x 2m) 

2003  Bonsall and Gimson 2003d 

4 Selected Excavation 2004  Russell 2004 

5 Magnetometry 
(1m x 0.5m) 

 2004 Bonsall and Gimson 2004d 

5 Magnetic  Susceptibility 
(5m x 5m) 

 2004 Bonsall and Gimson 2004d 

6 Magnetometry 
(0.5m x 0.25m) 

 2007 Nicholls and Shiel 2007b 

7 Selected Excavation  2007 Russell et al. 2007 

8 Magnetometry 
(0.5m x 0.1m) 

2012 2012 This research 

 Table 55. Archaeological investigations at Woodstown. 

 

Further excavations revealed the presence of metal working, Bronze Age 

furnaces and a Viking burial (Russell 2004) in the original road corridor. In 

2007 magnetometry (Nicholls and Shiel 2007b) was carried out beyond the 

road scheme as part of the Woodstown Supplemental Research Project - 

rectangular structures were identified, some of which were subsequently 

excavated and dated to the Viking Age (Russell et al. 2007). The 2007 

survey demonstrated the potential benefits of high resolution assessments 

(Table 55) of complex settlements. The 2007 survey was limited in area 

coverage and sampled only areas beyond the original road corridor (Figure 

79).  
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Figure 79. Geophysical surveys at Woodstown National Monument.  

From Brady et al. (2008), with additions. 

 

The open test trenches in the original line of the road were recently 

backfilled, effectively reinstating the survey area to pre-2002 conditions. This 

afforded an opportunity to assess the small-scale and discrete features in the 

‘original road corridor’ that were previously surveyed between test trenches 

at a low resolution (Bonsall and Gimson 2003d).  

  

2003 

2004 

2007 

2012 
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The geology, as shown in the earlier 2002-2007 surveys, is quite suitable for 

magnetometry, however there is a change in bedrock across the middle of 

the site, aligned broadly E-W, in the NE corner of the survey area, from Ross 

Member siltstone and slate, with an overlying alluvial drift to Campile 

Formation & Felsic volcanics, containing Rhyolitic volcanics, grey & brown 

slates. An issue that was encountered in the earlier magnetometer surveys 

was the presence of significant background noise within and surrounding the 

enclosure, representing the remains of cultural activity.   

Methodology 

The ‘resurvey’ at Woodstown is unique: the road scheme is the only Irish 

example of a motorway moved due to the presence of significant 

archaeological remains and where detailed excavation and a priori 

geophysical data are available for consultation. The resurvey has continued 

to apply a high resolution magnetometry method (cart-acquired Foerster 

FEREX fluxgate gradiometer, 0.5m x 0.1m, gridded to 0.5m x 0.125m) 

across the National Monument (including the original line of the motorway). 

The survey area also covered 10 of the 12 excavation areas examined by 

the Supplemental Research Project (Russell et al. 2007), as well as the 

excavated areas in the original road corridor (Russell 2004). 
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Results 

The magnetometer survey provided a high resolution assessment of a 4.3 ha 

area in two days (Figure 80, Figure 81 and Figure 82). The key differences 

between the new survey and the earlier assessments are outlined below. It is 

important to remember that between the assessments, three different 

fluxgate gradiometer systems and three different survey resolutions were 

used. 

A previously unrecorded monument, a circle of pits, has been identified 

within the limits of the original road design; this was not visible in the earlier 

survey due to the low resolution used (1m x 0.5m) and the limited coverage 

between open test trenches. A number of the pit anomalies are still visible 

after the data were resampled (Figure 83) to match the 1m x 0.5m resolution 

used in 2003 (Bonsall and Gimson 2003d), however that survey was cut by a 

number of test trenches which clearly limited the visibility of a pit-circle 

monument. 

Four of the pits were exposed and mapped during the topsoil stripping 

(Russell 2004) and were found in test trenches 77E and 84 in 2003, although 

they were not recognised as part of a pit-circle due to the trench coverage. 

These pits were not excavated and the extent of each feature observed in 

the trench is limited. However half of an exposed pit in Trench 77E measures 

2.4m in diameter and is flanked by 3 ground observed post-holes (one of 

which appears in the magnetometer data as a negative response that could 

indicate stone-packing).  
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Figure 80. Magnetometer data from Woodstown 6.  
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Excavation data from Russell (2004) and Russell et al. (2007). 
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Figure 81. Magnetometer data from Woodstown 6, southern area.  
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Excavation data from Russell (2004) and Russell et al. (2007). 
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Figure 82. Magnetometer data from Woodstown 6, northern area. 
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(2004) and Russell et al. (2007). 
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2012 data (0.5m x 0.1m, gridded to 0.5m x 0.125m, interpolated to 0.25m x 0.125m). 

 

 
2012 field data reduced to 1m x 0.5m resolution. 

 

 
2012 data with 2003 the excavation plan. 

 

 
2003 data at 1m x 0.5m resolution between the open test trenches. 

 

 
  -3nT                                         +3nT                   0m                                           40m                           North 

Figure 83. Comparison of magnetometer survey resolution from the NW survey area 
at Woodstown. Pit circle location highlighted in the blue box. 

Other data from Bonsall & Gimson (2003d) and Russell (2004).  
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Other partially observed pits in the trenches measured 1.6m and 1.9m in 

length. The most coherent pit observed, in Trench 84, is 80-90% exposed in 

the trench and measured 2m x 1.6m in size (Russell 2004). The dimensions 

of the ground-observed pits, suggest that the average diameter is 

approximately 1.9-2m.  

The remains of a structure identified by Nicholls and Shiel (2007b) are not 

visible in the 2012 data due to its complete excavation in cutting TA1 

(Russell et al. 2007). The 2012 resurvey did identify further structures in the 

area beyond the original road corridor. 

The 2012 resurvey of a D-shaped enclosure ditch has also been impacted by 

cutting TA3 (Russell et al. 2007); the feature (and the area of the cutting) has 

a correspondingly lower contrast than the earlier data (Bonsall and Gimson 

2004d, Nicholls and Shiel 2007b). The excavation confirmed the enclosure 

as a 1.6m wide and 0.54m deep ditch (Russell et al. 2007).  

Pits were frequently identified across the site from the new 2012 

magnetometer data suggesting the presence of further post-built structures 

beyond those previously identified. There are a large number of pit 

alignments in the resurvey data of the original road corridor that appear to 

represent post-pits for timber structures that were previously unknown. The 

high resolution survey (at speeds of more than 2 ha per day) demonstrated 

the value of collecting (additional) data at a 0.5m line spacing.  
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The information from the soil stripping and mapping (Russell 2004) were 

compared to the high resolution magnetometer survey (Table 56) as a 

means of gauging the ability of the survey to map small and discrete 

deposits. The criteria applied required that the ‘magnetometer anomalies’ 

and ‘identified feature types’ must be clearly visible and independent of 

background noise, ferrous dipolar responses and other anomalies, i.e. under 

normal blind ‘prospection’ conditions they would be interpreted as discrete 

anomalies of archaeological origin. The feature type nomenclature is 

consistent with that of the trenching report (Russell 2004).  

Feature 
Type 

Features 
observed in 
survey area 
(mapped but 
unexcavated) 

Clearly visible as anomalies in 
the magnetometer data  
 
Polarity:  
p (positive) n (negative) 

% of ground 
observed 
features 
visible in 
magnetometer 
data 

Post-hole 49 14 (10p, 4n) 28.6% 

Hearth 3 2 (2p) 66.6% 

Linear 25 9 (7p, 2n) 36% 

Pits 54 40 (36p, 4n) 74.1% 

Spread 
(discrete) 

22 15 (14p, 1n) 68% 

Total 153 80 (69p, 11n) 52% 

  Table 56. Observed archaeological features at Woodstown 6 and their detection in 
the magnetometer survey. 
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Features in areas that were subsequently excavated have not been included 

as the magnetic responses will be mostly disturbed for those, as discussed 

for cuttings TA1 and TA3, above. Not all archaeological features within the 

trenches would have been observable and those that were observed but not 

excavated may represent non-archaeological natural features. A good spatial 

correlation was found between the 2003 ground observed pits (Russell 2004) 

and the 2012 magnetometer data; most anomalies could be clearly seen 

within 1.1m of a ground observed feature.    

Just over half (52%) of all the features observed in the trenches could be 

appreciated in the magnetometer data as discrete features:  

 The clearest feature type observed were pits (74.1%), which were also 

the most numerous type.  

 Hearths (66.6%), and burnt spreads (68%) were also easily identified, 

although the very low sample number for hearths makes that data less 

robust than other more frequent feature types.  

 The least type of identified features were post-holes (28.6%) and linear 

features (36%), which are both small or narrow feature types.  
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Discussion 

The recognition of feature types from ground observed data (Russell 2004) 

largely confirmed what was already suspected, that small and narrow 

features such as post-holes and linear slot trenches, are difficult to identify 

even in high resolution acquired data. However, if we assume that the sub-

rectangular 10.44m x 7.1m structure - excavated in cutting TA1 and 

comprised of slot trenches 0.85m wide x 0.69m deep (Russell et al. 2007) - 

is representative of the group of structures identified in the resurvey data, 

then it demonstrates the capability of a high resolution survey of identifying 

such features if suitable conditions exist (low background noise, as well as 

more general requirements on geology and ground cover).  

The new 2012 resurvey data collected at Woodstown were cart-acquired 

which will have helped to reduce the background noise - the smaller features 

identified in the 2012 data may not have been visible in hand-held acquired 

data, however since the earlier hand-held data were carried out at a different 

resolution (Bonsall and Gimson 2004d) and/or a different area (Nicholls and 

Shiel 2007b), it is not possible to directly compare them. 
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For post-holes (a very small feature and anomaly type), the success rate is 

low (28.6%) due to background noise and clusters of small features 

producing one single measurable anomaly. In some cases, one single post-

hole feature produced very large anomalies (>1m) that could represent much 

larger features than was suggested by the topsoil stripping (Russell 2004) or 

a strongly magnetic fill. 8.2% of post-hole observed features created a 

negative magnetic anomaly that could suggest the presence of packing-

stones. 

Only 3 hearths were observed in the test trenches (Russell 2004), which is a 

low sample number and these were presumably identified (and categorised) 

on the basis of a red-coloured or blackened soil. 2 of the ground-observed 

hearths were identified in the magnetometer data and the third could not be 

clearly distinguished from a cluster of anomalies regarded as ‘noisy’ or 

indicative of occupational activity.  

Spreads (deposits of burnt material) occur in some cases under/between 

other recognised features - at the southern end of the proposed road corridor 

they occur along the entire length of Trenches 74, 75, 76 and 90, down 

sloping ground (Russell 2004). These types of spreads might be represented 

in the magnetometer data as ‘areas of cultural noise’, in which case they 

have been discounted from the analysis.  
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Those spreads that were included in the analysis are ‘discrete features’ that 

have a well-defined edge in the CAD plans and drawings, of which 22 were 

observed (Russell 2004). Burnt spreads may be related to in situ burning or 

could represent a deposit of redistributed burnt material. Upon excavation, 

spreads may be revealed as fills of cut features or they could represent 

laminar features; as such, the expected magnetometer response could vary 

substantially between strong localised responses to dispersed zones of 

enhancement or no measurable contrast at all. In 2 cases, a strong negative 

response was identified which could represent an altogether unrelated 

underlying feature.  

The ‘linear’ feature type range in width between 0.2m to 2m and are difficult 

to quantify, hence the ambiguous terminology (Russell 2004). The ground 

observed features could potentially represent gullies, slot trenches or 

ditches, or a cluster of post-holes or other features. In most cases, the 

corresponding magnetometer anomalies are much larger and could be 

described as circular or ovoid rather than linear. This is partly caused by their 

(partial) observation in a narrow trench, which would lend linearity to the 

edge of a large pit if only part of the feature was observed.  

The pits are the clearest observed anomaly type (74.1%) and the most 

numerous feature type revealed by the topsoil stripping (Russell 2004). In 

many cases one pit was observed on the ground, but 2 or more discrete 

anomalies could be seen within the extent of the observed feature; these 

could for example represent small post-holes within a larger (ground 

observed) pit, a data error or aliasing.   
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The survey at Woodstown clearly demonstrated the benefits of a high 

resolution survey both within and beyond the original road corridor. The 

speed at which the 0.5m x 0.25m magnetometer cart-survey was carried out 

(2 days) over the 4.3 ha area is not significantly slower than the traditional 

hand-held method of 2-3 ha per day at 1m x 0.25m resolution, which 

suggests that the added-value offered by high resolution data collection is 

justifiable in a commercial context. Not only can previously unrecognised 

(low contrast) features be mapped, but a more detailed interpretation can be 

offered.   

5.3 General discussion and conclusions 

The resurveys have investigated the impact of geology (Magheraboy, 

Ballinorig West 2, Clonhaston) and spatial resolution (Magheraboy, Ballinorig 

West 2, Woodstown) using a range of geophysical techniques that included 

magnetometry, earth resistance, magnetic susceptibility and electromagnetic 

surveys. These assessments were carried out to review, investigate and test 

the different variables that impact upon the success or failure of a 

geophysical survey using traditional methods and to establish a reproducible 

method of data collection to investigate the majority of archaeological 

features at a given area.  
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Regardless of the challenges i.e. small-scale features (Magheraboy), low 

contrast geology (Magheraboy, Ballinorig West 2), cultural and natural 

background noise (Woodstown), the assessments identified that the 

acquisition of high resolution data is a key controllable variable that should 

be exploited wherever possible. The resurveys suggest that 0.5m line 

spacing should be regularly used for traditional magnetometry and earth 

resistance (and non-traditional electromagnetic) surveys, in order to gain 

more substantial information (and subsequently more coherent 

interpretations) about the underlying archaeological features (see Sections  

5.2.1, 5.2.2 and 5.2.4, above).  

An in-line sample of at least 0.25m is desirable for magnetometry (and 

electromagnetic) surveys. High in-line sampling (0.125m or better) if 

required, will greatly benefit from cart-based acquisition methods to reduce 

walker-induced noise/artefacts in the data that are typically encountered 

when using hand-held instruments. The quality of cart-acquired data at 

Magheraboy (see Section 5.2.1) and Woodstown (Section 5.2.4) is far 

superior to the hand-held data acquired at Ballinorig West 2 (Section 5.2.2), 

above. 
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Earth resistance surveys do benefit from an in-line spacing of 0.5m, as 

demonstrated at Ballinorig West 2 (see Section 5.2.2, above). Under some 

circumstances the high sampling rate offered by articulated earth resistance 

arrays (0.25m or better) can also be valuable for the study of small-scale 

features, however this study concurs with that of Parkyn (2012) who found 

that such high sample rates also produce a high noise ratio for the articulated 

MSP40 Square array.  

The topsoil magnetic susceptibility survey at Ballinorig West 2 demonstrated 

that the limits of large enclosures (and discrete enclosing features) can be 

identified from a high resolution 2m x 2m survey (see Section 5.2.2, above). 

However the time required for such data collection makes the method 

obsolete if the faster magnetometry method can be offered as an alternative.  

Despite the general success of high resolution surveys, some low contrast 

geologies will benefit more from the application of multi method techniques 

(e.g. Magheraboy, Ballinorig West 2). In some cases, very small-scale 

features (such as Magheraboy’s timber palisade enclosure) may not be 

clearly identified using detailed high resolution magnetometry without a priori 

site information. In other cases, the magnetic contrasts of larger scale 

features - including wide and deep enclosure ditches - can be difficult 

(Ballinorig West 2) or impossible (Magheraboy) to image using high 

resolution magnetometry.  
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Excavation derived soil data has shown that water ingress and natural silting 

of ditches will lead to conditions that impede the mechanism for a magnetic 

susceptibility contrast on otherwise favourable geologies. Geophysical 

assessments should adopt survey strategies which mitigate for the local soil 

conditions that can change over relatively small areas, rather than a blanket 

coverage of (or sole dependence upon) one method. The assessment at 

Magheraboy demonstrated that high resolution magnetic methods (using 

both magnetometry and EM MSa) are less appropriate than earth resistance 

or EM ECa surveys on low contrast soils for a topography that favours a risk 

of water-ingress. This may require the use of several techniques for such an 

area, as high resolution magnetometry is still an effective method of 

detecting small-scale thermoremanent features (as seen at Magheraboy in 

Section 5.2.1).  

The limited EM survey at Clonhaston (see Section 5.2.3, above) provided a 

reasonably uniform background response and demonstrated that the high 

contrast igneous geology seen in the magnetometer data, had only a limited 

influence on the MSa data, suggesting that EM data acquired at a high 

resolution could be a viable alternative to magnetometry, with the added 

benefit of also simultaneously acquiring ECa.    
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The key outcomes of the resurveys at known archaeological sites 

The resurvey areas were selected to investigate specific challenges or 

problems highlighted by an analysis of the legacy data archive and 

subsequent excavations (Section 3.4.3, Volume 1). Key findings were:  

 

 High resolution data acquisition can be an effective mechanism for 

improving the visibility of both large- and small-scale archaeological 

features. 

 However, the primary considerations should be (in order): 

1. the archaeological feature type  

2. the geological deposits and soils 

3. land use (vegetation etc.) 

 An appropriate selection of suitable technique(s) must be made to enable 

the detection of: 

a) the known archaeological features or  

b) the majority of archaeological feature types, relevant for a given 

geology (see Table 57 for how this can be applied). 

 

  



354 
 
 

 

Feature Type Geology Mag. Earth Res. EM GPR 

Burnt Mound of 
Stones 

Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

    

Burnt Spread Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

    

Isolated Pit  Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

    

Isolated Hearth Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

    

Industrial Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

    

Settlement Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

    

Ringfort / 
Enclosure 

Near Surface Igneous     

Sedimentary /  
Metamorphic / 
Deep Igneous 

 
(some 
soils) 

  
(most 

appropriate 
on gleys) 

 

 = Most Appropriate Technique    = Appropriate Technique    = Acceptable Alternative 

Table 57. Appropriate selection of suitable technique(s) to enable the detection of 
the majority of archaeological features (as described by McCarthy (2010)), relevant 

for a given geology, based on this research.  
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Chapter 6. Time-lapse earth resistance surveys 

Temporal or ‘seasonal’ weather changes impact upon the results of earth 

resistance surveys by altering rainfall and temperature which influence the 

amount of net moisture entering the soil. It is known that these changes 

influence the moisture contrast of archaeological features which can be 

quantified via repetitive time-lapse earth resistance surveys over a given 

study area (see Section 2.4.1, Volume 1). The timetable of national road 

scheme construction (and most development-led surveys) is not conducive 

to the use of earth resistance surveys at the ‘optimum’ time of year (if there is 

an optimum time of year). However, if levels of confidence for the detection 

of archaeological features can be achieved throughout the year then 

geophysicists and curators can be made aware of the potential limitations of 

the technique for a given set of climatic conditions. The purpose of this 

chapter is to determine if there are temporal changes/variations observable 

in time-lapse earth resistance surveys, how important those variations are 

and whether geophysicists can be confident of undertaking surveys all year 

round in Ireland. It is important to establish the impact of temporal variations 

on earth resistance data to determine how effective such a survey will be for 

a given climate. 

  



356 
 
 

As discussed (see Section 2.4.1, Volume 1), extensive time-lapse studies on 

archaeological features have occurred across Europe (Al Chalabi and Rees 

1962, Clark 1980, Coombes 1991, Cott 1997, Hesse 1966, Parkyn 2012) but 

the impact of temporal variations on the archaeological prospection of Irish 

soils has not been examined. To determine this, a 14 month time-lapse 

investigation occurred in answer to Objective 4 of this research, and to 

investigate parts of Objectives 2, 3 and 5 with respect to earth resistance 

surveys: 

Objective 2 Review, investigate and test the different variables that impact 

upon the success or failure of a geophysical survey (temporal 

variables). 

Objective 3 Assess the traditional and non-traditional methods of 

geophysical surveys as applied on Irish road schemes via 

reviews and new pilot studies. 

Objective 4 Carry out monthly reproducible time-lapse surveys to 

investigate the temporal effects of soil moisture on earth 

resistance data. 

Objective 5 Establish a reproducible method of data collection to 

investigate the majority of archaeological features at a given 

area. 
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6.1 Influences and weather history 

Current climate 

Current climate data, discussed below, has been provided by Met Éireann 

the Irish Meteorological Service, using 30 year averages (Walsh 2012, Met 

Éireann 2013b). Averages are quoted for all-Ireland figures (Republic of 

Ireland and Northern Ireland) unless stated otherwise.  

The average annual temperature is between 9°C and 10°C. Summer is the 

warmest season, followed by autumn, spring and winter. Highest 

temperatures occur inland during the summer, with mean seasonal maxima 

between 18°C and 20°C. In the winter the highest values occur in coastal 

regions and temperatures are higher in Ireland than in most other parts of the 

world at the same latitude. July is the warmest month, followed by August 

and June; the coldest month is January followed closely by February and 

then December.  

Annual average precipitation exceeds evapotranspiration by over 500mm 

and is highest on the west coast and in inland areas of high relief (Walsh 

2012). Rainfall figures are highest in the northwest, west and southwest and 

decrease towards the northeast. Average annual rainfall figures are 

approximately 1,230mm (varying between about 800 and 2,800mm). Rainfall 

tends to be highest in winter and lowest in early summer. The annual number 

of days with more than 1mm of rain varies between about 150 in the drier 

parts and over 200 in the wetter parts of the country. Spring and summer are 

the driest seasons (average rainfall of approximately 260mm).   
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Autumn and winter have averages of approximately 350mm. The driest 

months are April through to July (an average of approximately 80mm per 

month). February, March, August and September have average rainfall totals 

of approximately 100mm. October through to January have averages of 

approximately 130mm. 

Long-term climate 

Long-term climate studies (Pallé and Butler 2001) from the late 19th century 

to the late 20th century identified trends for a fall in sunshine hours of -340 

hours (balanced by increases in cloudiness) and increasing mean 

temperatures (+1°C) over the period. Upward trends in air temperature and 

soil temperature (a current annual mean of 11°C) have also been seen over 

a 207 year period (García-Suárez and Butler 2006).  

Comparisons between two thirty year periods (1961-1990 and 1981-2010) 

have shown an increase of approximately 5% in rainfall totals, with higher 

increases in the western half of the country (Met Éireann 2013b). There were 

average increases in the rainfall of all seasons and regional trends; 

decreases in rainfall of up to 10% in the south and east during winter, with 

corresponding increases in the west and northwest. Spring and summer had 

increases of 5-10%. An increase in rainfall also occurred in most months by 

5-10%; there were decreases for January and February by 5-10% in the 

south and east; a general decrease occurred in September of up to 10%. An 

average increase of 15% in rainfall occurred for July. 
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The same studies found a general increase in annual mean temperature 

(+0.5°C), with the highest increase in the southeast and a corresponding 

increase by the same amount in maximum and minimum temperatures. 

Seasonal increases also occurred, with spring and summer displaying the 

largest difference (+0.7°C) between the two periods (Met Éireann 2013b).  

6.1.1 Soil moisture and soil temperatures in Ireland 

A delay exists between the air temperature and subsequent soil temperature 

changes due to the thermal inertia of soil. Long-term Irish climate data  noted 

a delay of roughly 10-days in the peak soil temperature (at 1m depth) 

compared to the peak air temperature; no significant delay was found at 

0.3m depth (García-Suárez and Butler 2006). The study found that this 

contrasted strongly with a delay of 1 or 2 months in North America and 

concluded that soil temperature variations are enhanced by rainfall or soil 

moisture. 

The influence of weather on soil temperatures 

The transport processes most relevant in soils are radiation and conduction 

(García-Suárez and Butler 2006). The transfer of heat by radiation will 

change with diurnal variations. Conduction is affected by the composition 

and porosity of the soil. Air pockets within a soil are poor conductors 

compared to solid and denser components. Water will replace air in the soil, 

thus increasing conductivity.  
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Soil dryness 

The passing of a current between earth resistance probes in the ground 

relies on an ability to obtain suitable ground contact for the probes, ideally 

inserted a few centimetres in to the soil. Seasonally dry and hot weather can 

bake the ground surface dry due to evapotranspiration, preventing probe 

insertion or preventing a current from passing through the upper layers of 

soil, such as that experienced by Cott (1997). This affects the upper surface 

of the soils and not necessarily the subsurface archaeological deposits, 

which may continue to retain moisture. In perpetually dry climates such as 

the Middle East and parts of North America, earth resistance surveys may 

not be suited to unfavourably dry surface soils. In these cases, EM surveys 

are widely used to collect apparent electrical conductivity data (Ates 2002, 

Berle Clay 2006, Bevan 1983;  1995, Clark 1996, Hinz et al. 2008, Witten et 

al. 2000).  
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6.2 Materials and Methods 

6.2.1 Location of the time-lapse survey  

The time-lapse research site at Kilcloghans, Tuam, Co. Galway (Figure 84) 

was selected to investigate the impact of temporal change on the basis of 6 

criteria: 

1) Presence of known archaeological features 

2) Representative of most geology and soils of Ireland 

3) Pasture land (i.e. to maintain reasonably consistent ground conditions)  

4) No threat of ploughing or other site disturbance during the study period 

5) Amenable land owner and ease of access 

6) Within a 1 hour travelling distance from the industrial partners’ offices in 

Claremorris, Co. Mayo, to facilitate frequent access 

The survey area was located adjacent to the (as yet unconstructed) N17 

Tuam Bypass. Excavations (McKinstry 2008;  2010) had revealed the 

presence of a ringfort enclosure ditch, half of which was excavated within the 

road scheme, while the remainder was persevered beyond it. Subsequent 

geophysical investigations (Bonsall and Gimson 2007a) determined the 

presence of a second larger enclosure adjacent to the ringfort and 

demonstrated that both were suitable for an earth resistance assessment. 
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Magnetometer Survey 
White -2 nT  
Black +2 nT 

 

Earth Resistance Survey  
White 30 ohms  
Black 90 ohms 

 
 
 
 
    0m      40m 
 
 
 
North 

Figure 84. Kilcloghans geophysical data. 

Location of the time-lapse test area is shown in yellow following earlier geophysical 
surveys and excavations (Bonsall and Gimson 2007a, McKinstry 2008).  
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The time-lapse surveys occurred over a 40m x 40m survey area located 

across each of the arcing enclosure ditches. The area was aligned parallel to 

the proposed N17 Tuam Bypass and 5m beyond the area of excavation, as it 

was assumed that the road might be constructed during the study period.  

Kilcloghans townland is located upon Visean undifferentiated limestones, 

overlain by limestone tills and well drained soils. These represent 30% of the 

bedrock and 60% of the surface geology types in the legacy data archive 

(see Section 3.1.4, Volume 1) and are also representative of the most 

frequent soil types across Ireland (see Section 2.4.2, Volume 1). The 

archaeological excavation report (McKinstry 2008) provides little information 

on soils: the ‘sub-soil’ was an orange‐brown silty sand and a very stony grey 

sand. 

The excavated half of the ringfort (RMP No. GA029-211001) enclosure ditch 

was 1.25m‐1.45m in depth, 2.06m‐3.58m in width and v-shaped in profile 

(Figure 85). The larger enclosure (RMP No. GA029-212) has not been 

excavated and is only known from the earlier geophysical survey (Bonsall 

and Gimson 2007a). There were no indications of the depth of topsoil cover 

on the site. 
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Figure 85. Excavation of ringfort (RMP No. GA029-211001).  

From McKinstry (2008). Top: Aerial view of ringfort excavation (fence line aligned 
SW-NE, north at base). Bottom: North-facing section of ringfort ditch (time-lapse 
survey located 5m beyond section face).  
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6.2.2 Time-lapse survey 

National road schemes have previously relied upon Twin-probe and (a 

limited number of) Square arrays for earth resistance assessments (see 

Section 5.1, above). As with the testing of novel methods (see Section 5.2.2. 

above), the time-lapse study used Twin-probe, Square and Wenner arrays to 

determine which obtained the most/least favourable outcome. 

Data capture 

The earth resistance surveys (Table 58) were conducted using the same 

method outlined in Section 5.1, above. Surveys were carried out once a 

month for 14 months; all of the data were collected on the same day per 

month. Following the first Twin-probe and Wenner array surveys, there was a 

2 month delay before the Square array was used at the same time: the 

comparable data for all three arrays (collected on the same day) is valid for a 

12 month period (March 2011 to February 2012). Problems with data 

collection in November 2011 resulted in a loss of 50% of Twin-probe and 

Wenner array data that could not be resurveyed on the same day (Square 

array data were unaffected).   

Instrumentation Probe 
Separation 

Sample 
Interval 

Traverse 
Interval 

No. of Surveys  
& Period 

Square Array  0.75m 1m 0.25m 13  
Mar. 2011–Feb. 2012 

Twin-Probe Array 0.5m 1m  0.5m 14  
Jan. 2011–Feb. 2012 

Wenner Array 0.5m 1m 0.5m 14  
Jan. 2011–Feb. 2012 

Table 58. Method of data capture at the 40m x 40m survey area of Kilcloghans. 

  



366 
 
 

Data processing 

The data were processed (see Appendix 3) in Geoplot by replacing spurious 

high intensity spikes with the mean (de-spike x1, y1, threshold of 3). The 

data from each array were converted to apparent resistivity using the same 

method given in Section 5.1 and are displayed in units of ohm-m. Data were 

interpolated to give an even 0.5m x 0.5m spatial resolution.  

The Square array surveys were resampled (from 1m x 0.25m to 1m x 0.5m) 

for compatibility with the Twin-probe and Wenner arrays, resulting in the 

same sample resolution (1m x 0.5m) for all three arrays. 

6.2.3 Visually analysing greyscale images 

A key question for the time-lapse study was: ‘can archaeological features be 

visualised in earth resistance data throughout the year?’ This differs from 

statistical analyses of climate data and earth resistance (addressed below), 

as geophysicists carrying out a single assessment at one time of the year will 

need to make informed interpretations on the basis of the data collected, as 

well as climate induced influences. To determine this, each 40m x 40m earth 

resistance dataset (per month, per array) has been displayed at ±2 standard 

deviations to determine if the two enclosure ditches can be clearly 

appreciated in the data. As this relies on a visual comparison (rather than a 

statistical one), the degree to which an anomaly can be seen is to some 

extent arbitrary: anomaly responses have been graded as ‘Very Clear’, 

‘Clear’, ‘Less Clear’ and ‘Difficult to visualise’.   
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This method of visually analysing the greyscale images took advantage of 

the ‘merge MSP40 composites’ function in Geoplot. Parkyn (2012) 

thoroughly investigated this function (which applies high pass filters [HPF] to 

each data set before combining α and β data and removing the effect of the 

HPF), and described the process as the most appropriate technique for 

combining α and β data sets. 

The data from each earth resistance array have also been compared to 

climate extremes to examine the differences in earth resistance response 

between the driest and wettest periods studied. This will demonstrate to what 

extent Irish soils are impacted by extreme weathers during the study period. 

The results can be seen in Section 6.3.1, below. 

6.2.4 Mean apparent resistivity and net moisture 

The mean apparent resistivities of each data set were corrected for 

temperature variations using the Keller and Frischknecht (1966: 31) method 

and were compared to the net moisture change in the ground per month (see 

below for a detailed methodology). This will allow an investigation for the 

influence of climate on the earth resistance surveys to determine which 

array(s) are most/least affected and what impact can be expected for a given 

weather history. The results can be seen in Section 6.3.2, below. 
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Temperature effect on time-lapse earth resistance data 

Apparent resistivity values were corrected to a standard temperature 

equivalent in Table 59, which is an important variable to account for in time-

lapse studies (Hayley et al. 2007, Keller and Frischknecht 1966, Scollar et al. 

1990). A standard reference temperature of 10.9°C was selected – this 

represents the average annual soil temperature recorded at an automatic 

synoptic station located 21.8km to the NNW (Claremorris) of the survey area 

between 2011-2012. This value also compares well with the 10°C reference 

temperature used by two recent studies in Britain and Ireland (Parkyn 2012, 

Pellicer et al. 2012) and the annual mean of 11°C for Ireland (García-Suárez 

and Butler 2006).  

The equation (Equation 3) used by Keller and Frischknecht (1966: 31) was 

selected rather than that of Hayley et al. (2007) to a) maintain a consistency 

with the recent time-lapse study by Parkyn (2012) and as b) recent research 

showed that the two temperature correction methods were virtually identical 

(Pellicer et al. 2012). 

(Equation 3) ρt =         ρ10.9 

1+αt * (t – 10.9) 

where  

ρ10.9 is the apparent resistivity measured at the given reference temperature 

t is the ambient temperature (in °C) which corresponds to the monthly 

average mean air temperature  
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α is a temperature coefficient of resistivity (approximately 0.022 per ºC). 

Rainfall data 

The rainfall data were supplied by Met Éireann, the Irish Meteorological 

Service, in order to calculate net moisture. Data were supplied from the 

automatic synoptic station at Claremorris, however there were some gaps in 

the rainfall data supplied (Table 60). The data included monthly averages of:  

 Minimum, maximum, mean minimum and mean maximum temperature 

 Maximum daily rainfall, monthly rainfall 

 Maximum gust, mean wind speed 

 Mean monthly relative humidity 

 

  



370 
 
 

Month 

Mean 
Temperature 

(ºC)  

Mean Apparent Resistivity (ohm-m) 
Temperature Corrected  

Mean Apparent Resistivity (ohm-m) 

Twin-probe Wenner Square-α Square-β Twin-probe Wenner Square-α Square-β 
Dec. 2010 -0.4 

    
        

Jan. 2011 3.40 287 220 
  

239.64 183.70   
Feb. 2011 6.20 239 160 

  
214.28 143.45   

Mar. 2011 6.80 282 190 284 290 256.56 172.86 258.38 263.84 
Apr. 2011 10.80 414 292 382 387 413.08 291.35 381.15 386.14 
May 2011 10.80 268 177 239 245 267.41 176.61 238.47 244.46 
Jun. 2011 11.40 270 219 253 257 272.97 221.40 255.78 259.82 
Jul. 2011 13.80 297 177 248 250 315.94 188.29 263.82 265.95 
Aug. 2011 13.10 245 152 196 192 256.85 159.35 205.48 201.29 
Sep. 2011 13.10 176 106 153 155 184.51 111.13 160.40 162.50 
Oct. 2011 11.00 193 112 170 171 193.42 112.24 170.37 171.37 
Nov. 2011 9.10 240 159 193 193 230.49 152.70 185.35 185.35 
Dec. 2011 5.90 240 145 180 183 213.60 129.05 160.20 162.87 
Jan. 2012 6.60 238 138 181 179 215.48 124.94 163.87 162.06 
Feb. 2012 7.20 231 149 188 188 212.19 136.87 172.69 172.69 
Mar. 2012 8.50 

    
        

Table 59. Temperature corrected mean apparent resistivity per month per array and dataset for the study period. 
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Month 

Max 
Temperature 

(ºC)  

Min 
Temperature 

(ºC)  

Mean Max 
Temperature 

(ºC)  

Mean Min 
Temperature 

(ºC)  

Mean  
Temperature 

(ºC)  

Maximum 
Daily 

Rainfall 
(mm) 

Monthly 
Rainfall 
(mm) 

Max 
Gust 

(knots) 

Mean 
wind 

Speed 
(knots) 

Mean Monthly 
Relative 

Humidity (%) 

Dec. 2010 10.0 -7.0 2.0 1.0 -0.4 
 

60.2 
  

93.0 

Jan. 2011 11.5 -5.7 6.7 0.0 3.4 29.6 82.3     90.3 

Feb. 2011 13.2 -2.3 9.5 2.9 6.2 29.8 175.9     91.8 

Mar. 2011 16.4 -3.1 11.0 2.6 6.8 16.4 50.7     83.7 

Apr. 2011 20.6 1.4 15.6 6.1 10.8 25.8 87.7     80.5 

May 2011 17.9 3.3 14.1 7.5 10.8 18.0 117.2     79.8 

Jun. 2011 23.6 1.2 15.6 7.1 11.4 10.5 66.0     83.2 

Jul. 2011 22.2 6.6 17.4 10.1 13.8 14.8 64.1     84.6 

Aug. 2011 20.0 4.4 16.9 9.3 13.1 17.9 80.0     84.8 

Sep. 2011 20.3 6.3 16.1 10.1 13.1 14.4 142.3 50 10.3 87.2 

Oct. 2011 18.0 3.3 13.8 8.3 11.0 23.6 158.4 51 9.4 90.9 

Nov. 2011 15.2 -0.5 12.3 5.9 9.1 38.7 201.4 44 9.4 90.7 

Dec. 2011 13.1 -2.3 8.6 3.2 5.9 17.9 167.6 50 10.5 90.0 

Jan. 2012 11.7 -0.7 9.3 4.0 6.6 15.7 126.0 58 10.2 89.5 

Feb. 2012 12.9 -4.5 9.6 4.8 7.2 22.4 69.6 36 8.5 91.3 

Mar. 2012 19.8 -0.8 12.7 4.3 8.5 8.2 39.4 44 7.9 84.0 

Table 60. Climate data supplied by Claremorris Met Éireann station.  
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Calculating net moisture values 

Net moisture was compared to the monthly earth resistance responses for 

each array to monitor the direct influence of climate upon the data (net 

moisture = rainfall – evapotranspiration). Evapotranspiration can be 

calculated using the Penman-Monteith equation (Allen et al. 1998) however 

this requires, amongst other variables, sunshine hours (net radiation), which 

were unavailable for the study period from the Claremorris synoptic station. 

Evapotranspiration data were however available from four Met Éireann 

stations that surround the survey area: 

 Knock Airport (43km north of survey area, 53°54'36"N 8°49'4"W, 205m 

ASL) 

 Belmullet (108km northeast, 54°13'40"N 10°0'25"W, 11m ASL) 

 Mullingar (100km east, 53°32'14"N 7°21'44"W, 104m ASL)  

 Shannon Airport (90km south, 52°42'7"N 8°55'29"W, 20m ASL).  

The locations of the four evapotranspiration datasets varied in their local 

geography: Belmullet and Shannon Airport are coastal stations (susceptible 

to higher wind speeds and rain), Knock Airport is located upon a hilltop 

(susceptible to higher wind speeds, rain and reduced sunshine hours) and 

Mullingar is slightly NE of the centre of Ireland, with a reasonably stable 

climate.    
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The evapotranspiration data were calculated by Met Éireann as a Potential 

(Reference) Evapotranspiration according to the FAO Penman-Monteith 

equation (Allen et al. 1998) which used a reference grass crop at an 

assumed height of 0.12m. This is very compatible with the height of the 

grass at the Kilcloghans survey area which varied between 0.05m and 0.25m 

in height throughout the time-lapse study period.  

The four evapotranspiration values were averaged (Table 61). There were 

very little differences between the average of the four stations compared to 

the average of the two closest stations (Knock Airport and Shannon Airport): 

the greatest variation is by 1.75mm. This gives further confidence in the four 

station averages applied to the Kilcloghans time-lapse data and reduces the 

potential cumulative error per month.   

The (four station) average evapotranspiration values were subtracted from 

the monthly rainfall recorded at the Claremorris weather station (Table 60, 

above) to produce a net moisture value per month (Table 62). The net 

moisture values were then compared to the monthly earth resistance 

responses for each array, for the mean of each 40m x 40m area.  

Schmidt (2013) used data from Cott (1997) to identify a strong correlation 

between the inverse apparent resistivity range and the total amount of 

monthly rainfall. For comparative purposes, the background range of 

temperature corrected apparent resistivity data from Kilcloghans have also 

been inverted and plotted against all available moisture ingress and egress 

data (see Section 6.3.3, below for the results). 



374 
 
 

 
Penman Potential Evapotranspiration (mm) 

Month 
Shannon 
Airport Belmullet Knock Airport Mullingar 

4 Station 
Average 

2 Station Average 
(Knock and Shannon Airports) 

Difference between 
4 Station Average and 

2 Station Average 

Dec. 2010 5 5 3 3 4 4 0 

Jan. 2011 28 31 33 23 28.75 30.5 -1.75 

Feb. 2011 16 15 12 13 14 14 0 

Mar. 2011 37 35 31 32 33.75 34 -0.25 

Apr. 2011 63 56 58 60 59.25 60.5 -1.25 

May 2011 71 70 61 68 67.5 66 1.5 

Jun. 2011 79 73 70 73 73.75 74.5 -0.75 

Jul. 2011 75 71 63 72 70.25 69 1.25 

Aug. 2011 62 63 58 59 60.5 60 0.5 

Sep. 2011 44 38 33 42 39.25 38.5 0.75 

Oct. 2011 28 24 16 22 22.5 22 0.5 

Nov. 2011 19 18 10 13 15 14.5 0.5 

Dec. 2011 14 18 9 10 12.75 11.5 1.25 

Jan. 2012 16 15 9 11 12.75 12.5 0.25 

Feb. 2012 18 14 12 16 15 15 0 

Mar. 2012 40 37 35 36 37 37.5 -0.5 

Table 61. Monthly evapotranspiration rates from four Met Éireann stations.  

The four station average (highlighted) was used for net moisture calculations. 
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Month Monthly Rainfall (mm) Evapotranspiration (mm) Net Moisture (mm) 

Dec. 2010 60.2 4 56.2 
Jan. 2011 82.3 28.75 53.55 
Feb. 2011 175.9 14 161.9 
Mar. 2011 50.7 33.75 16.95 
Apr. 2011 87.7 59.25 28.45 
May 2011 117.2 67.5 49.7 
Jun. 2011 66.0 73.75 -7.75 
Jul. 2011 64.1 70.25 -6.15 
Aug. 2011 80.0 60.5 19.5 
Sep. 2011 142.3 39.25 103.05 
Oct. 2011 158.4 22.5 135.9 
Nov. 2011 201.4 15 186.4 
Dec. 2011 167.6 12.75 154.85 
Jan. 2012 126.0 12.75 113.25 
Feb. 2012 69.6 15 54.6 
Mar. 2012 39.4 37 2.4 

Table 62. Net Moisture at the survey area. 

 

6.2.5 Calculating contrast factors 

As well as the visual method of assessing image contrasts, a statistical 

analysis of contrast factors can also be carried out to give a quantitative 

result. The contrast factors were calculated using the following method (see 

Section 6.3.3, below, for the results): 

1) The earth resistance data were exported to Surfer. 

2) Three ‘common areas’ were digitised for each array for: 

a. The centre of Ditch 1 (enclosure RMP No. GA029-212) 

b. The centre of Ditch 2 (ringfort RMP No. GA029-211001) 

c. The background (that excluded the responses of Ditches 1 and 2). 

3) The digitised common areas were defined by a Surfer polygon blanking 

file (see Figure 86 for an example).   
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4) For each of the four datasets (Twin-probe, Wenner, Square-α, Square-β) 

and for each month of assessment, statistics were generated for the 

(temperature corrected) apparent resistivity minimum, maximum, median, 

mean and standard deviation of  

a. Ditch 1 (243 data points) 

b. Ditch 2 (267 data points) 

c. The background (2,690 data points). 

 

   

Figure 86. Example of digitsed earth resistance data from August 2011.  

Data from Square-α array. Black 120 ohm-m, White 290 ohm-m, showing the spatial 
variation of the extracted data from the survey area.  
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5) Thus, an average response from each ditch and background was 

determined. From these, contrast factors were generated and expressed 

as a percentage of the ditch compared to the background e.g. ‘Ditch 1 

represents 72% of the background’.  

6) The contrast was inverted; e.g. ‘Ditch 1 contrasts by 28% from the 

background’. 

6.3 Results  

6.3.1 Visual analysis of greyscale images 

The time-lapse apparent resistivity data (Figure 87 to Figure 96) are 

presented below and the visibility grading of the enclosure ditches have been 

tabulated (Table 63).  

 
Month 

Visibility of Enclosure Ditches 

Twin-
probe 

Wenner Square-α Square-β Combined 
α and β 

Jan. 2011 Clear Clear    

Feb. 2011 Clear Very Clear    

Mar. 2011 Clear Clear Clear Clear Clear 

Apr. 2011 Very Clear Very Clear Very Clear Very Clear Very Clear 

May 2011 Clear Clear Very Clear Clear Very Clear 

Jun. 2011 Less Clear Difficult to 
visualise 
Ditch 1 

Clear Clear Very Clear 

Jul. 2011 Clear Clear Very Clear Clear Clear 

Aug. 2011 Clear Less Clear Clear Less Clear Less Clear 

Sep. 2011 Less Clear Clear Less Clear Clear Clear 

Oct. 2011 Less Clear Clear Less Clear Clear Clear 

Nov. 2011 Clear Clear Clear Poor 
Probe 
Contact 
(non-
seasonal) 

Clear 

Dec. 2011 Very Clear Very Clear Very Clear Very Clear Very Clear 

Jan. 2012 Very Clear Clear Clear Clear Very Clear 

Feb. 2012 Clear Clear Very Clear Very Clear Very Clear 

Table 63. Clarity of the enclosure ditch responses at Kilcloghans.   
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Twin-probe 

The ditches are visible in the Twin-probe data all year round (Figure 87, 

Figure 88). The boundary between the interior of the larger enclosure and 

Ditch 1 did not contrast well with the background in June, September and 

October 2011, however the ‘enclosure’ itself is visible. The clearest data are 

in April and December 2011 and January 2012. 

Wenner 

The ditches are mostly visible in the data all year round (Figure 89, Figure 

90). Both enclosures are less clear in June 2011 and the larger enclosure is 

difficult to distinguish within the survey area. The August 2011 data is also 

less coherent for the larger enclosure ditch. The clearest data are in 

February, April and December 2011.  

Square-α 

The ditches are visible in the data all year round (Figure 91, Figure 92). Both 

the September and October 2011 data are slightly less well defined and 

appear to be excessively staggered, despite preliminary data treatment to 

counter this. The clearest data are in April, May, July and December 2011 

and February 2012.  
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 Twin Probe Array Survey Area 40m x 40m. -2 S.D.                  Ohm-m           +2 S.D. 

  Sample Interval 1m, Traverse Interval 0.5m 
 

 

 

 

      
Month: January 2011 February 2011 March 2011 April 2011 May 2011 June 2011 
Mean:  287 239 282 414 268 270 
S.D.:  34 25 34 59 27 31 
Range:  170-526 183-302 208-361 292-573 206-321 200-335 

 

    

 

 

 

  
Month: July 2011 August 2011 September 2011 October 2011 November 2011 December 2011 
Mean:  297 245 176 193 240 240 
S.D.:  33 27 17 20 22 23 
Range:  223-390 181-303 138-300 150-239 184-186 193-292 

Figure 87. Twin-probe array, apparent resistivity data (January – December 2011).   
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 Twin Probe Array Survey Area 40m x 40m. -2 S.D.                  Ohm-m           +2 S.D. 

  Sample Interval 1m, Traverse Interval 0.5m 
 

 

 
 
 

 

  
Month: January 2012  February 2012 
Mean:  238 231 
S.D.:  23 25 
Range:  30-288 26-291 

 
 
 
 
     
 
 
 
 
 

Figure 88. Twin-probe array, apparent resistivity data (January – February 2012).  

  



381 
 
 

 Wenner Array Survey Area 40m x 40m -2 S.D.                  Ohm-m                 +2 S.D. 

    
 
 

   

 

      
Month: January 2011 February 2011 March 2011 April 2011 May 2011 June 2011 
Mean: 220 160  190  292  177 219 
S.D.: 39 26  40  86  36 43 
Range: 0-355 83-272 96-330 20-616 74-308 109-357 

 

 

    

 

 

 

  
Month: July 2011 August 2011 September 2011 October 2011 November 2011 December 2011 
Mean:  177 152 106 112 159 145 
S.D.:  41 33 18 20 27 24 
Range:  47-311 71-258 50-173 57-184 86-287 75-225 

Figure 89. Wenner array, apparent resistivity data (January – December 2011).   
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 Wenner Array Survey Area 40m x 40m, First traverse South unless otherwise stated -2 S.D.                  Ohm-m                 +2 S.D. 

    
 
 

 

  
Month: January 2012  February 2012 
Mean:  138 149 
S.D.:  28 25 
Range:  0-232 76-229 

 
 
 
 
 
 

Figure 90. Wenner array, apparent resistivity data (January – February 2012).  

  



383 
 
 

 Square Array a  Survey Area 40m x 40m. -2 S.D.                  Ohm-m          +2 S.D. 

    
 

 

X X 
    

Month: January 2011 February 2011 March 2011 April 2011 May 2011 June 2011 
Mean:   284 382 239 253 
S.D.:   67 115 51 62 

Range:   93-503 126-863 100-387 105-427 
 

 

      
Month: July 2011 August 2011 September 2011 October 2011 November 2011 December 2011 
Mean: 248 196 153 170 193 180 
S.D.: 62 44 31 35 35 33 

Range: 86-472 73-327 68-248 59-314 81-280 60-313 
    

Figure 91. Square-α apparent resistivity data (March – December 2011).   
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Square Array a   
Survey Area 40m x 40m. 

 
-2 S.D.                  Ohm-m          +2 S.D. 

 

 
 
 
 

 

  
Month: January 2012  February 2012 
Mean: 181 188 
S.D.: 31 34 

Range: 101-274 93-284 
 
 
 
 
 

Figure 92. Square-α apparent resistivity data (January – February 2012). 
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 Square Array b  Survey Area 40m x 40m. -2 S.D.                  Ohm-m               +2 S.D. 

    
    

 

X X 
    

Month: January 2011 February 2011 March 2011 April 2011 May 2011 June 2011 
Mean:    290 387 245 257 
S.D.:    65 115 53 64 
Range:    112-490 113-786 95-506 95-472 

 

 

      
Month: July 2011 August 2011 September 2011 October 2011 November 2011 December 2011 
Mean: 250 192 155 171 193 183 
S.D.: 62 46 32 36 54 32 

Range: 96-446 71-340 70-262 42-294 7-440 92-287 

Figure 93. Square-β apparent resistivity data (March – December 2011).  
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Square Array b 

 
 

Survey Area 40m x 40m. 

-2 S.D.             Ohm-m                +2 S.D. 

 

 
 
 

 

  
Month: January 2012  February 2012 
Mean: 179 188 
S.D.: 32 34 

Range: 4-278 86-284 
 
 
 
 
 
 
 

Figure 94. Square-β apparent resistivity data (January – February 2012).  
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Month: July 2011 August 2011 September 2011 October 2011 November 2011 December 2011 
Mean: 250 194 154 170 192 182 
S.D.: 65 46 33 37 44 34 

Range: 97-497 73-334 66-261 80-304 71-341 92-288 
 

Figure 95. Square Array Combined α and β apparent resistivity data (March – December 2011).  

 Square Array 
Combined α and β 

Survey Area 40m x 40m. -2 S.D.                  Ohm-m              +2 S.D. 

    
    

 

X X 
    

Month: January 2011 February 2011 March 2011 April 2011 May 2011 June 2011 
Mean:    231 385 243 256 
S.D.:    54 111 54 65 
Range:    102-396 125-752 94-401 58-426 
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 Square Array  
Combined α and β 

Survey Area 40m x 40m -2 S.D.                  Ohm-m               +2 S.D. 

    
 

 

  
Month: January 2012  February 2012 
Mean: 181 188 
S.D.: 31 34 

Range: 101-274 93-284 
 
 
 
 

 
 

Figure 96. Square Array Combined α and β apparent resistivity data (January – February 2012). 
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Square-β 

The ditches are visible in the data all year round (Figure 93, Figure 94). The 

larger enclosure ditch is less defined against the enclosure interior in August 

2011. The clearest data are in April and December 2011 and February 2012.  

It is known (see Section 5.2.2, above) that the MSP40 has noise issues with 

regard to the wheels (Parkyn 2012). Subsequently it was noticed that the 

noise was higher in the β data than the α data and this was tracked down to 

the November 2011 data. The contrasts in the November 2011 β data are 

quite poor and this is now known to be an instrument issue rather than a 

temporal issue.  

Square Array Combined α and β 

The ditches are visible in the data all year round (Figure 95, Figure 96). The 

November 2011 data suffer as a result of the poor Square-β response. The 

larger enclosure ditch is less defined against the enclosure interior in August 

2011. The clearest data are in April, May, June and December 2011 and 

January and February 2012.  
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6.3.2 Mean temperature corrected apparent resistivity and net moisture 

The mean temperature corrected apparent resistivity shows consistently 

clear trends for all of the data from each of the arrays (Figure 97). Low 

background resistance occurs in late summer and early autumn (to lowest 

responses in September 2011) and a peak in high background resistance 

occurs in April 2011 for all of the arrays. This is consistent with the equation 

that Samouëlian et al. (2005) use, based on earlier research by Scollar et al. 

(1990); lower resistivity values occur with increases in temperature – this is  

due to an increase in ionic agitation with temperature when the viscosity of a 

fluid decreases. Each of the resistance array curves is different and this 

reflects the different volume of soil being examined. It is expected that 

differences in apparent resistivity will be encountered due to the depth of 

investigation (which varies for each array) and the examination (and 

influence) of the bedrock and shallow surface. 
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Figure 97. Mean temperature corrected apparent resistivity responses collected at Kilcloghans.  
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Some of the Twin-probe and Wenner array data were collected annually - in 

January and February of 2011 and again for the same months of the 

following year in 2012 (Figure 97); these particular data represent the only 

annual time-lapse measurements (as opposed to the regular monthly time-

lapse measurements). The annual data are markedly different and illustrate a 

substantial change from year to year which mirrors the higher than normal 

annual climate averages experienced in January-March 2012 (Met Éireann 

2013b). The influence of temperature corrections to apparent resistivity data, 

which was the same for all arrays (Table 64), is greatest during the colder 

months of the year (January-March 2011, December 2011-February 2012) 

and less in the warmer months.  

Month % Change 

Jan. 2011 83.50% 

Feb. 2011 89.66% 

Mar. 2011 90.98% 

Apr. 2011 99.78% 

May 2011 99.78% 

Jun. 2011 101.10% 

Jul. 2011 106.38% 

Aug. 2011 104.84% 

Sep. 2011 104.84% 

Oct. 2011 100.22% 

Nov. 2011 96.04% 

Dec. 2011 89.00% 

Jan. 2012 90.54% 

Feb. 2012 91.86% 

Table 64. Percentage change in resistivity for soil temperature corrections. 
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Correlation coefficients for temperature corrected apparent resistivity and 

climate variables 

The mean monthly temperature corrected apparent resistivity data from each 

array and the monthly net moisture were analysed with a Pearson product-

moment correlation coefficient. The correlation coefficients in Table 65 were 

graded based on the interpretation of significance suggested by Field (2005). 

Field’s categories of interpretation must be treated with caution however e.g. 

there is a ‘strong’ correlation between rainfall and apparent resistivity 

measured by the Square-α (r = -0.50), whereas the Square-β (r = -0.49) has 

a only a ‘moderate’ correlation, despite the fact that the data were collected 

simultaneously, were (almost perfectly) co-located and are not significantly 

different (they have a perfect correlation between themselves of r = 1).  

Climate correlation coefficients 

There is a very strong positive correlation (see Table 65 and Figure 98) 

between rainfall and net moisture (r = 0.94). Weak and strong negative 

correlations were found between temperature (r = -0.22) and 

evapotranspiration (r = -0.69) respectively, with net moisture. This suggests 

soil moisture is influenced more by rainfall (effective groundwater recharge) 

rather than radiation. This was expected as the average rainfall exceeded 

evapotranspiration by 1064.2mm during the study period at the survey area 

(see Section 6.2.4 and Table 62, above) and by over 500mm annually for the 

nation (Walsh 2012). 
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Apparent resistivity correlation coefficients for climate variables 

The null hypothesis of the Pearson product-moment correlation coefficient 

analysis was for a strong negative linear relationship for increases in net soil 

moisture and a corresponding decrease in temperature corrected apparent 

resistivity. This was expected because low resistance is encountered on 

saturated soils (allowing an easy flow of an electrical current) and high 

resistance is encountered on drier soils (which impedes the electrical current 

flow). 

The temperature corrected apparent resistivity data from all of the arrays 

(see Table 65) had a strong (r = -0.59 to -0.64) negative correlation with net 

moisture. Data from the Square array (α and β) had the strongest correlation. 

The analysis of climate coefficients was extended to examine rainfall, 

temperature and evapotranspiration (see Table 65 and Figure 98).   
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Net Moisture Rainfall Temperature Evapotranspiration Twin-probe Wenner Square-α Square-β 

Net Moisture 

 

0.94 -0.22 -0.69 -0.37 -0.42 -0.51 -0.51 

Rainfall 0.94 

 

0.07 -0.40 -0.40 -0.43 -0.50 -0.49 

Temperature -0.22 0.07 

 

-0.51 -0.35 -0.34 -0.12 -0.12 

Evapotranspiration -0.69 -0.40 0.74 

 

0.20 0.27 0.38 0.38 

Twin-probe -0.59 -0.48 0.30 0.65 

 

0.95 0.95 0.94 

Wenner -0.61 -0.51 0.17 0.64 0.94 

 

0.96 0.95 

Square-α -0.64 -0.54 0.28 0.66 0.96 0.96 

 

1.00 

Square-β -0.64 -0.53 0.27 0.66 0.96 0.96 1.00 

 
 

 

Weak correlation (r<0.3) Moderate correlation (r = 0.3-0.5) Strong correlation (r >0.5) 

Table 65. Pearson Correlation Coefficients (r) of monthly variables.  

Resistivity values reflect temperature corrected apparent resistivity. 
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Figure 98. Temperature corrected apparent resistivity responses compared to climate variables.                                                                               

A: Net Moisture. B: Temperature. C: Evapotranspiration. D: Rainfall. 

A                              B 

 

 

 

 

C                    D 
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 Temperature corrected apparent resistivity has a slightly weaker 

correlation with net moisture than evapotranspiration. 

o Between January and September 2011 there is a one to two 

month time-lag between peaks in net moisture and peaks in 

temperature corrected apparent resistivity (Figure 98 A). 

o Between October 2011 and February 2012, there is a strong 

positive correlation for increases in net moisture and temperature 

corrected apparent resistivity, albeit with a one month time-lag in 

places (Figure 98 A).  

 On average, temperature corrected apparent resistivity has a very similar 

strong negative correlation for net moisture and rainfall.  

o Rainfall has a stronger negative correlation for the Square array (α 

and β) than Twin-probe and Wenner arrays (Figure 98 D). The 

reasons for this are discussed in detail (in Section 6.4.2, below). 

 On average, temperature corrected apparent resistivity has a very weak 

positive correlation with temperature (the weakest correlation of all the 

climate variables).  

 On average, temperature corrected apparent resistivity has a strong 

positive correlation with evapotranspiration.  

o Evapotranspiration has a stronger positive weaker negative 

correlation for the Square array (α and β) than Twin-probe and 

Wenner arrays (Figure 98 C).  

 The correlation between each array for temperature corrected apparent 

resistivity was also examined. These were consistently strong positive 
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correlations (r ≥ 0.94) that demonstrated a degree of repeatability offered 

by each array. This also demonstrated that no matter which array is 

selected, a very similar result will occur (r = 0.94 to 0.96). The Square 

array measured a perfect (r = 1.00) correlation between α and β data. 

6.3.3 Contrast Factors 

The contrast factors for each array obtained for Ditch 1 and Ditch 2 are 

presented in Table 66. These are displayed graphically for each array as a 

monthly response (from Figure 99 to Figure 102) and as contrast factors 

(from Figure 103 to Figure 106).   

Twin-probe array 

The data collected over the two ditches using the Twin-probe array were 

consistently lower than the background response (Figure 99). This has 

resulted in a low resistance anomaly for both Ditch 1 and Ditch 2 throughout 

the study period. Ditch 1 has a consistently lower resistance than Ditch 2.   

 Ditch 1 has an average contrast (Figure 103) of 23.6% and Ditch 2 has 

an average contrast of 18.3%.  

 The highest contrasts occurred in April 2011, for Ditch 1 (29.4%) and 

Ditch 2 (25.3%).   
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Month Twin-probe 
Contrast Factor 

(%) 

Wenner 
Contrast Factor 

(%) 

Square-α 
Contrast Factor 

(%) 

Square-β 
Contrast Factor 

(%) 

 Ditch 1 Ditch 2 Ditch 1 Ditch 2 Ditch 1 Ditch 2 Ditch 1 Ditch 2 

Jan. 2011 27.8 20.2 33.1 31.2         

Feb. 2011 22.6 15.9 30.2 28.5         

Mar. 2011 25.3 19.5 39.2 38.4 45.3 38.9 40.2 39.1 

Apr. 2011 29.4 25.3 50.0 50.5 52.5 43.1 50.5 45.5 

May 2011 23.1 19.0 41.9 41.6 41.1 30.1 36.5 26.3 

Jun. 2011 25.5 21.4 26.3 26.5 49.5 43.2 46.7 41.9 

Jul. 2011 23.9 19.1 38.3 37.2 43.7 30.7 43.4 33.4 

Aug. 2011 21.5 16.3 32.5 30.7 36.5 30.1 31.8 24.8 

Sep. 2011 20.7 15.0 30.6 29.2 33.9 27.8 34.3 19.4 

Oct. 2011 18.5 13.1 31.7 32.4 35.1 28.8 37.2 20.3 

Nov. 2011 23.4 17.1 34.6 27.4 36.3 18.3 38.2 29.1 

Dec. 2011 22.9 17.6 30.8 22.5 32.1 21.0 27.4 18.2 

Jan. 2012 21.7 17.2 26.0 27.5 29.7 17.5 30.0 32.9 

Feb. 2012 24.4 18.8 33.3 31.1 36.0 20.6 33.3 19.3 

 Mar. 2012         34.2 16.1 33.7 15.7 

Average 23.6 18.3 34.2 32.5 38.9 28.2 37.2 28.1 

Table 66. Monthly contrast factors (%) for Ditches 1 and 2 per array used. 

 

 The lowest contrasts occurred in October 2011, for Ditch 1 (18.5%) and 

Ditch 2 (13.1%).  

 There is on average a 5.3% difference in the response from each ditch; 

the most similar contrast (least difference) was produced in April 2011 (a 

difference of 4.0%) and the least similar (most difference) in January 

2011 (7.6%).  
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Wenner array 

The Wenner acquired data indicates that the two ditches were consistently 

lower than the background response (Figure 100). This has resulted in a low 

resistance anomaly for both Ditch 1 and Ditch 2 throughout the study period. 

Ditches 1 and 2 produced almost identical responses throughout the year, 

except during November and December 2011. 

 Ditch 1 has an average contrast (Figure 104) of 34.2% and Ditch 2 has 

an average contrast of 32.5%.  

 The highest contrasts occurred in April 2011 for Ditch 1 (50.0%) and 

Ditch 2 (50.5%).  

 The lowest contrasts occurred in January 2012 for Ditch 1 (26.0%) and in 

December 2011 for Ditch 2 (22.5%).  

 There is on average a 1.7% difference in the response from each ditch; 

the most similar contrast was produced in January 2012 (a difference of 

1.5%) which was preceded by the least similar contrast in December 

2011 (8.3%).  
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Square-α array 

The Square-α acquired data indicates that the two ditches were consistently 

lower than the background response (Figure 101). This has resulted in a low 

resistance anomaly for both Ditch 1 and Ditch 2 throughout the study period. 

Ditch 1 has a consistently lower resistance than Ditch 2.   

 Ditch 1 has an average contrast (Figure 105) of 38.9% and Ditch 2 has 

an average contrast of 28.2%.  

 The highest contrasts occurred in April 2011 for Ditch 1 (52.5%) and in 

June 2011 for Ditch 2 (43.2%); the second highest contrast for Ditch 2 

also occurred in April 2011 (43.1%).  

 The lowest contrasts occurred in January 2012 for Ditch 1 (29.7%) and in 

March 2012 for Ditch 2 (16.1%).  

 There is on average a 10.7% difference in the response from each ditch; 

the most similar contrast was produced in September 2011 (a difference 

of 6.1%) and the least similar contrast was produced in March 2012 

(18.1%).  
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Square-β array 

The Square-β acquired data indicates that the two ditches were consistently 

lower than the background response (Figure 102). This has resulted in a low 

resistance anomaly for both Ditch 1 and Ditch 2 throughout the study period. 

Ditch 1 has a lower resistance than Ditch 2 for most of the year – this 

changed in January 2012 when Ditch 2 was slightly lower (6.79 ohm-m) than 

Ditch 1, before resuming a ‘normal relationship’ again in February 2012.   

 Ditch 1 has an average contrast (Figure 106) of 37.2% and Ditch 2 has 

an average contrast of 28.1%.  

 The highest contrasts occurred in April 2011 for both Ditch 1 (50.5%) and 

Ditch 2 (45.5%). 

 The lowest contrasts occurred in December 2011 for Ditch 1 (27.4%) and 

in March 2012 for Ditch 2 (15.7%).  

 There is on average a 9.0% difference in the response from each ditch; 

the most similar contrast was produced in January 2012 (a difference of 

2.8%) and the least similar contrast was produced in March 2012 

(18.1%). 
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Figure 99. Twin-probe array temperature corrected apparent resistivity data: monthly response of Ditch 1, Ditch 2 and the background.  
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Figure 100. Wenner array temperature corrected apparent resistivity data: monthly response of Ditch 1, Ditch 2 and the background.  
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Figure 101. Square array (α) temperature corrected apparent resistivity data: monthly response of Ditch 1, Ditch 2 and the background.  
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Figure 102. Square array (β) temperature corrected apparent resistivity data: monthly response of Ditch 1, Ditch 2 and the background.  
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Figure 103. Twin-probe array contrast factor of Ditch 1 and Ditch 2 with the background.  
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Figure 104. Wenner array contrast factor of Ditch 1 and Ditch 2 with the background.  
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Figure 105. Square array (α) contrast factor of Ditch 1 and Ditch 2 with the background.  
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Figure 106. Square array (β) contrast factor of Ditch 1 and Ditch 2 with the background.  
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Correlating the range of (temperature corrected) apparent resistivity 

inversion with moisture 

The inverted range of temperature corrected apparent resistivity data were 

plotted against all available forms of moisture ingress/egress data for each 

array (see Figure 107 to Figure 110).  

 The inverted range of Twin-probe array data (Figure 107) correlates 

reasonably well with both net moisture and rainfall, with up to a one 

month time-lag. The time-lapse data collection method (as discussed in 

Section 6.2.2, above), allows for a one month time-lag and this cannot be 

improved upon without collecting additional data at more frequent (e.g. 

weekly) intervals. The influence of evapotranspiration can be clearly seen 

in the data from February 2011 – evapotranspiration falls while rainfall 

and net moisture rise, resulting one month later in a slight decrease in the 

inverse range of the data. A high rate of evapotranspiration in June 2011 

contrasts with the sharp decrease in rainfall and net moisture, which 

accounts for a subsequent shallow decrease in the July 2011 inverse 

resistivity range.  

 The relationship of the inverted range of Wenner array data (Figure 108) 

to moisture ingress/egress is similar to that of the Twin-probe. The time-

lag is less pronounced and some climate extremes result in an inverse 

resistivity response within less than one month.  
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 The inverted range of Square array data is also consistent with the Twin-

probe and Wenner arrays. The Square-α data (Figure 109) has a higher 

inverse range than the Square-β (Figure 110). As with the Twin-probe, a 

time-lag of one month or greater follows changes in climate.  

6.4 Discussion 

6.4.1 Optimum conditions for resistivity surveys 

Scollar et al. (1990: 321) suggests that a resistivity anomaly must have a 

contrast factor of 10% above the noise level in order to be considered 

significant while others suggests contrasts >5% might indicate 

archaeologically significant results (Geoscan Research 2009). Data from all 

of the arrays returned contrast factors >13.1% for both ditches at Kilcloghans 

(Table 66, above), which – statistically - confirms that earth resistance 

surveys at the site were successful all year round. The array with the highest 

and lowest contrasts per month can be seen in Table 67 (below). 

 

  



413 
 
 

 

Figure 107. Twin-probe array inverse (temperature corrected) apparent resistivity range of the background and moisture ingress/egress.  
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Figure 108. Wenner array inverse (temperature corrected) apparent resistivity range of the background and moisture ingress/egress.  
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Figure 109. Square array (α) inverse (temperature corrected) apparent resistivity range of the background and moisture ingress/egress.  
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Figure 110. Square array (β) inverse (temperature corrected) apparent resistivity range of the background and moisture ingress/egress. 
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Month Twin-probe 
 

Wenner Square-α Square-β Average Contrast 
Factor (%) per 
Month (for all 

arrays) 

 Ditch 1 Ditch 2 Ditch 1 Ditch 2 Ditch 1 Ditch 2 Ditch 1 Ditch 2  

Jan. 2011 L L H H - - - - 28.1 
Feb. 2011 L L H H - - - - 24.3 
Mar. 2011 L L   H   H 35.7 

Apr. 2011 L L  H H    43.4 
May 2011 L L H H     32.5 
Jun. 2011 L L   H H   35.1 

Jul. 2011 L L  H H    33.7 
Aug. 2011 L L  H H    28.0 
Sep. 2011 L L  H   H  26.4 

Oct. 2011 L L  H   H  27.1 
Nov. 2011 L L     H H 28.1 
Dec. 2011 L L H H     24.1 

Jan. 2012 L L     H H 25.3 
Feb. 2012 L L  H H    27.1 

 Mar. 2012 - - - - H H L L 24.9 

Table 67. Arrays that returned the highest and lowest contrasts for Ditch 1 and Ditch 2. H=Highest contrast factor, L=Lowest contrast factor.   
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Clearly the highest contrasts were consistently achieved by the Wenner 

array (accounting for the highest contrasts in 10 of the 15 months examined 

by the time-lapse study). This reflects the fact that throughout the study 

period the surface was mostly moist or wet, allowing the Wenner to achieve 

a deeper penetration into the moisture reservoir of the ditches. These results 

suggest that the strongest contrasts will be achieved using a Wenner array, 

and that this is consistent almost throughout the entire year. It is also clear 

that the strongest contrasts for Ditch 1 were identified by the Square array 

and that there are two distinct groups for the Square-α (early spring and 

summer) and Square-β (autumn). This is likely to reflect the presence of 

moisture in the upper layers of Ditch 1. 

The highest and lowest monthly contrast factors for each array were: 

 Twin-Probe array  

o Highest: April (2011), for both ditches 

o Lowest: October (2011), for both ditches  

 Wenner array  

o Highest: April (2011), for both ditches 

o Lowest: January 2012 (Ditch 1) and December 2011 (Ditch 2)  

 Square array  

o Square-α  

 Highest: April 2011 (Ditch 1) and June 2011 (Ditch 2) 

 Lowest: January 2012 (Ditch 1) and March 2012 (Ditch 2) 

o Square-β  

 Highest: April (2011), for both ditches 

 Lowest: December 2011 (Ditch 1) and March 2012 (Ditch 2)  



419 
 

The data suggest that the optimal time of year to carry out a resistance 

survey was April (2011), a consistent result across 87.5% of the four data 

sets for each ditch. The least suitable time of year very much depends upon 

the array used and which feature was examined (Table 66, above): the 

datasets found that the least suitable months were (equally) October (2011), 

December (2011), January (2012) and March (2012) although that final 

month was only assessed by the Square array. Looking only at the months 

where all three arrays were used, December 2011 was the least optimal 

month.  

By averaging the contrast factors of the four data sets (Table 68), the optimal 

time of year for carrying out an earth resistance survey (regardless of array) 

at Kilcloghans was April 2011, followed by March 2011. The period March-

July 2011 returned contrast factors that were all higher than the average 

(30.5%) and this should be considered the most favourable time to carry out 

an earth resistance survey. The months of August 2011 to February 2012 

returned lower than average results, however the contrast factors were all 

>24.1%, which is encouraging and again demonstrates that earth resistance 

surveys were suitable all year round, despite some weather extremes.  
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Table 68. Average contrast factors ranked from highest to lowest by month, for both 

ditches and all array types (March 2011-February 2012). 

 

The optimal month of April 2011 was preceded by two months of weather 

extremes (Table 69, below, and see also Figure 98, above) that created a 

large spike in net moisture (February 2011) followed by an equally large fall 

(March 2011). These conditions allowed for high contrast factors (averaging 

at 43.4%) in the following month of April.  

  

 
Average Contrast Factor 

(%) 
Month 

Highest Contrast 43.4 Apr. 2011 

 35.7 Mar. 2011 

 35.1 Jun. 2011 

 33.7 Jul. 2011 

 32.5 May 2011 

 28.1 Nov. 2011 

 28.0 Aug. 2011 

 27.1 Oct. 2011 

 27.1 Feb. 2012 

 26.4 Sep. 2011 

 25.3 Jan. 2012 

Lowest Contrast 24.1 Dec. 2011 

  
 

 30.5 Average 
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The weather conditions preceding the least optimal time of year (December 

2011) also had high rainfall and very high net moisture which did not fall as 

sharply as those from February 2011; this resulted in increased soil moisture 

that led to lower contrasts (averaging at 24.1%) between the ditches and 

background soils. The net moisture did not fall sharply due to the cold winter 

temperatures that reduced the influence of evapotranspiration.  

The data indicates that the ground surface was consistently wet (moist) 

during the time-lapse study period. This could suggest an absence of 

temporal variations, however the drying influence of evapotranspiration on 

the very near surface is the most important aspect for the practical limitation 

of a survey. During exceptionally dry weather, earth resistance surveys might 

be hindered by poor contact resistance and an inability to obtain a resistance 

measurement at the surface, despite the presence of a moisture contrast for 

a deeper (archaeological) target. 

Month Monthly Rainfall (mm) Evapotranspiration (mm) Net Moisture (mm) 

Feb. 2011 175.9 14 161.9 
Mar. 2011 50.7 33.75 16.95 
Apr. 2011 87.7 59.25 28.45 

  
  

Oct. 2011 158.4 22.5 135.9 
Nov. 2011 201.4 15 186.4 
Dec. 2011 167.6 12.75 154.85 

Table 69. Weather preceding the optimal high contrast responses of April 2011 and 
the least optimal responses in December 2011. 
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There is a strong negative correlation between the contrast factors and net 

moisture (Table 70) i.e. as net moisture increases, the contrasts become 

lower, and as net moisture decreases the contrasts are higher. This was true 

of all arrays except the Wenner, which indicated only a moderate negative 

correlation. This suggests that the effect of evapotranspiration is only 

marginally affecting the lower sections of the ditches under investigation. 

 

Net Moisture  

Average of all arrays -0.65  

Twin-probe -0.53  

Wenner -0.42  Moderate correlation (r = -0.3 to -0.5) 

Square-α -0.74  

Square-β -0.57  Strong correlation (r = <-0.5) 

Table 70. Pearson Correlation Coefficients (r) of net moisture and contrast factors 
(for data gathered using all three arrays between March 2011-February 2012). 

 

The optimal month (April) is considerably different from that of Parkyn’s 

(2012) experience in Bradford (August) which is on a similar latitude to 

Kilcloghans and is the closest comparative time-lapse site (see Table 71, 

below). However, the optimal ‘month’ is a misnomer and should not be relied 

upon as a guide for scheduling surveys - Table 72 illustrates the wide 

variation in optimal responses from previous time-lapse studies. Instead, the 

optimum ‘weather conditions’ (in this case, low net moisture) should be 

exploited wherever possible to better define earth-cut features such as those 

at Kilcloghans.  
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Site Bedrock Array Features Dimensions 
Anomaly 

Type 

Optimum 
Responses 

[Best] 
Source 

Wall, UK 
Triassic 

Sandstone 
Wenner Ditches 

Width variable. 
Depth 3.4m 

max. 
Low 

End of May to 
end of 

September 
[July] 

Al Chalabi and 
Rees 1962 

Garchy, 
France 

Limestone Wenner Stone coffin 
Width c.0.5m. 
Depth c.1.5m. 

High 

?July–October 
[October] 

(good 
responses in 
wet and dry 

periods) 

Hesse 1966 

Guilford, UK 
London 

Clay 

Double 
Dipole, 
Wenner 

?Rubble 

?Walls 

Width c.10m & 
0.5m. Depth ? 

High 
June-

November 
[September] 

Janes 1975, 
(as reported 

by Clark 1980) 

Durrington 
Walls, UK 

Upper 
Chalk 

Double 
Dipole, 

Twin-probe, 
Square, 
Wenner 

Ditch 
Width 17.7m. 
Depth 6.0m 

Low 
December-

June     
[March-April] 

Clark 1980 

Woodhenge, 
UK 

Upper 
Chalk 

Double 
Dipole, 

Twin-probe, 
Square, 
Wenner 

Ditch 
Width 17.7m. 
Depth 6.0m 

Low 
December-

June    
[March-April] 

Clark 1980 

Hog’s Back, 
UK 

Upper 
Chalk 

Double 
Dipole, 

Twin-probe, 
Square, 
Wenner 

Ditch 
Width 2.5m. 
Depth 1.1m 

High 
July-

November 
[September] 

Clark 1980 

Stanwick, UK 
Blisworth 

Limestone 
Twin-probe Walls ? High 

November-
March 

[January] 

Coombes 
1991, David et 

al. 2008 

Caistor St 
Edmunds, UK 

Beeston 
Chalk 

Expanding 
Wenner 

Ditch ? Low 
Suitable all 

year 
Cott 1997 

Bradford, UK 
Coal 

measures 
Twin-probe, 

Square 
Demolition 

rubble 
? High / Low [August] Parkyn 2012 

Kilcloghans, 
Ireland 

Limestone 
Twin-probe, 

Wenner, 
Square 

Ditch 

Width 

c.2.06‐3.58m. 

Depth 

c.1.25‐1.45m. 

Low 
March-July 

[April] 
Author 

 Table 71. Updated summary of Table 5 (optimum times for earth resistance 
surveys of archaeological features, featured in Volume 1). 

After Clark (1980) with additions, as referenced. 
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Survey Area J F M A M J J A S O N D 

Wall, UK             

Garchy, France             

Guildford, UK             

Durrington Walls, UK             

Woodhenge, UK             

Hog’s Back, UK             

Stanwick, UK             

Caistor St. Edmunds, UK             

Bradford, UK             

Kilcloghans, Ireland             

 

            

Optimum Response             

Best Response             

Table 72. Comparison of optimum times for earth resistance surveys from previous 
time-lapse studies.  

 

The time-lapse study also suggests that surveys conducted during the heat 

of summer (June-August, and its influence upon data gathered in 

September), was not a substantial issue at Kilcloghans. Soil dryness at the 

surface may cause high contact resistance and may prevent the use of 

resistivity in some cases, in spite of a measurable resistivity anomaly 

beneath the surface.  
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This can be described as a temporal or ‘seasonal’ response, and its 

likelihood is predictable with the seasons and local climate history. Bonsall et 

al. (2013a) reported a case such as this at Davidstown, Co. Kilkenny: a ditch 

which could not be assessed via earth resistance survey due to high contact 

resistance, was clearly appreciated as a high conductivity anomaly using an 

apparent electrical conductivity electromagnetic survey (Figure 111). This is 

because the electromagnetic instrument used (the CMD Mini-Explorer, see 

Section 4.1.1, above) is measuring a response to an EM signal at an 

assumed depth rather than requiring ground contact to transmit a signal 

through the soil. Thus anomalies of varying conductivity exist at depth (and 

can be mapped) despite dryness at the surface preventing an earth 

resistance survey.   

 

Figure 111. Ditched enclosure at Davidstown, County Kilkenny.  

An electromagnetic survey collected high-quality apparent electrical conductivity 
data over very dry soils (a comparative earth resistance survey failed to obtain 
satisfactory probe contact at this site). Both the MSa and ECa data identified an 

enclosure ditch and an internal bank. After Bonsall et al. (2013a). 
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The winter weather experienced between December 2011 and February 

2012 returned the lowest contrast and this was expected as the 30 year 

climate average recorded rainfall highest in winter and lowest in early 

summer (Walsh 2012). This is not a period that should be avoided for earth 

resistance surveys (as the data returned a 25.6% contrast, much more than 

is required to visualize archaeological features), but geophysicists should be 

aware of the limited contrasts that can be expected at that time. The low 

contrasts can also reflect the morphology of the feature under investigation; 

larger ditches retaining more moisture (at deeper levels) will contrast 

stronger when using certain arrays (e.g. Wenner) over others (e.g. Square), 

conversely shallow ditches could be expected to return a stronger contrast 

for the Square array. By using multiple arrays on the same day, estimates of 

depth can be gauged and considered.  

European time-lapse studies (Table 72) now indicate that there are two 

periods for the ‘best responses’ (strongest contrasts) of earth resistance 

data; early (March and April) and later in the year (July to October). Despite 

quite significant climate variations between the west of Ireland, the north and 

south of England and northern France, these periods could be used as 

guidance for the application of earth resistance surveys and the expected 

quality of the response. 
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An important variable highlighted by the study of contrast factors is the 

correction of apparent resistivity data for soil temperature (see Table 64 in 

Section 6.3.2, above). The greatest change occurred during the months of 

December, January, February and March, the coldest months of the year (a 

change of -8.1% to -16.5%; on average -10.7%). The warmest months of 

June, July, August and September were not substantially altered (an 

increase of <6.4%, on average 4.3%), whilst April, May and October changed 

by 0.22%. This strongly suggests that apparent resistivity data should be 

routinely corrected for soil temperature and that it is particularly important for 

surveys that may occur over several days or weeks. Recent research has 

demonstrated the benefits of similarly applying soil temperature corrections 

to ECa EM data (which measure the same moisture contrast) for large-scale 

assessments (De Smedt et al. 2013a). 

6.4.2 Influence of weather history on earth resistance array selection 

The variation in minimum and maximum contrast factors throughout the 

study period for the different arrays was: 

 Twin-probe array 11.5% 

 Wenner array 23.8% 

 Square array (average) 24.7% 

o Square-α 24.2% 

o Square-β 25.2% 
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Despite returning consistently lower contrast factors than the other arrays, 

the Twin-probe array is less influenced by temporal changes. The Square 

array had the greatest variation throughout the year and is more susceptible 

to climate changes. This can be attributed to the wide volume of earth 

sampled between the 0.75m spaced electrodes, the shallow depth of 

investigation and the shallow electrode insertion depth which will be more 

susceptible to changes in net moisture. This response contradicts Parkyn 

(2012), who found Square arrays were less prone to temporal variations than 

the Twin-probe array, however that study experienced unseasonably wet 

summer conditions that may have influenced the results in the near surface 

and, as has been shown, the temporal influences in Ireland appear to be 

quite limited compared to those found in the UK. 

The Twin-probe array consistently recorded the lowest contrasts for Ditches 

1 and 2 during the study period when comparing all three arrays (i.e. ignoring 

January and February 2011 and March 2012). The Twin-probe contrasts 

were all >13.1% and were sufficient enough to identify the presence of the 

ditches at Kilcloghans.  

The highest contrasts are split by both arrays and ditches. The Square array 

mapped the most frequent high contrasts of Ditch 1 (α=50%, β=8.3%), 

followed by the Wenner (16.6%). The Wenner array mapped the most 

frequent high contrasts of Ditch 2 (66.6%), followed by the Square (α=8.3%, 

β=16.6%). The Square array performed better than the Wenner during 

periods of low rainfall and low net moisture (Figure 98). 

  



429 
 

The results from the Twin-probe and Wenner arrays conform to their 

expected performance. A Wenner array will return a greater resistance 

response than a Twin-probe array (Schmidt 2013: 115), due to the weak 

current density of the latter and the dispersal of current to the remote 

electrodes which are located tens of metres from the mobile electrodes.  

For each of the variables examined, the Square array consistently recorded 

a much higher or much lower correlation than the Twin-probe and Wenner 

arrays (which were reasonably similar). This suggests that the depth of 

investigation offered by the Square array is more susceptible to recent 

rainfall, net moisture and evapotranspiration and less susceptible to 

temperature than the Twin-probe and Wenner arrays. It is known that the 

Square array is more prone to temporal moisture changes in general and has 

a stronger response to shallow features than the Twin-probe array (Aspinall 

and Saunders 2005); significant changes in recent (<1 month) net moisture 

at the near-surface could influence the outcome of a survey.   

The correlations with both net moisture and rainfall for the Square array are 

stronger (than Twin-probe and Wenner arrays) which suggests that these 

variables have a stronger influence on the near surface.   
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6.4.3 Temporal patterns in resistivity data 

The inverted range of Twin-probe array data (Figure 107, above) does not 

indicate a temporal pattern – the data continue to rise in the inverse range, 

reflecting a trend of (non-inverted) lowering earth resistance across the study 

period. An 84.8% decrease in the non-inverted data occurred between 

January and February 2011, and a 91.9% decrease occurred for the same 

period in 2012. The Wenner and Square array data (Figure 108 to Figure 

110, above) do exhibit a slight temporal pattern, but not as strongly as those 

observed by similar research (Clark 1980, Cott 1997, Parkyn 2012).  

The (non-inverted) Twin-probe array temperature corrected apparent 

resistivity data for January-February 2012 is 6% lower than the 2011 data for 

the same period. This demonstrates that the time-lapse study results vary 

quite significantly from year to year, dependent on the local weather history. 

The average rainfall records from the nearest weather stations were 63% 

and 96% for January 2011 and 2012 respectively, of the 1981-2010 thirty 

year averages, and 177% and 73.6% for February 2011 and 2012 

respectively (Met Éireann 2011a;  2011b;  2012a;  2012b). This confirms the 

very wide variation in responses and also shows that the 2012 data were 

more representative of the 30 year average. It is therefore unfortunate that 

the time-lapse survey was mostly carried out in 2011, which was less 

representative of the 30 year average. In this respect, the time-lapse study is 

consistent with previous research (Fry et al. 2012, Hesse 1966, Parkyn 

2012) that also occurred during periods of extreme or unseasonable weather 

patterns.  
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6.4.4 Time-lag delay between weather history and observed variations in 

resistivity   

The time-lag delay from net moisture to apparent resistivity varies before and 

after October 2011 (a delay of 1-2 months, and up to 1 month, respectively). 

This cut-off point coincides shortly after a significant rise in rainfall. With only 

13 months worth of data, it is difficult to suggest which of the two time-delays 

might represent a ‘normal’ model, although the 30 year averages discussed 

above suggest that the post-October 2011 weather patterns might be more 

representative of such a model. The two peaks in net moisture (February 

2011 and November 2011) could simply represent the late and early onset of 

winter rainfall. Certainly there is a significant difference in the net moisture 

values; the low rainfall of January 2011 is consistent with the rainfall 

experience between August and September 2011, whilst the rainfall of 

January 2012 is consistent with that between September and October 2011. 

The time-delay of up to one month (for the period October 2011 to February 

2012) is consistent with the observed 30 day lag in studies at Bradford 

(Parkyn 2012). The bi-annual change in time-delay might also be attributed 

to the limited availability of weather data. The net moisture values were 

calculated from evapotranspiration (averaged from 4 sources within 108km 

of the site) and rainfall (calculated from a fifth source, 21.8km from the site).  

Future time-lapse studies could improve on these results by gathering daily 

in situ weather observation data at test sites, such as those of the DART 

Project (Fry et al. 2012, Fry et al. 2011a). A daily analysis of that data would 

also accurately determine the time-delay(s); Parkyn (2012) suggested that 

the time-delay could be as little as 6 days under some circumstances.  
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6.4.5 Visualising earth resistance anomalies 

The results of the visual comparison (see Table 63 in Section 6.3.1, above) 

suggest that a Twin-probe survey carried out during any month of the study 

period can clearly locate the two enclosure ditches. The same is true of the 

Wenner data, with the exception of June 2011 in which the smaller enclosure 

(Ditch 2) is clear but the larger enclosure (Ditch 1) is quite difficult to 

visualise. The Wenner data identified sharper, higher contrasts and more 

coherent anomalies than the Twin-probe data. The Square-α data were 

comparative in contrast and coherency with the Wenner and were clearer 

than the Twin-probe. The Square-β data are mostly similar to the Square-α 

data, however the latter appear to be clearer and more coherent in general, 

particularly for Ditch 2 (the smaller enclosure ditch). This is due to the 

directionality offered by the Square-array that favours the alignment of Ditch 

2 in the Square-α data. The Twin-probe returned the highest ‘Less Clear’ 

results. 

It is very significant that all of the arrays returned data throughout the year 

that enabled the identification of the enclosure ditches. The exception to this 

is the June 2011 Wenner data, which was not clear for one of the ditches, 

but was clear for both enclosure features (as the interior of the enclosure is 

regarded as anomalous compared to the background). This is very 

encouraging as it suggests that any of the arrays used were capable of 

identifying archaeological features at the Kilcloghans test site at any time 

during the study period.  
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It is difficult to determine the most suitable array to use upon (and the 

relevance of) the ditches, as ground-observed data is only available for Ditch 

2 (v-shaped, 1.25m‐1.45m in depth and 2.06m‐3.58m in width), which 

contrasted best in the Wenner array data and worst in the Twin-probe data. It 

is possible that Ditch 2 is deeper than Ditch 1, which would explain why the 

Wenner array (which offers superior depth resolution) mapped Ditch 2 as a 

higher contrast than the comparatively shallower depth of investigation of the 

Square and Twin-probe arrays. However, this is speculation and must be 

countered by the fact that the Ditch 1 enclosure has a greater diameter than 

the Ditch 2 ringfort which implies that Ditch 1 is likely to be of a higher status 

(and deeper and wider than Ditch 2) – all of this is however speculative due 

to the absence of ground-observed depth data for Ditch 1.  

6.5 Conclusions 

The data gathered from Kilcloghans are different from other time-lapse 

studies. On a seasonal scale, Samouëlian et al. (2005: 180) noted that in the 

northern hemisphere: 

 highest resistivity values occurred between September and November 

(late summer and autumn) 

 lowest resistivity values occurred between June and July (summer).  

Parkyn (2012) noted the same general trend in his seasonality assessment 

at Bradford. However, the data gathered at Kilcloghans show that: 

 highest resistivity values occurred between February-June 2011 (peaking 

in April)   
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 lowest resistivity values occurred between July and November 2011 

(lowest in September).  

The results from Kilcloghans differ from other studies and much of this can 

be attributed to the local and regional weather patterns in the west of Ireland 

compared to those elsewhere. This validates the research and demonstrates 

that temporal changes in Ireland do not conform to those established 

elsewhere. The unexpected outcome also highlights the importance of others 

carrying out time-lapse studies in different regions and countries in response 

to local climates and soils. This also has implications for earth resistance 

surveys in the short term, which currently occur on the assumed limitations 

based on previous (non-local) research that could be irrelevant depending on 

the location of the survey.  

The contrast factor data imply that the low contrasts acquired by the Twin-

probe could suffer following periods of extreme heat and low soil moisture 

and that such surveys should expect to encounter very low contrasts, which, 

if <10%, may reduce the visible contrast of ditches. Conversely, the highest 

contrasts were mapped by the Wenner and Square arrays, depending on 

which ditch was examined.  
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6.5.1 Implications for earth resistance surveys in the long term 

Climate studies that compared two thirty year periods (1961-1990 and 1981-

2010) found an increase of approximately 5% in rainfall totals, with higher 

increases in the western half of the country (where Kilcloghans is located), 

and an increase in rainfall occurred in most months by 5-10% (Met Éireann 

2013b). If these trends continue in the long term (i.e. periods of 20 years or 

more), the impact of rainfall will lower the expected resistivity contrasts which 

could potentially reduce the visibility of earth-cut archaeological features over 

the next century. It would be useful to measure this impact with further time-

lapse studies at 10 or 20 year intervals.    

6.5.2 Application of the time-lapse study to NRA road schemes 

Earth resistance surveys on national road schemes have previously favoured 

the use of one array type per survey area, the Twin-probe array. The 

stronger contrast factors offered by the Square and Wenner over the Twin-

probe, must be balanced out by the superior spatial resolution offered by the 

small size of the latter array. Increased spatial resolution is very important for 

small scale features (small pits, narrow ditches, narrow walls) rather than 

larger scale features (ditched enclosures, moats, wide walls).  

This study has shown that, with one or two exceptions all three earth 

resistance arrays returned very clear, coherent and consistent data that lead 

to the identification of the two enclosure ditches at Kilcloghans for each 

month of survey. The selection of an appropriate array must be dictated by 

the aim of the survey (and other local environmental factors), and essentially 

falls within the previously known and often repeated criteria for array 

selection (Aspinall and Lynam 1968;  1970, Schmidt 2013).   
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Some specific considerations are noted below based on the way that the 

arrays have performed at Kilcloghans: 

 If a general prospection survey is required to identify large-scale 

archaeological features:  

o A Square or Wenner array may be preferable, and a Twin-probe 

may be suitable.  

o The bi-directional information offered by a Square array and the 

speed of data acquisition offered by articulated arrays are also 

important considerations.  

o The light weight and ease of mobility of the Wenner array (well 

suited for rough terrain or areas of dense vegetation that might be 

problematic for articulated or Twin-probe arrays) should be 

considered.  

 If the ground conditions are idealized or an accurate assessment of 

known/small scale features are sought: 

o The spatial resolution offered by the Twin-probe array may be the 

most suitable choice for spatial resolution.    

o An articulated Square-array may collect a high rate of data 

captured at a rapid pace, with bi-directional information. 

o Known features could be assessed by any array if the probe 

separation is altered to account for the expected width/depth of the 

feature. In most circumstances of commercial survey fieldwork, 

this is not practical.  
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 If the feature is located at a great depth: 

o The superior depth resolution offered by the Wenner array at 

Kilcloghans makes this the most suitable choice. 

 

 41% of earth resistance surveys in the legacy data (see Figure 17 in 

Section 3.1.4, Volume 1) occurred during the most optimum period 

(March-July) and 13% occurred during the single month of best 

responses gathered at Kilcloghans (April) during this time-lapse study. 

The use of earth resistance in the past has largely been dictated by road 

scheme construction timetables and schedules, rather than weather 

variables and it is a fortunate coincidence that many such surveys have 

occurred during the optimum periods. In future, if schedules allow, end-

users and commissioners of geophysical surveys should be encouraged 

to have earth resistance data collected during the optimum weather 

period. 

 

 23% of earth resistance surveys in the legacy data (see Figure 17 in 

Section 3.1.4, Volume 1) occurred during the least optimum period 

(December to February) during this time-lapse study. If a survey occurs 

during the least optimum period or following similar climate conditions 

(high net moisture, high rainfall, low evapotranspiration and low 

temperatures) the following outcomes may be expected based on the 

data gathered from Kilcloghans: 
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o The contrasts may be much lower for all arrays, however the time-

lapse study showed that contrasts exceeded 17% and allowed for 

the identification of ditched enclosures. 

o The Twin-probe may return the lowest contrasts of the three arrays 

examined but could be capable of returning adequately clear and 

coherent responses. If high contrasts were specifically sought i.e. 

due to a noisy background, the use of a Wenner or Square-array 

might be preferable.  

 15% of earth resistance surveys in the legacy data (see Figure 17 in 

Section 3.1.4, Volume 1) occurred during the months of June or July; 

during the time-lapse study at Kilcoghans, these were periods of low net 

moisture, low rainfall, high evapotranspiration and high temperatures. If a 

survey is to occur during (or following) such a weather period the 

following outcomes can be expected: 

o Suitable contrasts can be expected beneath the soil surface. 

o Poor contact resistance may occur at the surface, preventing the 

current from entering the soil. 

o Alternative methods of measuring electrical soil resistance, such 

as EM apparent electrical conductivity may be better suited to dry 

surface soil conditions. 
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Long-term climate studies (discussed in Section 6.1, above) found a 

general increase in annual mean temperature (+0.5°C), with the highest 

increase in the southeast and a corresponding increase by the same amount 

in maximum and minimum temperatures. Seasonal increases also occurred, 

with spring and summer displaying the largest difference (+0.7°C) between 

the two periods, resulting in seasonally drier soils in the southeast.  

Pellicer et al. (2012) was also discussed in Section 2.4.1 (Volume 1); their 

findings on shallow soils (defined by their research as <4m), are relevant for 

the study of archaeological deposits: the research showed a direct 

relationship between resistivity variation and effective groundwater recharge 

and that fine sediments at that depth varied in resistivity by <15%. The 

shallow soils also demonstrated that subsurface temperature strongly affects 

soil resistivity; resistivity data for the shallow subsurface collected during 

summer months were 30% higher than data collected in winter. This is 

reasonably consistent with the observations at Kilcloghans (Table 73). In 

general this reflects the difference between two studies that define shallow 

soils on differing scales – in reality an archaeological investigation (<1.5m in 

most cases) will show significant differences from a near surface 

investigation of the soil (<4m) which will account for typically higher 

resistivities of deep soils and bedrock etc..  
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Month 

Temperature Corrected Mean Apparent Resistivity (ohm-m) 

Twin-probe Wenner Square-α Square-β 
Mar. 2011 256.56 172.86 258.38 263.84 
Apr. 2011 161.01% 168.55% 147.52% 146.36% 
May 2011 104.23% 102.17% 92.29% 92.65% 
Jun. 2011 106.39% 128.08% 98.99% 98.48% 
Jul. 2011 123.15% 108.93% 102.11% 100.80% 
Aug. 2011 100.11% 92.19% 79.53% 76.29% 
Sep. 2011 71.92% 64.29% 62.08% 61.59% 
Oct. 2011 75.39% 64.93% 65.94% 64.95% 
Nov. 2011 89.84% 88.34% 71.74% 70.25% 
Dec. 2011 83.25% 74.65% 62.00% 61.73% 
Jan. 2012 83.99% 72.28% 63.42% 61.43% 
Feb. 2012 82.71% 79.18% 66.84% 65.45% 

Table 73. Percentage differences in temperature corrected resistivity per month, 
compared to a reference value for March 2011. 
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Key outcomes of the time-lapse study: 

Twin-probe, Wenner and Square arrays were all very capable of identifying 

archaeological features throughout the 13 month study period.  

 

The most favourable time for an earth resistance survey (using any array) 

was found to be between March-July (i.e. a period when net moisture is 

considerably lower than rainfall, caused by spring/summer temperatures and 

moderate evapotranspiration, which for this study happened to occur 

between March and July). 

 

The least favourable period was found to be between December-February 

(i.e. a period when net moisture and rainfall are very similar, caused by cold 

winter temperatures and low rates of evapotranspiration, which for this study 

happened to occur between December and February).  

 

While the Twin-probe array returned lower contrasts for archaeological 

features (which was expected), it was found to be less influenced by weather 

changes  throughout the year, than the Wenner or Square-array. 

 

In practical terms for use on road schemes, a Twin-probe array (the industry 

default) may normally be more than adequate, but it is quite possible that 

other arrays would be applicable across variable landscapes, particularly 

with reference to survey speed (i.e. an articulated Square array) and ease of 

movement across areas of rough terrain or dense vegetation (i.e. a Wenner 

array).  

 

The most appropriate array for a given survey area must make allowances 

for ground conditions as well as the best temporal or ‘seasonal’ response.  
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Chapter 7. Application of the research outcomes to archaeological 

prospection 

This research has examined in detail the key variables that influence the 

outcome of archaeological geophysical surveys on Irish road schemes. This 

chapter will discuss the use of geophysical surveys in Ireland compared with 

the rest of Europe and determine how the findings of this research can be 

applied to archaeological prospection in the future, both here and abroad.  

7.1 Irish archaeological geophysics in an international context 

The use and frequency of geophysical surveys across Europe, has been 

difficult to quantify in the past. This is partly due to a lack of central 

repositories for data/report deposition and few compelling reasons for 

geophysicists to submit their reports beyond the end-user. However some 

sources - including unpublished databases and personal comments from 

end-users and practitioners - have yielded useful information (see Appendix 

2, summarised below in Table 74).  

It is clear that Ireland has carried out a significant number of archaeological 

geophysical surveys using traditional gridded and pedestrian methods of 

data acquisition. Based on available comparative data for the 2001-2010 

study period, Ireland has the second highest use of geophysical surveys 

after England, has carried out seven times as many surveys as Sweden and 

the Netherlands and eleven times that of Norway. Analysing the results by 

area, Ireland has the highest number of surveys per square kilometre after 

England and a higher rate than the Bavarian region of Germany. 
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Geographical Area No. of 
Surveys 

Period Average No. per year 
 
 

(Average No. in  Ireland 
for comparative period) 

Size of 
Geographical 

Area 
 

(sq km) 

No. of 
Surveys per 

sq km for  
Geographical 

Area 

Source 

England  2,666 2001-2010 
266.6  

(117.3) 
130,281 0.0205 National archive (AIP 2012) 

Republic of Ireland 
1,173 2001-2010 117.3 

70,273 
0.0166 National review (Author, after NMS 

2008;  2012) 
1,389 1997-2011 92.6 0.0203 

Bavaria, Germany c. 650 1985-2012 
c. 23.2  
(50.85) 

70,550 c.0.0092 Regional archive (Fassbinder 2013) 

Netherlands 159 2001-2010 
15.9  

(117.3) 
41,543 0.0038 National review (Visser et al. 2011) 

Sweden >165 2001-2008 
>20.6  

(114.3) 
450,295 >0.0003 National review (Viberg et al. 2011) 

Norway 98 2001-2010 
9.8  

(117.3) 
385,186 0.0003 

National review (Stamnes 2010, 
Stamnes and Gustavsen 2014) 

Table 74. Frequency of geophysical surveys that occurred in Europe during (or including) the 2001-2010 study period.  
 

As a comparison, all of the available figures from 1997-2012 are also included for Ireland. Averages values have been calculated as the mean. 
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The frequency of surveys in one particular country is not however an 

indicator of the quality of those surveys - quality can partly be measured by 

peer review. Internationally, five contributions on geophysical surveys from 

the island of Ireland were published in the journal Archaeological Prospection 

written by researchers at NUI Galway, NUI Maynooth and QUB, mostly on 

the application of geophysical methods to known archaeological sites (Barton 

and Fenwick 2005, Gibson and George 2006, O'Rourke and Gibson 2009, 

Ruffell et al. 2004, Slater et al. 1996). A particular study focuses on the 

response and anomaly types created by fulacht fiadh (burnt mounds of 

stone) monuments (Slater et al. 1996). In terms of research significance, 

these papers have been cited in other peer review journal papers or books 

only once (Scholar 2013) with the exception of work at the royal site of 

Rathcroghan (Barton and Fenwick 2005), which has, to date, been cited six 

times. 

These results, combined with those of the legacy data review (Section 3.1, 

Volume 1) suggest that Irish geophysical survey practices are in a strong 

position, although specific research groups and publications are currently 

limited. Importantly, this research has led to a number of important outcomes 

that could potentially have benefits to other practitioners and curators beyond 

Ireland. 

7.1.1 The potential for using modern methods of data collection in Ireland 

There are no published examples of ATV and GPS-acquired data-collection 

methods from Ireland, although unpublished reports have demonstrated their 

tentative use (Harrison 2012, Hill et al. 2012) and gridless-MS data have 

been acquired since 2002 (Gimson 2002a).   
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A study of topography in relation to the use and application of agricultural 

machinery (Gardiner and Radford 1980) suggests that ATV-powered arrays 

– essentially requiring the same conditions as agricultural machinery – are 

likely to be suitable to slopes <12°, which represents approximately 67% of 

the island of Ireland (comprised of gentle hills, rolling lowland and flat to 

undulating lowland). Other areas of topography that exceed the 12° slope, 

(including 25% of the drumlins in Ireland), are too steep for the easy use of 

such machinery in grassland or tillage, which is further compounded in areas 

of heavy or wet soils.  

The demands of high-speed data collection must be balanced against the 

possibility of ATV ‘rollover’ on uneven ground (Bonsall et al. 2014b). The use 

of ATVs in agriculture, examined by Moore (2008), found that haste and 

unpredicted surface changes accounted for 44.5% of ATV loss-of-control 

events and secondary visual tasks accounted for a further 15.1% - these 

issues will be highly significant for ATV-acquired geophysical data in the 

future as the duties of the driver include 1) safely driving across (potentially) 

hazardous and unpaved terrain, 2) precise navigation to acquire closely 

sampled data (typically to an accuracy within +/- 1m) and 3) reviewing the in-

field data.   
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7.2 Judging the notion of ‘success’ for geophysical surveys 

In Chapter 2, this research reviewed current geophysical survey practices 

and likely future trends (see Section 2.2.3, Volume 1) and defined in Chapter 

3 a ‘successful geophysical survey’, which is the most appropriate starting 

point for any future advice that can be given (see Section 3.1.9, Volume 1). A 

positive and professional geophysical survey ‘experience’ (from specification, 

to fieldwork, results and report) was encapsulated by Sue Gaffney’s (1997: 

110) definition of a successful survey, whilst Chris Gaffney and John Gater’s 

quasi-definition (2003a: 182) suggested that ‘success’ might be attributed to 

surveys that identify the presence of an archaeological site (e.g. ‘there is / is 

not an archaeological site here’), rather than all of its components (e.g. every 

internal feature, from pit to slot-trench to post-hole). This is important as it 

has a significant impact and ramifications upon the study and assessment of 

the success or failure of one survey technique/site, over another, particularly 

when there are so many caveats from the excavation evidence i.e. ghost 

features, failure to record post-19th century ditches/drains/plough furrows, the 

exclusion or non-recording of geophysical anomalies attributed to modern 

bonfires, the absence of ferrous finds that are not recorded in the topsoil, 

poor records of geological features etc. (as discussed in Section 3.4, Volume 

1).  
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The definition of ‘success’ should re-examine that suggested by the Oxford 

English Dictionary (OED 2013) as discussed in Section 3.1.9 (Volume 1); in 

the case of this research, ‘geophysical survey success’ can only be judged 

by how well a survey has achieved the desired aim(s). The aim for a 

prospection survey of previously unknown/unrecorded features might be 

phrased:   

1) to identify ‘all archaeological features’, or 

2) to identify the presence/absence of an ‘archaeological site’ (which we 

have already defined in Section 1.9, Volume 1, as ‘a place or a group of 

archaeological features’).  

In the case of definition (1) geophysicists must by extension use every 

technique available at the highest resolutions, which is impractical, often 

prohibitively expensive, time consuming and wholly unachievable. The use of 

rapid methods of data acquisition in the fields of magnetometry, earth 

resistance and GPR (see Section 2.2, Volume 1) lead to the inevitable and 

oft-repeated adage that multi-method integration is the most appropriate way 

of prospecting for archaeological deposits.  
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In the last decade, the technology has become available - although 

expensively so - to rapidly carry out large-scale multi-method surveys at very 

high resolution. These savings in fieldwork time must be balanced against 

the cost of equipment purchase (or hire) and the processing time required for 

large volumes of data; these factors currently limit the use of this technology 

to well funded institutions or companies. However, multi-probe, ATV and 

GPS-acquired data are gradually becoming more commonplace in large-

scale routine commercial projects on linear corridors. These methods of data 

capture are at the cutting edge of current technology and although a number 

of cases have encountered inevitable problems or flaws (discussed in 

Section 2.2, Volume 1) these are expected, with time, to yield clear and 

coherent working practices and models for the future.  

The case of definition (2) is much more achievable (than definition (1)) and 

falls back (see Section 3.1.9, Volume 1) to the question posed by Gaffney 

and Gater (2003a: 182): “is it necessary...to locate the smallest of 

features...or is it sufficient to define the nature and extent of an 

archaeological site?” The answer to the question is ‘yes’ to the latter, that it is 

sufficient to define the nature and extent of an archaeological site, although 

‘success’ still remains an opinion rather than an assessment of the technical 

accuracy of a survey. We now know that assessing the technical accuracy of 

a survey requires a combination of analytical methods and the examination 

of surveyor competence, as discussed in Section 3.4 (Volume 1).      
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7.3 Magnetometry 

The National Roads Authority relied upon magnetometry as its principle 

technique between 2001-2010 which mirrored general trends in the Republic 

of Ireland, the UK and most of Europe. It is expected that magnetometry - as 

a passive and rapid technique capable of identifying a wide range of 

archaeological features - will continue to be the dominant method of 

prospection in Ireland and elsewhere (Bonsall et al. 2014b), therefore the 

outcomes of this research are also of general interest to non-Irish 

geophysicists.  

The assessment of ground-observed legacy data examined the success of 

detailed magnetometry and unrecorded magnetometry scanning. There are 

very few published references to scanning and the method has been used in 

Ireland following its frequent use in commercial UK assessments (David 

1995, David et al. 2008). The advent of multi-probe magnetometer arrays 

has led to the adoption of a landscape approach for commercial detailed 

magnetometry surveys in the UK, where scanning has recently all but 

ceased as a method of prospection (at least on a regional, but possibly 

national basis), although again the sources are anecdotal (ArchaeoPhysica 

2012, Hancock et al. 2012, Roseveare 2013b). However, scanning continued 

to be used on Irish road schemes until the final year of the 2001-2010 study 

period (Leigh 2010) and continues to be used in Ireland by some commercial 

practitioners, according to anecdotal notes (in the absence of quantifiable 

data) from the staff of the Detection Device Licensing Section of the National 

Monuments Section (Reid 2011). 
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7.3.1 Success rates for magnetometer scanning 

As discussed in Chapter 3, magnetometer scanning on the most frequent 

sedimentary rock types in Ireland will on average identify 28.7% of 

archaeological sites and will miss 71.3% of sites (see Section 3.4, Volume 

1). Using the work of McCarthy (2010), we now know that the least 

excavated site types on road schemes (ringforts and enclosures) have a 

moderate to good chance of being identified through scanning (a probability 

of 58.3%), and that the most frequently excavated site types (burnt mounds 

of stone) have a low to moderate chance of identification (a probability of 

25%). Other site types were also attributed a probability of identification: sites 

>10m (68.8%), sites <10m (18%), ring-ditches <10m (14.3%), and 

pits/kilns/hearths (31.3%). 

7.3.2 Economic argument for the use of magnetometer scanning 

The prevalence of scanning in Ireland and the UK was due to its ability to 

rapidly identify strong magnetic contrasts along 10m spaced transects that 

sampled 10% of a survey area. Scanning was approximately 10 times faster 

than a traditional (1m x 0.25m) detailed magnetometer survey using a single 

probe, and 5 times faster than a dual-probe system, making it a very cost-

effective method in comparison. As discussed (see Section 2.2.3, Volume 1), 

the number of probes on an array has gradually increased over time and it is 

now common to have four or more magnetometers mounted on a multi-probe 

array (Campana and Dabas 2011, Gaffney et al. 2008, Gaffney et al. 2012, 

Ullrich et al. 2011).    
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A comparison of scanning and detailed assessments on the M3 Clonee-Kells 

motorway (Chapter 3, Volume 1), indicated that some modern multi-probe 

arrays would be capable of a detailed magnetometer assessment (at a line 

spacing of 0.5m) of a 105 ha area in as little as 15 working days at stated 

speeds used elsewhere (Campana and Dabas 2011), compared to the 35 

working days taken for the scanning assessment of the same area in 2000 

(GSB 2001). Thus, as commercial survey costs are primarily dictated by the 

length of fieldwork time required, there are no significant economic 

arguments for the use of scanning compared to the availability of modern 

techniques.  

7.3.3 Application of magnetometer scanning on national road schemes 

The results of this research have shown that using modern multi-probe 

arrays, a detailed magnetometer survey is the most appropriate and cost-

effective way of prospecting for archaeological feature types found in Ireland. 

Scanning has proved to be ineffective for the identification of most 

archaeological features – compared with multi-probe arrays, scanning is no 

longer cost-effective as a method of reconnaissance, but most importantly it 

has a very low success rate: a 28.7% chance of identifying archaeological 

sites and a 25% chance of identifying the most common type of 

archaeological feature encountered in Ireland.  
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It is feasible however, that scanning might play a role in instances where 

restrictions are placed on fieldwork and data processing time (rather than 

‘money’) e.g. due to approaching planning deadlines. In these cases, 

scanning might be used purely as a sampling strategy rather than a method 

of reconnaissance and the same limitations regarding survey success, as 

discussed above, would still apply.      

7.3.4 Igneous geology and a new role for magnetometer scanning 

In Chapter 4, the principle of magnetometer scanning was identified as a key 

component of future prospection strategies on igneous geology (see Section 

4.3.1, above). The use of ‘geological magnetometer scanning’ could be 

adapted to scan 3 or more transects (spaced a maximum of 30m apart) 

across the width of any road scheme that passes through near-surface 

igneous geology (or igneous geology of undetermined depth) to rapidly 

identify zones of high or variable contrasts. High contrast zones should 

subsequently be assessed via electromagnetic or earth resistance survey, 

whilst consistently low contrast geologies (indicating deeply buried igneous 

rocks) would be suitable for a detailed magnetometer assessment. 

The assessment of detailed magnetometer data from the N11 Arklow-

Rathnew Scheme (Bonsall et al. 2005) found that 29% of the 48 fields 

assessed by a 53.5 ha detailed magnetometer survey were unsuitable for 

such a survey owing to very high contrasts. This survey (and up to 9.1% of 

surveys in the legacy data archive) occurred on high contrast igneous 

geology and would have benefitted from geological magnetometer scanning 

by saving time and money to determine high contrast areas that could have 

been assessed by more suitable methods.   
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7.4 Application of geophysical surveys on national road schemes 

As discussed above, a detailed magnetometry assessment is the favoured 

option for prospection surveys on road schemes. An examination of the 

effectiveness of detailed magnetometry (Chapter 3, Volume 1) found that the 

method is very suitable for the assessment of most archaeological feature 

types and most soils encountered on national road schemes, returning an 

average (true positive) success rate of 88% on sedimentary rocks.  

A number of key failures were however highlighted (see Section 3.5, Volume 

1) and investigated in Chapters 4 and 5, above. As discussed in Chapter 2 

(Volume 1), Ireland’s material and cultural similarities with the UK do not 

extend to the physical geography of those countries. The predominant 

geology, soils and climate are different from the UK. Despite this, the use 

and application of geophysical surveys in Ireland, both on road schemes and 

elsewhere, was previously modeled on the UK approach that favoured 

magnetometry (and scanning) over other techniques and largely relied solely 

upon that technique rather than employing multiple methods. This research 

has shown that such reliance is unsatisfactory (given the wide variation of 

archaeological site types and soils in Ireland), whilst also conceding that 

actually magnetometry is the most suitable technique for the majority of 

archaeological features in Ireland. However, the exclusive use of 

magnetometry is not the most significant problem; it is the way in which the 

technique has been used. In the past, magnetometry (both detailed and 

scanning) assessments have been applied to survey areas large and small 

without due regard to geology, soil or archaeological site type.   
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If geophysical surveys are to be used in a cost-effective way to prospect for 

archaeological features, then the advice given in the below sections should 

be followed:    

7.4.1 Low-contrast archaeological sites 

Low-contrast archaeological sites (particularly circular ditched enclosure 

features) were missed by magnetometry at a number of survey areas (see 

Section 3.4.3, Volume 1) - 35% of ditched enclosures were not identified at 

all by detailed magnetometry surveys. The majority of these occurred on 

poorly draining soils that allowed rainfall and other water runoff to stagnate 

and silt up in circular ring-ditches, with limited opportunity (if any) for natural 

drainage. The waterlogged conditions impeded the magnetic susceptibility 

enhancement of these anthropogenic soils (Weston 2004) and led to very 

low contrast anomalies (or no-contrast at all) that could not be visualised in 

magnetometer data.  

Where magnetic contrasts exist, the use of 0.5m line spacing will improve the 

visibility of magnetometer anomalies (see Section 5.3, above). In some 

circumstances, high resolution (0.5m x 0.1m) magnetometer surveys are 

inappropriate and earth resistance or electromagnetic apparent electrical 

conductivity surveys are better suited to areas of poor drainage - where low 

magnetic contrasts (or an absence of contrasts) can be expected for earth-

cut features (see Section 4.3.1, above).  
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More than one-third (34.1%) of Ireland has poor to imperfectly drained soils 

(Gardiner and Radford 1980) that are capable of impeding the magnetic 

susceptibility of poorly draining archaeological features. The success of 

electromagnetic surveys on these types of soils should lead to a higher 

frequency of use for the technique in the future. The acquisition of co-located 

and multi-depth apparent electrical conductivity and apparent magnetic 

susceptibility data will increase the chances of identifying different types of 

archaeological features. The use of multiple techniques (that include 

magnetometry) will still be advantageous in poorly drained areas as the 

method is still the most effective for detecting small-scale thermoremanent 

features. 

7.4.2 Non-recognition of archaeological sites 

A surprising failure for magnetometry interpretations was the limited 

recognition of isolated pits, hearths and kilns (i.e. they were not interpreted 

despite creating a measurable and visible contrast). Thermoremanent 

features such as hearths – but particularly kilns - create distinctive magnetic 

anomalies that should be easy to recognize. Many of the examples that were 

unrecognized occurred on soils with a variable magnetic background which 

may have reduced the contrast of the anomalies. It is presumed however 

that a number of these features went unrecognized due to their small size in 

comparison to larger archaeological features (burnt mounds, ringforts), or 

due to their small size within a very large survey area.  
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Recent studies at Stonehenge (Gaffney et al. 2012) have shown that small 

scale pits and thermoremanent anomalies can be identified from unusually 

large-scale datasets, however, such surveys were carried out upon ideal 

chalk land and were analysed with a great deal of resources and time that 

are not commonly available to commercial practitioners.  

Nevertheless, distinctive pit-, hearth- and kiln-derived anomalies such as 

these should be easily identified and it could simply be that the majority of 

geophysicists working in Ireland were unaware of their frequency of 

excavation on road schemes - 19% for isolated pits and hearth and 19% for 

industrial remains according to McCarthy (2010) – and the likelihood of their 

appearance (or significance) in prospection data. This can be remedied by 

communicating research such as this and McCarthy’s back to the 

geophysical community.  

7.4.3 High-contrast cultivation furrows 

An overprint of high-contrast cultivation furrows have been a particular 

problem on low-contrast background soils in the west of Ireland. 61.9% of 

fields encountered along a 26km road scheme across County Galway 

contained evidence of post-medieval field systems preserved as plough 

furrows (Bonsall and Gimson 2006b).  

Directional filters could be used to reduce their impact and to increase the 

visibility of low contrast archaeological features (Sheriff 2012: pers. comm.). 

However, this will not assist in the identification of small isolated features 

such as pits and hearths that occur beneath (or are disturbed by) the 

cultivation activity.   
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Alternative techniques that do not map the magnetic anomaly of the furrows 

(including earth resistance and electromagnetic surveys) should be applied 

and a closer traverse spacing (e.g. 0.5m) may increase the visibility of 

archaeological features in magnetometer data, although the furrows will also 

be magnified.  

Further studies of automated strike filtering and similar methods of removing 

unwanted linear anomalies will be very useful in future, although of course 

the furrows themselves are important features of post-medieval field systems 

and are rarely recorded (or visible) in ground-observed excavations. Plough-

truncated sites that are not readily observed through excavation can often be 

traced in magnetometer data, along the direction of ploughing, providing vital 

information that would otherwise be missed.   

7.4.4 High-contrast geology 

The success of magnetometry (see Section 3.4.3, Volume 1) fell significantly 

on near-surface igneous geology (and for sedimentary geologies with 

igneous dykes or boulders): true positive rates fell from 88% true positive on 

exclusively sedimentary rocks to just 25% on rocks with igneous intrusions.  

As discussed above, geological magnetometer scanning will be invaluable 

for the preliminary assessment of igneous geology. Detailed magnetometer 

surveys will be the most suitable method of investigation in areas of low-

contrast geology, but in areas of high-contrasts alternative methods are 

required. This research has demonstrated that electromagnetic surveys can 

be successfully used on high-contrast igneous rocks (Chapter 4, Chapter 5).  



458 
 

7.4.5 Sites overlain by peat 

Peat is present across 16.5% of Ireland, one of the highest rates of coverage 

in Europe. The use of multi-depth electromagnetic surveys will be useful for 

areas covered by <0.2m of peat. Multi-depth shallow (e.g. VCP) 

electromagnetic surveys will be very useful for 0.2-0.5m peat coverage, and 

this research has shown that deeper (e.g. HCP) multi-depth electromagnetic 

surveys are beneficial for 0.5-1.5m peat coverage. The research has shown 

that areas of very deep peat (>1.5m depth) should apply a coarse line 

spacing (e.g. 5m) for multi-depth (deep HCP) electromagnetic survey to 

locate near-surface (and archaeologically prospective) gravels in 

combination with auguring. 

This research has shown that Induced Polarisation (IP) should be used to 

trace substantial wooden archaeological structures (such as trackways) 

buried in peat. The use of IP to prospect for buried wooden structures is 

currently limited by the time required for fieldwork and unknown 

archaeological variables that must be accounted for (morphology, alignment, 

depth, composition), however it has been shown that IP is very useful for 

tracing the extent of such features across a given area (see Section 4.2.1, 

above).  
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7.4.6 Earth resistance and soil conductivity assessments 

Time-lapse studies (Chapter 6) at a site representative of most Irish soils and 

geologies, have shown that earth resistance data gathered in Ireland does 

not suffer from excessively seasonal weather patterns. Twin-probe, Wenner 

and Square arrays were all able to return clear and coherent responses from 

two enclosure ditches throughout a 14 month study period. Poor contrasts 

can be expected during the winter periods of high net moisture intake in the 

soil (e.g. when cooler temperatures lower the rate of evapotranspiration and 

combine with high rates of rainfall – these are typified by the months of 

December–February). However, even during these periods, suitable earth 

resistance contrasts for the archaeological features were observed. 

Periods of excessive heat and soil dryness have not prevented the contrasts 

from being seen and earth resistance surveys are viable during these times. 

However, whilst dry soils at the surface may prevent the use of earth 

resistance, electromagnetic surveys can be used instead to measure the 

moisture contrast via apparent electrical conductivity data.   

Seasonal land use changes (e.g. ploughing, harrowing) can lead to some 

contrasts in geophysical data due to varying surface effects and changes in 

micro-topography. Seasonally heavy snow drifts, thick ice, flooding and 

water-logging can prevent data collection or impact strongly upon the data, 

both in terms of data quality and the response. In these cases, GPR may be 

a more suitable option if attenuation is not an issue. 
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Comparisons between electromagnetic surveys and earth resistance at a 

number of sites (Chapter 4, Chapter 5) has shown that apparent electrical 

conductivity data from the former can be used as a suitable alternative to the 

latter. The electromagnetic surveys also offer additional benefits in speed 

and the simultaneous acquisition of multi-depth information and apparent 

magnetic susceptibility. As such, modern electromagnetic instruments will 

provide many additional benefits at sites that require an assessment of the 

electrical resistivity of the soil and geophysicists may seek to exploit these 

benefits in the commercial world much more than they have in the past. 

Comparisons between Twin-probe, Wenner and Square arrays (see Section 

5.2.2 and Chapter 6, above) have demonstrated the benefits offered by each 

array to commercial surveys. Road schemes have traditionally exploited the 

superior spatial resolution offered by Twin-probe arrays, mirroring historical 

trends in Ireland and the UK. However given that the responses from each 

array have been very similar for the sites investigated, commercial 

geophysicists may wish to exploit the bi-directional and co-located 

information offered by the Square array (as well as the speed offered by 

articulated versions). Wenner arrays, as well as having a superior depth 

resolution, are very well suited to areas of upland or rough terrain (e.g. see 

Section 4.2.6, above) and dense vegetation – the absence of trailing cables 

and remote electrodes allows for an ease of movement across challenging 

ground conditions. 
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The use of articulated arrays will undoubtedly have a significant impact in the 

future. The two popular systems that are currently available are designed for 

very different purposes; the MSP40 is used for the rapid collection of 

simultaneous alpha and beta (allowing the calculation of gamma) earth 

resistance data (and optionally, magnetometer data) for archaeological 

purposes, whereas the ARP© was designed for the (very) rapid acquisition of 

data for agricultural soil mapping, which has since been adapted for 

archaeological investigations. The ARP© technology cannot be described as 

having a ‘low impact’ on subsurface soils and upstanding archaeology; the 

technology has been used on known Roman remains (Dabas 2009, Novo et 

al. 2012) however it is unlikely that such an instrument could be used on 

archaeologically sensitive sites, where the low-impact MSP40 instrument 

would be favoured (Gaffney et al. 2012, Parkyn 2012, Walker et al. 2005).  

The increased speed of data collection offered by wheeled earth resistance 

arrays are playing an increasingly important role for the identification of 

archaeological features that fail to appear in magnetometer data due to 

certain host soils or weakly-/non-contrasting magnetic features. The use of 

such instruments on the Italian BREBEMI motorway demonstrate that such 

an approach is possible (Campana 2009b;  2011, Campana and Dabas 

2011) on large scale road corridors.  
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Each of the earth resistance arrays (and electromagnetic instruments) 

examined by this research offer significant advantages – curators and 

geophysicists should be encouraged to use the most appropriate method of 

acquiring earth resistance data to meet the specific needs of a survey area 

or archaeological site, rather than relying upon the almost universal 

application of the Twin-probe array, as occurred in the past. Earth resistance, 

electromagnetic and other techniques should also be used more frequently in 

the future as an alternative to (and reduce the historically significant over-

reliance upon) magnetometry. 

7.4.7 The potential application of GPR surveys in the future 

Although still a very novel technique in Ireland, GPR surveys are increasingly 

being used in commercial prospection strategies across Europe. 6.7% of 

entries (n=3,179) in the English Heritage Geophysical Survey Database 

(English Heritage 2012) were GPR surveys and this rises to 12.8% of all 

surveys for the period 2001-2012 (n=803), indicating a trend for increased 

use of GPR within English Heritage’s research programmes.  

Archives that better reflect the commercial environment in England suggests 

that GPR accounts for 1.8% of geophysical surveys (n=2,667) between 

2001-2010 (AIP 2012) and approximately 1.4% of the 2,882 surveys 

recorded in the East Midlands (Knight et al. 2007).  
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This suggests a discrepancy in GPR use between the research surveys 

captured by English Heritage and commercially-funded assessments that 

may reflect the (often prohibitively expensive) survey and data processing 

costs, particularly for linear corridors that require multiple set-ups and 

frequent access to new land-parcels. However, as GPR technology becomes 

less expensive and more productive (and as results become widely 

published), GPR is likely to be used increasingly on commercially driven 

projects.  

Uneven terrain however presents further problems for the proposed adoption 

of GPR on road corridors. Uneven ground is difficult to assess with a ground-

coupled GPR antenna (Novo et al. 2012) due to a need for permanent 

ground contact (which can be broken by earthworks, pockmarks and 

vegetation). It has been suggested (Linford et al. 2010) that an air-launched 

antenna could be of value in this instance. Notable drawbacks to such a 

system are a high-amplitude response derived from the air-ground interface; 

an alteration of the hyperbola geometry from point reflectors caused by the 

relative dielectric permittivity between the air and subsurface (Linford et al. 

2010); and potentially, a limited frequency range (Leckebusch 2011). Despite 

those drawbacks, a 3d-Radar instrument towed by an ATV would provide a 

very high resolution assessment (0.075m x 0.075m) of the underlying 

archaeology that compares favourably with ground-coupled data over even 

ground and produces higher quality data over uneven ground (Linford et al. 

2010), although again, the costs for such an instrument need to be 

considered against other techniques and methods.  
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7.4.8 Small-scale archaeological sites 

Small pits, post-holes and slot trenches have been difficult to identify in 

geophysical data in the past due to a frequently lower rate of data capture 

(typically 1m x 0.25m) than that required to detect such features. In Chapter 

5, the acquisition of high resolution data was identified as a key controllable 

variable that should be exploited wherever possible. The use of multi-probe 

magnetometer arrays, as discussed above, allow for the rapid collection of 

data at a 0.5m line spacing and are now regularly used to gain additional 

detail that will facilitate more coherent interpretations than standard 1m x 

0.25m surveys are capable of.  

The use of 0.25m in-line samples was found to be desirable for hand-held 

magnetometry and electromagnetic surveys. A higher in-line sampling 

interval (0.125m or better) will return further detail but is best collected from 

cart-mounted probes that reduce walker-induced noise. Earth resistance 

surveys also benefit from a 0.5m in-line spacing. Detrimental high noise 

ratios have been noted when using articulated earth resistance arrays at very 

high in-line sample intervals of 0.25m or better. In some cases, it must be 

accepted that very small-scale features (e.g. timber palisades, stake-holes, 

small post-holes) may not be clearly identified using detailed high resolution 

magnetometry without a priori site information and that the background may 

be too noisy to allow for a suitable magnetic contrast. 
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Chapter 8. Conclusions 

This research has structured and analysed the National Roads Authority 

(NRA) 2001-2010 legacy data archive, the largest and most coherent grey 

literature geophysical archive maintained by a single end-user. 177 

geophysical reports from road schemes in Ireland have been logged, 

categorised, synthesised, assessed and, where available, have been 

compared with a complementary archive of excavation reports. A large 

number of the excavated archaeological sites examined by this research 

were accompanied by digital geophysical interpretation plots (36%) and 

detailed excavation drawings (18%) that facilitated the greatest number of 

GIS analyses at archaeological sites for ground-observed magnetometer 

survey data across a variety of site types and soils (see Section 3.2.1, 

Volume 1). The analysis generated several key and previously unknown 

outcomes regarding the validity and use of magnetometry (see Section 3.4.3, 

Volume 1) that were subsequently investigated via a series of experimental 

surveys (see Chapters 4 and 5). Further experiments were carried out using 

geophysical techniques other than magnetometry to assess their potential 

use in modern and future prospection strategies (see Section 4.1.1 and 

Chapter 6). 
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8.1 Fulfilment of the research aim 

The aim of this project was to critically review 10 years of legacy data from 

‘linear’ surveys undertaken using geophysical methods on Irish national road 

projects, to facilitate greater prospects for the use of geophysical methods in 

future assessments of road corridors and to improve the framework of survey 

use.  

A critical review of legacy data from 10 years of linear surveys using 

geophysical methods on Irish national road projects 

The geophysical reports were catalogued in a database which has since 

been made accessible to the public (Bonsall et al. 2013d). The method of 

survey and report content followed detailed specifications issued by the 

NRA. These found that the NRA heavily relied upon magnetometry surveys 

more than all other techniques combined. It was also apparent that the 

guidance documents cited by NRA specifications (David 1995, David et al. 

2008) for reporting were not proactively used by the NRA to specify 

appropriate techniques or methods for use upon particular site types or 

challenging geologies and environments.  

The geophysical reports were examined in detail and a large number were 

critically reviewed in comparison with available excavation data. The quality 

of the geophysical survey reports were found to be very high, despite some 

key omissions regarding the local ground conditions, geology and 

environment, as well as data capture parameters.  
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Some omissions were corrected by examining other source material (e.g. 

geological records, the Detection Licence database held by the National 

Monuments Service, digital CAD mapping etc.) whereas other omissions 

could not be verified independently (e.g. environmental issues: weather 

during the survey, land use, soil conditions; data processing issues: 

processing/presentation software, method of processing; and even basic 

data capture issues: date(s) of fieldwork, method and accuracy of grid set-

out, spatial resolution and instrument type used). Those omissions should 

not have occurred - NRA specification documents that highlighted the ADS 

Guide to Good Practice and English Heritage advice documents (David 

1995, David et al. 2008, Schmidt 2002, Schmidt and Ernenwein 2011), 

required those items as a minimum standard. It is clear that this standard 

was not attained for some reports, however the majority did attain the 

standard required by the NRA. Geophysical survey reports are inherently 

technical and personal conversations with some NRA project archaeologists 

suggests that such deficiencies may not be recognised and that the technical 

proficiency of the reports may have been accepted unquestioningly at face 

value.  
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Omissions aside, the geophysical interpretations were well structured and 

the GIS analysis of magnetometry and ground-observed excavation data has 

confirmed this. Just under half of the senior geophysicists featured in the 

archive had completed MSc level training at the University of Bradford which 

offers the only recognized qualification in archaeological geophysics in the 

world. The majority of geophysical surveys were carried out by five 

companies and more than half of all surveys were carried out by two 

companies. This helped to ensure a degree of consistency between the 

geophysical report styles and methods of interpretation, although it is not a 

guarantee of quality.  

A significant issue that did arise from both the GIS analysis and the visual 

analysis was the non-interpretation of clearly visible contrasts that 

represented small isolated archaeological features such as pits, hearths and 

kilns. These features can be indicative of much larger sites that are not 

identified by standard (e.g. 1m x 0.25m) commercial magnetometry surveys 

(e.g. timber post-hole structures, temporary camps).  

The GIS analysis also indicated that a large number of false positive features 

interpreted from magnetometer data could actually represent the only 

archaeological record of truncated archaeological features that had been 

destroyed as a result of plough damage or landscaping. This further 

enhances the role played by archaeological geophysics and is an important 

reminder that not every archaeological feature can be recorded by an 

excavation.     
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Facilitating greater prospects for the use of geophysical methods in future 

assessment of road corridors to improve the framework of survey use 

This research has shown that whilst magnetometry is the most suitable rapid 

method of assessment, it should not be used in isolation and should not be 

universally applied to inappropriate sites (e.g. castles) or geologies (e.g. near 

surface igneous) as has occurred in the past. A recommendation document 

written for the benefit of the NRA (Bonsall et al. 2014b) which includes 

simple and efficient checklists of ‘required’ information will be used (along 

with an understanding of the level of quality that should be expected) to 

reduce the frequency of omitted information in commercial reports in the 

future, based on the outcomes of this PhD research.  

Feedback 

The recognition and interpretation of small and isolated features needs to be 

improved. The relevance and frequency of these features must be effectively 

communicated back to the geophysical community in order to improve the 

identification of small site types which are amongst some of the most 

frequently excavated on Irish road schemes. This will be achieved by 

publishing the results of the ground-observed analyses.  

It has been shown that excavating archaeologists need to be more aware 

that the absence of a feature on the ground should not necessarily reflect a 

false positive geophysical result from earlier survey work. Both excavation 

and geophysical data should be used together to form an interpretation 

regarding site components, morphology, land use history and post-

depositional activity.   
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8.2 Fulfilment of the research objectives 

Objective 1: Review 10 years of unpublished archaeological geophysical 

literature from Irish road schemes and assess their effectiveness for linear 

corridors in Ireland.  

The research found that archaeological geophysical surveys on Irish road 

schemes have been very effective. A GIS analysis of ground-observed 

detailed magnetometry data found that (see Section 3.4.3, Volume 1): 

 60% of archaeological interpretations were validated, on average, for all 

geology types 

 Success rates were much higher on exclusively sedimentary rocks (88%) 

 Mixtures of sedimentary and metamorphic rocks were less effective 

(34%) 

 Success rates were poor on sedimentary rocks with igneous intrusions 

(25%) 

A visual analysis of non-digital ground-observed detailed magnetometry data 

found that: 

 55% of archaeological interpretations were validated, on average, across 

a range of geological types 

 The most frequently observed archaeological features in magnetometry 

data were drainage channels, ringforts, field systems, enclosures, round 

barrow ditches, structures and burnt mounds of stone 

 35% of ditched enclosures were not identified at all 

 93% of ‘hearths and pits’ and ‘pits’ were not identified at all  

 25% of kilns were identified  
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 45% of sites not identified at all by an interpretation diagram or text 

discussion were (with the benefit of hindsight offered by ground-observed 

excavation plans) visible in the geophysical data as presented in a report  

An assessment of ground-observed unrecorded magnetometer scanning 

found that: 

 71.2% of archaeological sites were not identified by unrecorded 

magnetometer scanning 

 Scanning had its greatest success (63%) and highest failure rate (36%) 

on limestone and shale bedrock overlain by limestone tills 

 Probabilities could be calculated for the success of scanning different 

archaeological site types 

An assessment of geophysical survey effectiveness on road corridors was 

limited to the magnetometry technique due to its prevalence of use. Detailed 

magnetometer surveys over exclusively sedimentary rocks are highly 

effective (88%) and are particularly well suited to the identification of large 

archaeological site types. Small isolated site types proved to be challenging 

both to identify in magnetometer data and to interpret. Alternative methods to 

the standard 1m x 0.25m rate of data capture are required to resolve smaller 

site types. Unrecorded magnetometer scanning is not an effective method of 

identifying archaeological site types. 
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Objective 2: Review, investigate and test the different variables that impact 

upon the success or failure of a geophysical survey. 

Geology, archaeological site type and size, the local environment and 

temporal changes (discussed below) have been assessed by this research. 

The most important of these variables is the type of archaeological site under 

investigation – an appropriate selection of techniques and methods should 

be made on this basis to suit the needs of each site under investigation. 

However, large scale linear corridors are prospection surveys looking for 

archaeological sites of unknown type or size.  

Geology was found to be the second most significant variable that impacts 

upon the success or failure of geophysical surveys. Magnetometry is 

particularly influenced by high contrast geologies that prevent the 

identification of archaeological features. Earth resistance is less influenced 

by geological issues except for near surface changes which tend to be broad 

and less disruptive to earth resistance data than to magnetometry.  

The local geography and environment are particularly important with regards 

to slope and drainage. Magnetometry has frequently failed to identify large 

archaeological features, including ringforts and enclosures, in areas of poorly 

draining soils due to the impedance of mechanisms that allow for magnetic 

susceptibility contrasts (see Section 3.4.3, Volume 1). Poor drainage and 

widespread peat coverage will also prevent the usefulness of GPR due to 

poor attenuation. Earth resistance and electromagnetic surveys have 

performed well in areas of poor drainage (see Sections 4.2.2, 4.2.6, 5.2.2 

and 5.2.1).  
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Objective 3: Assess the traditional and non-traditional methods of 

geophysical surveys as applied on Irish road schemes via reviews and new 

pilot studies. 

With the now obvious caveat that a feature must magnetically contrast with 

the surrounding soils, the traditional method of capturing magnetometer data 

(1m x 0.25m) is effective for assessing most large archaeological sites on 

good draining land and sedimentary geology. Significant improvements can 

be made for the detection of small-scale (pit, hearth, post-hole) features and 

for larger features on poor draining land by capturing magnetometer data at 

a rate of 0.5m x 0.25m (or better). Multi-probe magnetometer arrays offer a 

rapid and cost-effective means of collecting data at increased rates (see 

Section 2.2, Volume 1).  

Whilst earth resistance and electromagnetic data can also return higher 

quality results using a 0.5m (rather than a 1m) line spacing, these are less 

cost-effective due to the capture of data from a single instrument. Articulated 

ATV earth resistance arrays increase the cost-effectiveness of such surveys, 

but these must be balanced against the set-up time and the impact of ATVs 

across narrow corridors.    
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Multi-depth electromagnetic surveys have been very suitable for the 

assessment of magnetically low-contrasting soils, upland (rough terrain) 

areas, peat land and igneous geology; for the detection of earth-cut, 

structural and burnt features and as a viable (and rapid) alternative to 

magnetometry or earth resistance surveys. Again, electromagnetic surveys 

are slower than magnetometry – the former are an active rather than a 

passive technique - and the latter instruments can utlilise multiple probes in a 

single survey sweep, whereas the former is currently restricted to one probe. 

Wenner and Square earth resistance arrays have collected clear and 

coherent data across a range of sites. It has been shown that earth 

resistance surveys do not have to rely solely upon Twin-probe arrays for 

archaeological prospection or site characterization. When prospecting for 

unknown archaeological features across potentially large areas, earth 

resistance surveys should exploit whichever array is most suitable for a given 

soil, geology or geographic environment.  

Multi-channel ERI instruments simultaneously acquire data using multiple 

resistivity array configurations. Trials with time-domain Induced Polarisation 

(see Section 4.2.1) have shown demonstrable benefits of tracing wooden 

trackways beneath deep peat that could be used for mitigating construction 

at such sites in the future.  
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High resolution multi-channel GPR surveys are becoming commonplace in 

large research projects but have yet to translate to regular use in the 

archaeological commercial world. The high-costs of deploying this type of 

survey (which extend to transportation, set-up, fieldwork, and processing) 

currently reduce their cost-effectiveness, however it is expected that these 

costs will reduce in the future. What will not change however, are the soils in 

Ireland which are too frequently inappropriate (wet, poorly draining, covered 

by peat) for the common application of GPR surveys as a prospection 

method. Nonetheless, the application of multi-channel GPR at some sites will 

be very useful. 

Articulated multi-probe and multi-channel surveys are currently limited to well 

funded institutions or companies however, multi-probe, ATV and GPS-

acquired data are gradually becoming more commonplace in large-scale 

routine commercial projects on linear corridors. The most frequently used 

type of articulated instrument, the cart-based multi-probe magnetometer 

array (both pedestrian and vehicular powered), is already having significant 

impacts on survey speed and spatial resolution on commercial assessments. 
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Objective 4: Carry out monthly reproducible testing to investigate the 

temporal effects of soil moisture on earth resistance data. 

Temporal variations during the year can influence the collection of earth 

resistance data at the soil surface during periods of dry weather and this will 

be particularly important in areas of the south-east of Ireland that tend to 

experience warmer weather and less rainfall than the majority of the country. 

Despite the dryness of surface soils, time-lapse studies have demonstrated 

that measurable contrasts for archaeological features exist beneath the soil 

surface at all times of the year and that those contrasts are sufficient enough 

to allow their identification (see Section 6.5.2). Ireland is therefore less prone 

to temporal influences than the UK, but contact resistance, which is ‘a 

seasonal occurrence’, can have localised effects. 

Objective 5: Establish a reproducible method of data collection to investigate 

the majority of archaeological features at a given area. 

When prospecting for unknown archaeological sites in Ireland, the following 

considerations should be made: 

1. The most frequently excavated site types that can be expected to occur 

on national road schemes are ‘burnt mounds of stone or burnt spreads’ 

(35%), ‘isolated [pits or] hearths’ (19%) and ‘industrial remains’ (19%) 

(McCarthy 2010). These (with the exception of ‘pits’) are thermoremanent 

features, which account for between 54% and (up to) 73% of 

archaeological features encountered on road schemes.  
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a. The application of detailed magnetometry surveys has the 

potential to yield effective results for these features at a standard 

1m x 0.25m resolution.  

b. Small isolated features (including hearths, pits and kilns), are now 

known to be less easy to identify than larger examples at a 

standard 1m x 0.25m resolution. 

2. The most frequent soil types encountered on Irish road schemes were 

sedimentary bedrocks (83%), and specifically Carboniferous limestone. 

These are mostly suited to a 1m x 0.25m magnetometer survey. 

However, road schemes that encountered overlying surface geologies of 

limestone tills (60%) or sands and gravels (4%), found a high rate of false 

negatives at that spatial resolution: some archaeological features on 

these surface soils will be missed (including large enclosure  sites).  

a. On limestone tills or sands and gravels, magnetometer surveys 

should be carried out at an increased spatial resolution of 0.5m x 

0.25m to emphasise low-contrast archaeological features. 

b. Electromagnetic surveys collecting apparent electrical conductivity 

and apparent magnetic susceptibility are viable alternatives to 

magnetometry that will increase the chances of identifying 

archaeological features. 

c. Similarly, earth resistance surveys could be used to identify non-

magnetically contrasting archaeological features. 
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3. Igneous rocks were rarely encountered on Irish road schemes (4%). 

Depending on the depth to bedrock, magnetometer surveys can be 

successful on such geology. 

a. Prospection surveys over high-contrast near-surface igneous rocks 

should be assessed using electromagnetic or earth resistance 

surveys. 

b. Prospection surveys over low-contrast deeply buried igneous rocks 

(with favourable ‘low-contrast’ surface soils) could be assessed 

using a magnetometer survey. 

c. Prospection surveys over igneous rocks of unknown or variable 

depth should be assessed using the geological magnetometer 

scanning method to determine areas of high-/low-contrasts and to 

proceed as above based on those results. 

4. 34.1% of Ireland has poor to imperfectly drained soils that limit the 

effectiveness of magnetometry for the detection of ring-ditch features 

(including ringforts, enclosures and barrow ring-ditches that have limited 

capacity for drainage).  

a. Surveys over poorly drained land should consider the use of 

electromagnetic apparent electrical conductivity or earth resistance 

surveys to determine the presence/absence of ring-ditch features.  

b. The use of magnetometry is valid for the identification of 

thermoremanent features.  
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5. Peat covers 16.5% of Ireland and limits the effectiveness of 

magnetometry. 

a. Peat deposits <0.2m deep could be assessed by magnetometer or 

multi-depth electromagnetic survey 

b. Peat deposits 0.2m-0.5m deep should be assessed by a shallow 

(e.g. VCP or small spaced coils) multi-depth electromagnetic 

survey 

c. Peat deposits 0.5m-1.5m deep should be assessed by a deep 

penetrating (e.g. HCP or large spaced coils) multi-depth 

electromagnetic survey 

d. Peat deposits >1.5m deep should be assessed by a deep 

penetrating (e.g. HCP or large spaced coils) multi-depth 

electromagnetic survey at a coarse (5m) line spacing and 

combined with augering to determine areas of archaeologically 

prospective near-surface gravels, rather than individual 

archaeological features. 
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8.3 Outcomes of the Research 

The research outcomes have validated some previously accepted 

assumptions and challenged others to reveal a more pragmatic manner in 

which to specify the use of geophysical survey methods and techniques. 

Validation 

 Detailed magnetometry (Chapter 3, Volume 1) is suitable for the 

assessment of most archaeological feature types and most soils 

encountered in Ireland.  

 A number of earth resistance surveys have demonstrated that carefully 

considered array selection will achieve high quality results across a 

variety of site types, weather histories and ground conditions. 

 Novel techniques such as electromagnetic, ground penetrating radar and 

Induced Polarisation should be where appropriate to investigate the 

underlying archaeological resource.  

 Apparent electrical conductivity data gathered by modern EM instruments 

can be used as a suitable (and more rapid) alternative to earth resistance 

data. EM surveys also offer additional benefits in speed and the 

simultaneous acquisition of multi-depth information and apparent 

magnetic susceptibility.  
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Challenged Assumptions  

 The reliance upon detailed and scanning magnetometry without due 

regard to geology, soil or archaeological site type is not sustainable. 

 Magnetically high-contrast geology and peat will require alternative 

survey strategies that may require coarse resolution prospection followed 

by targeted detailed surveys.  

 Magnetically low contrast archaeological sites on poorly draining soils 

require alternative strategies that may include high resolution methods 

and non-magnetic techniques.  

 Small-scale features including pits, hearths and kilns were frequently not 

interpreted from magnetometer data, despite the presence of coherent 

anomalies. Higher resolution surveys and/or further training of existing 

practitioner will greatly improve anomaly recognition.  

The research has already been adopted by the National Roads Authority in a 

document based on the outcomes of this research: ‘Preparing for the Future: 

A reappraisal of archaeo-geophysical surveying on Irish National Road 

Schemes 2001-2010’ (Bonsall et al. 2014b). The document has 

recommended a number of specific survey strategies and methods of 

procurement based on the following outcomes: 

 greater use of non-magnetometer techniques to investigate non-magnetic 

archaeological features and/or high-contrast soils 

 the use of detailed survey strategies, ‘full coverage’ and minimum survey 

widths of 40m, rather than reconnaissance scanning or sample strips 

 use of high-resolution surveys where needed 
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 adaptive survey strategies that respond to changes in landscape, soil and 

geology across linear corridors 

 and higher standards of report writing and archiving,  

The recommendation document (Bonsall et al. 2014b) based on these 

research outcomes has already been adopted for use on six National Roads 

Authority projects and (internationally) on one project for the Roads Service 

Northern Ireland. The acceptance of these recommendations validates the 

importance of the research and will encourage its further adoption in the 

future. 

 

8.4 Future research 

The 2001-2010 NRA legacy data archive 

There is a great deal of scope for further research in the future using the 

existing NRA legacy data archive. This research has focussed on the 

effectiveness of geophysical surveys. Very specific elements of the existing 

archive could focus upon other research areas without the need to gather 

any further data:  

The extensive excavation archive and digital geophysical data could be 

analysed to investigate the accuracy of anomaly modelling, particularly in 

relation to depth and width and novel data processing techniques.   
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Commercial magnetometry surveys typically present interpretations of 

anomalies in 2-dimensions and rarely discuss the width or depth of an 

archaeological feature. This information is useful to archaeologists and 

curators that use geophysical data to plan schedules and excavation time-

constraints. The digital archives could be used to generate correlation 

coefficients between the (half-width) modelling of depth from magnetometer 

data (Aspinall et al. 2008: 73) and the excavated features. Modelling could 

also be particularly useful for the study of small-scale features which (this 

study has suggested) can often be missed by magnetometer interpretations.  

This study has focussed on the success of magnetometry to identify 

archaeological features. Further study could examine the success of 

identifying different monument types in comparison to ground-observed 

excavations.   
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The NRA legacy data archive as an ongoing resource 

The legacy data archive is not a static resource - the NRA aims to maintain 

its archive and add future geophysical reports to it. The advice offered to the 

NRA for the future application of geophysical surveys (Bonsall et al. 2014b) 

is expected to alter the manner in which geophysics is commissioned and 

specified, the method of data collection, interpretation and the quality of 

reporting and archiving. These changes can be measured in the future by 

applying analytical techniques similar to this research to determine if any 

effectual changes, benefits or drawbacks have been made. As the archive 

continues to grow and develop, the following areas could be examined: 

The assessment of magnetometry success could continue to be investigated 

as new ground-observed excavations are carried out over areas that have 

already been investigated by geophysical survey. In the 2001-2010 archive 

there are 15 projects which have yet to undergo excavations and 7 new road 

schemes have been assessed by geophysical survey since 2010, which will 

in time be complemented by ground-observed excavations. Some geologies 

have been under-represented by this study (e.g. metamorphic, igneous) and 

it would be of great importance to examine the success of magnetometry 

upon those, as and when ground-observed data becomes available.  
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It is particularly important to assess the success of earth resistance surveys 

as these were very limited in the 2001-2010 archive and not enough had 

been excavated to allow a significant assessment of their success in this 

research. It is also hoped that the new and novel methods and techniques 

recommended to the NRA (Bonsall et al. 2014b) will result in a future archive 

of such surveys that can also be assessed against ground-observed data. 

Future additions to the archive could also monitor the effectiveness of the 

proposed geological magnetometer scanning assessments and the 

subsequent recommendations for detailed surveys. The trend of using 

millimetric survey accuracy thanks to RTK GPS for both geophysical surveys 

and excavations will help to reduce positional errors and should increase the 

accuracy of correlation between the two methods of investigation.  

It is hoped that other institutions or agencies that collate geophysical reports 

could similarly make their archives available. This study has been limited to 

prospection on road corridors and whilst many of the findings are applicable 

to wider areas of study, the findings are based upon data derived from 

narrow survey areas.  
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Areas of research beyond the legacy data 

Beyond the NRA legacy data archive, there are further opportunities for 

research generated by this study.  

 The application of novel methods and techniques 

o Multi-depth electromagnetic (EM) survey, as discussed in Chapter 

2 (Volume 1), is currently enjoying a resurgence in research 

thanks to the development of new instruments by a variety of 

manufacturers. This study has suggested that EM instruments are 

capable of assessing a wide range of archaeological features on 

different geological bedrocks. Further research could examine:  

 the use of EM depth sounding over archaeological features 

 the success of EM over igneous geology, as suggested by 

this research, compared to other techniques 

 the development and use of multi-probe EM devices to 

enable efficient surveys over wide areas 

 correlation between earth resistance and apparent electrical 

conductivity data 

o The use of Induced Polarisation (IP) was found to be very useful 

for mapping wooden trackways. The availability of modern ERI 

instruments allows for the rapid acquisition of ERT and IP data 

which could have many future benefits and has been examined in 

detail by Fry et al. (2011b). Such instruments could play significant 

roles in  the assessment of other wooden structures in peats and 

future research should examine: 
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 The potential for pseudo-3D mapping of wooden trackways 

over wide areas using IP 

 The application of IP to crannogs  

 Temporal studies 

o The time-lapse studies at Kilcloghans represented common soils, 

drainage and geology found across most of Ireland.  

 Further time-lapse studies should occur in the south-east of 

the country, where the weather is known to be warmer and 

the soils drier 

 Additional time-lapse studies should be encouraged at a 

regional level 

 Any future time-lapse studies should: 

 seek to incorporate in-situ weather stations and soil 

probes to return more accurate weather data relevant 

to the local conditions.  

 Incorporate a daily analysis of that data to accurately 

determine time-delay(s) 
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8.5 Conclusion 

The Irish legacy data archive from National Roads Authority road schemes 

has offered the chance to examine the influence of key variables that have, 

in some circumstances, affected the methods and outcomes of geophysical 

assessments in Ireland over the last 10 years. By understanding the impact 

of the key variables upon the legacy data, appropriate strategies have been 

suggested that should be employed in future geophysical survey 

assessments for a range of environments and archaeological site types. The 

comprehensive analysis of geophysical surveys from the legacy data has 

created definitive statements regarding the validity of geophysical techniques 

in Ireland and their appropriateness for the study of archaeology by these 

techniques. 
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Appendix 1 

Archaeological Periods in Ireland 

The terms used in this thesis reflect the Irish chronology of archaeological 

periods where these are established (Barry 2004, Horning et al. 2007, 

Waddell 2010) which differs from the UK, however there are variations for 

most periods in the grey literature (Becker et al. 2008), therefore dates, 

where known, are given, rather than periods. Human activity in Ireland is not 

known to have occurred until the Mesolithic, however archaeological 

investigations on bogs have recovered environmental / mammalian evidence 

dating to the Palaeolithic (Johnston et al. 2006). 

Palaeolithic  Pre c. 8000 BC  
Mesolithic  c. 8000 – 4000 BC 
Neolithic   c. 4000 BC – c. 2500 BC 
Bronze Age  c. 2500 BC – c. 600 BC 
Iron Age  c. 600 BC – c. AD 400 
Early Medieval  c. AD 400 – AD 1169  
Later Medieval AD 1169 – AD 1550 
Post-Medieval AD 1550 – AD 1850 
Early Modern  AD 1850 – AD 1922 
Modern  AD 1922 to Present 

 

Geographical Definitions 

All-Ireland (‘the island of Ireland’):   

The island mass of the Republic of Ireland and Northern Ireland 

 

Britain: 

The island mass of England, Scotland and Wales 

 

United Kingdom: 

Referring to Britain and Northern Ireland   
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Appendix 2  

Frequency of geophysical survey use in Europe 

Comparing the commercial/research use of geophysics between different 

countries is particularly difficult due to varying planning guidance practices, 

the presence / absence of consultants, market forces and affordable 

technology. The term ‘archaeological geophysics’ is used below to describe 

the use of surveys in a terrestrial rather than a marine environment (and also 

excludes metal detection surveys), for which quantitative data is available. 

As such, many countries that are frequent users of geophysical techniques, 

(e.g. Italy and Austria) are not discussed due to an absence of quantitative 

data. 

Ireland 

The Detection Licences issued by the National Monuments Section (NMS) 

have ensured that quantitative data are available to chart the use and 

frequency of geophysical surveys. The database is archived in three parts at 

present:  

1. a paper archive covering the years 1987 - 1997 

2. a digital database covering the years 1997 - 2006 (NMS 2008) 

3. a digital database covering the years 2007 – to the present (NMS 2012) 

The 1987-1997 paper archives are currently unavailable for consultation at 

the NMS offices in Dublin, which maintains an internal database for all 

approved licences for excavations, archaeological geophysical surveys 

(including terrestrial, marine and metal detection surveys) and marine dive 

surveys (Government of Ireland 1999) on behalf of a government Minister.   
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The digital data (NMS 2008;  2012) were made available for review from the 

NMS in a spreadsheet format for the years 1997-2011. The database fields 

include the name of the applicant, types and number of proposed detection 

devices (e.g. terrestrial/marine, magnetometer, earth resistance, metal 

detector, GPR etc.) as well as location data (townland, county, grid 

reference), site type and purpose.  

A single Detection Licence can be issued for more than one geographical 

area e.g. an infrastructure scheme over several km could be covered by one 

licence. Similarly, one licence can cover a range of geophysical survey 

techniques, however if an additional technique is required a new licence (or a 

licence extension) must be applied for. A licence may be issued for many 

techniques when in reality only one may be used due to field conditions or 

timing etc.; in this sense the licences are aspirational – they record which 

techniques might be used for a given area (Table 75), rather than an 

indicator of what was actually used, as featured in a geophysical report. 

These indicate that magnetometry was the most frequently used geophysical 

technique in Ireland, and that generally, the use of other techniques followed 

the UK trend. 
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Method 
   
    
 

Active 
or 
Passive 

Frequency of Use in the British Isles 

UK Republic of Ireland (%) 

Description n % 

Magnetometry Passive High High 1,139 53% 

Electrical Resistance  Active High High / Mid 653 31% 

Magnetic Susceptibility Active Mid / Low Mid 199 9% 

Ground Penetrating Radar Active High / Mid Mid / Low 102 5% 

Electromagnetic Active Mid / Low Low 23 1% 

Metal Detectors Active Low Low 17 <1% 

Seismic Active Low Low 3 <1% 

Microgravity Passive Low Low 1 <1% 

Induced Polarisation Active Low None 0 0% 

Self Potential Passive Low None 0 0% 

Thermal Passive Low None 0 0% 

Total 2,137  

Table 75. Archaeological geophysical techniques used in the British Isles.  

After Gaffney and Gater (2003a), with additions.  

The UK data were estimated by Gaffney and Gater whereas the Irish data utilises 
terrestrial (archaeological geophysical) Detection Licence applications from 1997-
2011. However, the licence applications indicate only an aspirational use of 
technique(s). Nonetheless, it does give broad indications into the frequency of 
geophysical techniques.  

 

Between 1997-2011, 1,389 Detection Licences for archaeological 

geophysical surveys were issued, on average 92.6 surveys per year (Table 

76). During the study period of 2001-2010, 2,281 detection licences were 

issued in Ireland and 1,173 of those were granted for terrestrial 

archaeological geophysical surveys, on average 117.3 per year.  
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Year Terrestrial Metal Detection Marine 

  
Terrestrial Marine 

 1997 30 4 1 1 

1998 19 8 0 0 

1999 21 9 6 11 

2000 40 16 14 21 

2001 39 15 19 29 

2002 73 62 19 47 

2003 72 49 10 24 

2004 91 42 30 18 

2005 96 35 15 29 

2006 161 61 21 21 

2007 199 55 57 10 

2008 185 120 77 10 

2009 139 66 53 15 

2010 118 53 33 13 

2011 106 61 20 14 

     
Average  
(study period) 

92.6  
(117.3) 

43.7  
(55.8) 

25  
(33.4) 

17.5  
(21.6) 

     
Total  
(study period) 

1,389  
(1,173) 

656  
(558) 

375  
(334) 

263  
(216) 

Table 76. Frequency of Detection Licences issued for geophysical surveys in 
Ireland 1997-2011.  

The study period 2001-2010 is highlighted. Data supplied by NMS (2008;  2012). 

 

England 

It is reasonably fair to say that archaeological geophysics has enjoyed 

greater commercial success throughout the UK, possibly more so than any 

other country in the world. However, reliable estimates for frequency of use 

are only available for English surveys. Estimates from England (which 

include both commercial and research surveys) suggest that at least 450 

geophysical surveys were occurring annually in 2003 (Gaffney and Gater 

2003a) and that it was used on at least 23.4% of commercial evaluations 

arising from planning applications (David et al. 2008).   
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Three archives are available that give indications of survey use in England. 

Data obtained by the author from the Archaeological Investigations Project’s 

(AIP) catalogue of grey literature (both commercial and academic) from 

England (AIP 2012) records an average of 266.6 surveys annually between 

2001-2010. These figures should be treated with caution and regarded as a 

minimum number rather than an accurate guide to the full scale of 

prospection surveys in England as they have relied on voluntary 

submissions. The AIP has also recorded some unique survey events a 

multiple number of times e.g. Heard (2006) appears 84 times in the archive; 

the statistics presented above have carefully assessed the AIP archive to 

identify an accurate number of unique records (n=2,704 for 1990-2010) 

rather than those initially offered by the archive (n=3,651 for 1990-2010). 

The second archive is an independent review of 1,102 surveys in the East 

Midlands region between 2001-2006; on average 183.6 surveys occurred 

annually there (Knight et al. 2007).  

The English Heritage Geophysical Survey Database (English Heritage 2012) 

records 748 surveys between 2001-2010, on average 74.8 per year, which 

mostly reflects English Heritage’s own surveys rather than those of other 

practitioners.  

The three archives are clearly drawn from three distinct populations with 

some degree of overlap between them. Nevertheless, these figures give a 

reasonable indication of the very frequent use of geophysical survey in 

England that contrasts strongly with the following European examples.  
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Sweden 

In Sweden at least 225 surveys occurred since 1977. 165 of those surveys 

occurred between 2001-2008, an average of 20.6 per year, increasing 

significantly to 30.3 per year for 2005-2008 (Viberg et al. 2011).  

 

Norway 

Norwegian surveys have a long history, beginning in 1968 and culminating in 

198 projects up to February 2013, an average of 4.4 per year (Stamnes and 

Gustavsen 2014). For the 2001-2010 study period, 98 surveys occurred, 

averaging at 9.8 per year. The most frequent surveys have occurred in 

modern times - between 2010 and February 2013, 61 surveys occurred, 

increasing the average significantly to 19.8 per year.   

 

Germany 

Statistics obtained from the Bavarian State Department of Monuments and 

Sites (BLFD) indicate that at least 650 research surveys occurred in Bavaria 

between 1985-2012, at an average of 23.2 surveys per year, however they 

have tended to average at 50 sites annually in recent years (Fassbinder 

2013). These projects were carried out by the Institute of Geophysics, LMU, 

Munich; a further circa 20 commercial project reports per year were 

submitted to the BLFD since 2008.  
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The figures from Bavaria should not be used to project a statistical 

representation of Germany as a whole - Bavaria has benefitted from the 

extensive use of surveys across a state that has very favourable geology for 

magnetic prospection techniques (Becker 2001;  2009, Fassbinder 2010).  

 

Netherlands 

An inventory of work in the Netherlands recorded 273 surveys between 

1996-2010, an average of 18.2 per year (Visser et al. 2011). For the 2001-

2010 study period, 159 surveys occurred, averaging 15.9 per year. 
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Appendix 3  

Data Processing steps applied to geophysical data collected in Chapters 4, 5 and 6. 

Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Kilcloghans, 
Co. Galway 

Electromagnetic 
(VCP) ECa 

 No thresholds  X=1 Y=1 Wt=G  0.125m x 0.125m 

Kilcloghans, 
Co. Galway 

Electromagnetic 
(VCP) MSa 

 No thresholds   X=1 Y=1 Wt=G 0.125m x 0.125m 

Kilcloghans, 
Co. Galway 

Electromagnetic 
(HCP) ECa 

 No thresholds  X=1 Y=1 Wt=G  0.25m x 0.25m 

Kilcloghans, 
Co. Galway 

Electromagnetic 
(HCP) MSa 

 No thresholds   X=1 Y=1 Wt=G 0.25m x 0.25m 

Kilcloghans, 
Co. Galway 

Magnetometer  No thresholds   X=1 Y=1 Wt=G 0.125m x 0.125m 
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Hughes’-Lot 
East, Cashel, 
Co. Tipperary 

Electromagnetic 
(HCP) ECa 

X=2 Y=2 Thr=3 Repl=Mean No thresholds  X=2 Y=1 Wt=G  0.25m x 0.25m 

Hughes’-Lot 
East, Cashel, 
Co. Tipperary 

Electromagnetic 
(HCP) MSa 

 No thresholds   X=2 Y=1 Wt=G 0.25m x 0.25m 

Hughes’-Lot 
East, Cashel, 
Co. Tipperary 

Electromagnetic 
(VCP) ECa 

X=2 Y=2 Thr=3 Repl=Mean No thresholds  X=2 Y=1 Wt=G  0.25m x 0.25m 

Hughes’-Lot 
East, Cashel, 
Co. Tipperary 

Electromagnetic 
(VCP) MSa 

 No thresholds   X=2 Y=1 Wt=G 0.25m x 0.25m 

Hughes’-Lot 
East, Cashel, 
Co. Tipperary 

Magnetometer  No thresholds All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

 X=2 Y=1 Wt=G 0.25m x 0.25m 

Hughes’-Lot 
East, Cashel, 
Co. Tipperary 

Earth 
Resistance 
(Wenner) 

X=1 Y=1 Thr=3 Repl=Mean   X=2 Y=1 Wt=G  0.5m x 0.5m 
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Burnt mound 
of stones, 
Knockduff,  
Bree, Co. 
Wexford 

Electromagnetic 
(VCP) ECa 

 No thresholds All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

X=2 Y=1 Wt=G  0.25m x 0.25m 

Burnt mound 
of stones, 
Knockduff,  
Bree, Co. 
Wexford 

Electromagnetic 
(VCP) MSa 

 No thresholds All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

 X=2 Y=1 Wt=G 0.25m x 0.25m 

Burnt mound 
of stones, 
Knockduff,  
Bree, Co. 
Wexford 

Magnetometer  No thresholds All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

 X=1 Y=1 Wt=G 0.125m x 0.125m  
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Leper 
Hospital, 
Windmill Hill, 
Cashel, Co. 
Tipperary 

Electromagnetic 
(VCP) ECa 

 No thresholds  X=1 Y=1 Wt=G  0.25m x 0.25m 

Leper 
Hospital, 
Windmill Hill, 
Cashel, Co. 
Tipperary 

Electromagnetic 
(VCP) MSa 

 No thresholds   X=1 Y=1 Wt=G 0.25m x 0.25m 

Leper 
Hospital, 
Windmill Hill, 
Cashel, Co. 
Tipperary 

Electromagnetic 
(HCP) ECa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds  X=1 Y=1 Wt=G  0.25m x 0.25m 

Leper 
Hospital, 
Windmill Hill, 
Cashel, Co. 
Tipperary 

Electromagnetic 
(HCP) MSa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds   X=1 Y=1 Wt=G 0.25m x 0.25m 
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Pre-bog Field 
Walls, 
Slievemore, 
Achill Island, 
Co. Mayo 

Electromagnetic 
(HCP) ECa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds  X=1 Y=1 Wt=G  0.5m x 0.5m 

Pre-bog Field 
Walls, 
Slievemore, 
Achill Island, 
Co. Mayo 

Electromagnetic 
(HCP) MSa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds   X=1 Y=1 Wt=G 0.5m x 0.5m 

Pre-bog Field 
Walls, 
Slievemore, 
Achill Island, 
Co. Mayo 

Earth 
Resistance 
(Wenner) 

X=2 Y=2 Thr=3 Repl=Mean   X=2 Y=1 Wt=G  0.5m x 0.5m  
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Sod-Walled 
Cottage, 
Knockduff, 
Bree, Co. 
Wexford 

Electromagnetic 
(VCP) ECa 

 No thresholds  X=2 Y=2 Wt=G  0.25m x 0.25m 

Sod-Walled 
Cottage, 
Knockduff, 
Bree, Co. 
Wexford 

Electromagnetic 
(VCP) MSa 

    X=2 Y=2 Wt=G 0.25m x 0.25m 

Sod-Walled 
Cottage, 
Knockduff, 
Bree, Co. 
Wexford 

Magnetometer  No thresholds All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

 X=2 Y=2 Wt=G 0.125m x 0.125m  
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Magheraboy 
Co. Sligo 

Electromagnetic 
(VCP) ECa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds  X=1 Y=1 Wt=G  0.25m x 0.25m 

Magheraboy 
Co. Sligo 

Electromagnetic 
(VCP) MSa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds   X=1 Y=1 Wt=G 0.25m x 0.25m 

Magheraboy 
Co. Sligo 

Magnetometer  No thresholds   X=1 Y=1 Wt=G 0.125m x 0.125m 
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Ballinorig 
West 2, Co. 
Kerry 

Magnetometer  No thresholds All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

 X=2 Y=2 Wt=G 0.125m x 0.125m 

Ballinorig 
West 2, Co. 
Kerry 

Magnetic 
Susceptibility 

     2m x 2m 

Ballinorig 
West 2, Co. 
Kerry 

Earth 
Resistance 
(Wenner) 

X=1 Y=1 Thr=3 Repl=Mean   X=1 Y=1 Wt=G  0.5m x 0.5m 

Ballinorig 
West 2, Co. 
Kerry 

Earth 
Resistance  
(Twin-probe) 

X=1 Y=1 Thr=3 Repl=Mean   X=1 Y=1 Wt=G  0.5m x 0.5m 

Ballinorig 
West 2, Co. 
Kerry 

Earth 
Resistance  
(Wenner) 

X=1 Y=1 Thr=3 Repl=Mean   X=1 Y=1 Wt=G  0.25m x 0.25m 
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Site Technique De-spike Zero  
Mean 
Traverse 

De-stagger  High Pass 
Filter  
 

Low Pass Filter  
 

Interpolation 
(Sin(x)/x) 
 

Clonhaston, 
Co. Wexford 

Electromagnetic 
(HCP) ECa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds  X=1 Y=1 Wt=G  0.25m x 0.25m 

Clonhaston, 
Co. Wexford 

Electromagnetic 
(HCP) MSa 

X=1 Y=1 Thr=3 Repl=Mean No thresholds   X=1 Y=1 Wt=G 0.25m x 0.25m 

        

Woodstown, 
Co. Waterford 

Magnetometer  No thresholds   X=1 Y=1 Wt=G 0.125m x 0.125m 

        

Time-lapse 
survey, 
Kilcloghans, 
Co. Galway 

Earth 
Resistance 
(Square) 

X=1 Y=1 Thr=3 Repl=Mean  All Grids,  
X dir. Shift=1-  
Line Pattern -
2-4-6-8 

  0.5m x 0.5m  

Time-lapse 
survey, 
Kilcloghans, 
Co. Galway 

Earth 
Resistance  
(Twin-probe) 

X=1 Y=1 Thr=3 Repl=Mean     0.5m x 0.5m  

Time-lapse 
survey, 
Kilcloghans, 
Co. Galway 

Earth 
Resistance 
(Wenner) 

X=1 Y=1 Thr=3 Repl=Mean     0.5m x 0.5m  
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Appendix 4 

Plates 

 

Plate 1. Map of sites investigated by this research. After NRA (2010).

Magheraboy, Sligo 

Slievemore, Achill Island 

Edercloon 

Kilcloghans, Tuam 

Ballinorig West 2 

Windmill Hill and  
Hughes’-East Lot,  

Cashel Clonhaston 

Knockduff, Bree 
Woodstown 
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