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Cover. View to the south west from Caton Road showing typical survey terrain.
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1

Introduction

Bentham Geoconsulting Ltd was commissioned by E & JW Glendinning Ltd (the client) to
undertake an electromagnetic conductivity survey of land lying to the east of the proposed
extension to Linhay Quarry near Ashburton, Devon. The land areas are tenanted by Alston Farm,
Caton Farm and Neil Turner, a resident of Caton.
The geophysical survey took place between 7th and 13th March 2016 under E & JW Glendinning
purchase order BW73444.

1.1 Survey Aims
The purpose of the electromagnetic conductivity survey was to obtain reconnaissance level, subsurface information pertaining to the thickness of the clay cover over the Chercombe Bridge
Limestone Formation and to indicate any anomalous areas which may relate to the presence of
solution features.
Although the surveyed area is not part of the proposed quarry extension, the effects of local dewatering on solution activity need to be considered. The survey data are intended to provide a
baseline dataset such that further geophysical methods or intrusive confirmation works could be
targeted. In addition, future geophysical surveys may be able to detect evidence for changes in
the sub-surface characteristics allowing for appropriate and timely investigation.

1.2 Site Details
Linhay Hill Quarry is located east of Ashburton in Devon. The areas surveyed during our 2016 site
works are located to the east of the proposed quarry extension and lie within the fields adjacent
to Caton village. These fields are tenanted by Alston Farm, Caton Farm and Neil Turner, a Caton
village resident.
At the west of the surveyed area there is a partial overlap with a resistivity imaging survey
undertaken by Bentham Geoconsulting Ltd in September 2014.
The area surveyed is around 31Ha but this estimate includes inaccessible areas and areas within
Caton village.
The National Grid coordinates of the survey site centre are SX 277990 71963.
The surveyed areas comprise of open fields which are used for grazing with the exception of some
fields north of Caton village which are used for crops. The fields are separated by hedges on
stone embankments. The overall site topography consists of a steady fall in elevation from
around 150m in the north to around 122m in the south.
Figure 1 shows an aerial photograph with the present survey area outlined in green and the 2014
resistivity survey boundary (which occupies the proposed quarry extension footprint) shown in
red.
Additional geophysical survey works indicated on Figure 1 have been completed within the fields
adjacent to the A38 off slip at Goodstone Cross, by Sub-Surface Geotechnical Ltd in 2014. Their
survey works, which had similar aims, were undertaken on behalf of EM Highways Ltd as a result
of subsidence near the A38 slip road at locations indicated on Figure 1. Their report is available as
a separate entity (see references section).
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1.3 Geological Setting
The regional solid geology around the survey area is complex with a number of rock types
including igneous and sedimentary rocks from a variety of environments.
The survey area is underlain by the Chercombe Bridge Limestone Formation of Devonian age. The
limestone is terminated by a fault at the northern extremities of the survey area where slates of
the Tavy Formation are present. The exact location of the fault at the western side of the site was
confirmed by our 2014 resistivity survey.
Superficial deposits around the survey area comprise of clays, silt, sand and gravels of
Quaternary age. It is likely that the majority of superficial deposits in the surveyed area are clays,
based on recent borehole data.
There are numerous streams issuing and sinking within the survey area. In addition there are and
have been many occurrences of surface collapses into what are assumed to be solution or washout features.

1.4 Electromagnetic (EM) measurements
In order to attempt to provide data upon the thickness of the clay deposits, Bentham
Geoconsulting used an electromagnetic ground conductivity instrument to collect readings of bulk
conductivity over the survey area.
Measurements of ground conductivity are useful for mapping out the variations in near-surface
materials. The method can locate man-made objects and structures as well as changes in the
distribution of geological materials, voids and variations in moisture content.
EM survey instruments use a transmitter coil to generate a primary electromagnetic field of which
part propagates into the ground surface. In the presence of conductive materials the primary field
generates eddy currents. This is the secondary electromagnetic field.
A receiver coil on the EM instrument measures the magnitude of the secondary field which is
termed the quadrature-phase. The quadrature-phase is directly proportional to the conductivity of
the ground with values measured in milliSiemens per metre (mS/m).
It is important to note that the conductivity measurements provided by EM instruments are bulk
(average) readings over the depth range of the instrument. In areas where the sub-surface
materials are homogenous then the measured conductivity would be a true reading, but this
situation is rare as natural material properties tend to vary over the instruments depth range at a
site. Variations can occur due to natural compositional changes, variation in the relative thickness
of differing materials within the instrument depth range and also the variations in (seasonal)
moisture contents.

1.5 Electromagnetic equipment
The electromagnetic equipment used for this survey was a Geonics EM31 with an Allegro field
computer which recorded both EM31 data and differential GPS (dGPS) positions. The EM31 has a
configuration allowing it to obtain data over a depth range to about 5-6m when carried. The
actual depth of penetration can vary and be hindered by high surface conductivities and also
surface obstructions which add noise.
The control software on the Allegro field computer allows for automatic collection of data at a
sampling time interval making a continuous walking survey possible.
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The EM31 comprises two booms one of which is the transmitter coil and the other the receiver
coil. Photograph1 shows an EM31 survey in progress. Note the EM31 booms and the differential
GPS receiver above the operator.

Photograph 1: A Geonics EM31 with DGPS system.

1.6 Electromagnetic survey layout
As the EM31 operated by Bentham Geoconsulting Ltd uses a dGPS system for location purposes,
it is not necessary to lay out survey lines in any great detail over large areas. Instead, having
split the survey areas into convenient blocks, in this case fields, we marked the survey line start
and end points at the northern and southern end of each survey block. To aid the operator when
walking, flags were placed at each survey line marker point so that aiming points were easily
visible.
Having started logging the data, the operator walked each adjacent survey line using the flags to
keep the line as straight as possible. In such a large survey area some lines had to be locally
deviated due to obstructions, but this was a comparatively rare occurrence. The advantage of
dGPS location in awkwardly shaped and large survey areas is clear.
The Allegro logger was set to record conductivity data at a rate of 5Hz which is equivalent to a
linear sampling distance of approximately 0.25m.

1.7 Quality control
Data collected using the EM31 system are visible in real-time. As such it is usually possible to see
when an instrument problem in occurring.
Assuming that the instrument is functioning correctly then typical quality control measures are
undertaken as follows:1. A base-station location is setup within each survey block such that instrument drift can be
assessed at periods throughout the survey day. Should drift be significant a linear
correction can be applied.
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2. The EM31 operates using batteries. The battery voltage needs to be above minimum levels
and this can be monitored using the Batt setting on the instrument. This check is made
at the beginning of each day and during intervals during the survey day.
3. The survey line spacing for any survey is dictated by the target of interest, with smaller,
deeper targets requiring closer line spacings. At the Linhay site the survey line spacing
was maintained by aiming for marker flags at the ends of each survey line. There will be
some deviation from the specified survey line spacing but visual reference to the logger
track record and its scale allows lines to remain close to the desired spacing. This
procedure is sufficient for surveys of large areas where the targets are larger.
4. GPS data are not infallible. On-board QC thresholds on the Allegro logger are set such that
warnings are issued if the accuracy thresholds are breached. In areas of trees or building
obstructions, best quality GPS positioning may never be obtained.

1.8 Typical electromagnetic data processing
EM31 data were stored upon a battery powered data logger during field operations. The data for
each survey area were given a unique file name and each conductivity data point was assigned a
dGPS position in latitude and longitude. The data stored by the Allegro field computer included
ground conductivity values (milliSiemens per meter (mS/m)) and the in phase values (parts per
thousand (ppt)). The in-phase value reflects the susceptibility of the ground and is useful for the
characterisation of ferrous materials or objects. After completion of each section of the survey,
the data were transferred to laptop for security.
In the office the data were processed to remove outlying data points, to remove the effects of
striping caused by surveying in alternate directions and a correction was made for the offset
between the GPS and the EM31. The dGPS coordinates were then converted to Ordnance Survey
National Grid eastings and northings.
The survey data were gridded using Golden Software Surfer after applying the nearest neighbour
method. Further filtering was applied as necessary to enhance the data of interest. For
presentation appropriate contour levels are chosen to further illustrate the conductivity
characteristics of the site and the data were then interpreted for reporting purposes.

2

Results

2.1 Interpretation of results
In order to interpret the conductivity distribution at the Linhay site we have made some initial
assumptions based upon the geological materials at the site which have been confirmed using
borehole data.
At the Linhay site we would expect limestone to exhibit lower conductivity values whilst clay
would exhibit relatively higher values. On this basis where clay deposits are thicker than the
maximum measurement depth of the instrument, we would expect highest conductivity values.
Where limestone is relatively close to the surface and the clay deposits are at minimal
thicknesses, we would expect to see the lowest conductivity values. Intermediate conductivity
values would be expected between the two extremes. Material types other than clay and
limestone as well as localised moisture content changes would change the expected conductivity
relationship. As such the results should not be considered definitive but indicative only.
A drilling exercise undertaken after our 2014 resistivity surveys provides confirmation of
materials and thickness which can assist in the interpretation of this survey. As our 2014 and
2016 surveys overlap at the west of the current survey area, we have a means of clay thickness
correlation.
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Broadly speaking where our resistivity survey of 2014 indicated limestone at shallow depths this
was confirmed during the subsequent borehole exercise. In the area of overlap and where the
2016 survey noted low conductivities, boreholes confirmed shallow limestone in most cases and
vice versa. We consider this to indicate that the EM31 instrument is indicating clay thickness at
this site.
The previous geophysical surveys undertaken by Sub-Surface Geotechnical Ltd in 2014 were also
ground truthed with borehole information. Again the low conductivity values noted in their survey
broadly matched shallow lying limestone.
Despite the excellent relationship between the proven clay thickness and equivalent conductivity,
there are no means to establish an exact conductivity value relating to a specific clay thickness.
It is important to note that we would expect some discrepancies between our conductivity data
and predicted limestone depths. Discrepancies can arise due to clay filled fissures in the upper
surface of the limestone, due to localised water content changes, due to pockets of unexpected
materials such as sands or gravels and also due to an irregular limestone surface which will
provide a bulk conductivity based on the average bedrock depth. In addition, despite intrusive
confirmation of conductivity anomalies, spurious results cannot always be explained.

2.2 Overall summary
The overall results following the electromagnetic conductivity survey around Caton village are
shown in summary on Figure 2. On Figure 2 we have overlain the contoured conductivity data on
topographic maps.
In summary, the data show an increase from low conductivities in the range 1 -7 mS/m in the
south, increasing through intermediate conductivity values (9-12mS/m) to highest values at the
north and north-east of the site. Highest values reach around 17 - 20mS/m.
Based upon the confirmed thickness of clay along the western margin of the conductivity survey
area, the variation in conductivity appears to be indicating the thickness of the clay cover over
limestone. Limestone rockhead is likely to be within the range 1-3m in the field west of Caton
Cottage and within the fields to the south west of Caton adjoining the A38.
We estimate that the intermediate conductivity values to the north represent clay thicknesses of
between 2-4m.
To the north-east of Caton the conductivity values are at their highest. Where the conductivity
data collected by Subsurface Geotechnical Ltd in 2014 joins the data collected by Bentham
Geoconsulting (see Figure 1) there is good agreement in both conductivity distribution and
values. This in itself suggests that the overall survey methodology is effective. It is clear that the
highest conductivities noted at the northern extent of their survey in Caton Farm Central Field
persist to the north as evidenced from the conductivity data on Figure 2. Based upon the
confirmed thickness of clay cover from nearby boreholes, we assume that this indicates an
increase in clay thickness to 4m+ to the north.
We estimate that the maximum depth of investigation achieved with the EM31 was between 56m. As such beyond 6m of clay thickness the instrument is not influenced by the presence of
limestone.
There are two very clear linear anomalies visible on Figure 2. The first is labelled E and runs
northwards from Caton village and lies just to the east of Caton Road. A linear anomaly such as
this is likely to be related to a metal pipe or concrete culvert, but this will require confirmation.
Although the anomaly is broadly linear its does have some considerable extent, particularly near
its midpoint. We cannot be certain why this may be other than to state that there may be more
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than one target. Two blockhouses within woods/shrubs just to the west of Caton Road may be
related to a pipe distribution network.
A second linear anomaly, which is likely to be a pipe or concrete culvert, is labelled F on Figure 2.
This anomaly runs to the south-west before turning south-east under a field boundary wall. The
southern end of the anomaly could not be followed due to insufficient access.

2.3 Specific anomalies in the fields to the east of Caton Road.
Figure 3 shows the conductivity data for the fields to the east of Caton Road. In summary the
conductivities are lower at the south and increase to the north suggesting that clay cover
increases northwards.
At the very east of the surveyed area anomaly A is the northern end of a possible pipe noted
within the Sub-Surface Geotechnical Ltd report of 2014.
Anomalies B , C and D are localised increases in conductivity which may indicate that clay
thickness is increasing. In the context of the site, these may represent localised topographic lows
in the limestone surface or may represent infilled solution hollows.
The low to intermediate conductivity values which occupy the known sinkhole area (Sub-Surface
Geotechnical Ltd report 2014) appear to persist to the north and head under the fields north of
Caton. In the context of the known sinkholes these intermediate values may represent a natural
channel within the limestone surface forming a preferential drainage pathway. This may explain
the presence of the sinkholes within the very obvious depression adjacent to the A38 off-slip at
Goodstone Cross.
The two small fields to the immediate north of Caton Farm have notable areas of low conductivity
indicating shallow limestone. High conductivities within these same fields appear to be related to
wire fencing.

2.4 Specific anomalies in the northern fields lying to the west of
Caton Road.
Figure 4 shows the conductivity data from the fields lying to the west of Caton Road and
occupying the northern extents of the surveyed area. In summary this area contains conductivity
values in the intermediate to high range excepting the field to the west of Caton Cottage.
The overall distribution shows no clear pattern and there are no localised anomalies which
suggest a localised increase in clay thickness. Instead the main anomaly is the high conductivity
linear anomaly F which is likely to be a pipe or concrete culvert. We note an increase in
conductivity adjacent to the linear anomaly along its north-east to south-west aligned segment. It
is difficult to determine whether this is related to clay thickness or leakage.
We do note that the fields to the east of Alston Farm show increased conductivities along their
long axis centrelines. This may relate to an increase in the water content since field drainage may
be less effective along the fields centres. Equally the distribution may suggest that there is a
pattern of north-south oriented topographic lows in the limestone surface increasing the clay
cover thickness.
To the south-east of Alston farm there is a known and active area of sinkholes which appear at
field surface. These sinkholes coincide with an area of intermediate conductivity suggesting
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increased clay cover. Many of the sinkholes are located close to the field edge at the east of this
zone (circled on Figure 4). These coincide with a conductivity of around 9-10 mS/m.
Within the field lying west of Caton Cottage, the conductivity is a consistent low (5-7 mS/m)
suggesting shallow limestone in this area.

2.5 Specific anomalies in the southern fields lying to the west of
Caton Road.
Figure 5 shows the conductivity data for the fields lying to the west of Caton village and
occupying the southern field area adjacent to the A38. In summary, the conductivities within this
area increase from very low adjacent to the A38 and rise to intermediate values to the north. This
suggests an overall increase in the clay cover northwards.
Anomalies of possible note include anomaly H within Neil Turners field, which is seen as a north
to south band of low-intermediate conductivity bordered by low conductivities at the field edges.
The intermediate conductivity band passes southwards into the adjacent field with conductivity
increasing to around 13mS/m at anomaly G . This arrangement of conductivity has some
similarities with the known sinkhole to the east of Caton village as described in section 2.3. We
may be seeing a topographic low in the limestone surface providing a preferential drainage
pathway to a possible sinkhole at or close to anomaly G . This of course is speculative without
further investigations.
The extreme high conductivity values noted within Neil Turners field are related to fencing and
structures at the field surface.
Anomaly I is seen within the field north of Neil Turners field. Here we note a localised increase in
conductivity to around 14-15mS/m. Taking the site context into account this may represent a
localised topographic low in the limestone with corresponding increase in clay cover thickness.
This may be related to an area of solution activity.
The fields at the south of this area exhibit very low conductivity values. Our resistivity survey of
2014 and the subsequent borehole investigation confirm that clay cover in this general area is
typically less than 3m and sometimes at little at 0.5m. On this basis we suggest that the low
conductivities confirm that the thin clay cover persists within this area. Anomaly J is a localised
increase in conductivity which may indicate a local solution feature or a topographic low in the
limestone surface.

2.6 Specific anomalies in the fields lying to the west and south of
Alston Farm.
The field to the west of Alston Farm contains a significant range in conductivity values. At the
northern boundary of this field is an area of lush vegetation and bog. This corresponds to
anomaly K which in this case may indicate increased conductivity primarily due to water content.
Immediate to the south of anomaly K are septic tank covers probably relating to Alston Farm.
These are visible as the localised extreme low conductivity anomalies.
To the south conductivities are seen at intermediate values indicating a moderate clay cover
thickness. A fault lines indicated by our resistivity imaging survey of 2014 runs through this field
and may be the cause of the break in conductivity distribution from <8mS/m to >9+mS/m.
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The field to the south of Alston Farm exhibits conductivities of around 8mS/m along its long axis
which broadly agrees with increased clay cover indicated by the resistivity imaging and borehole
data collected from this area in 2014/2015.

3

Summary conclusions and recommendations

The electromagnetic survey data collected around Caton village appears to be indicative of the
thickness of the clay cover over the Chercombe Bridge Limestone Formation. The correlation
between the borehole derived clay thickness and the measured conductivity values within this
report and the Subsurface Geotechnical report of 2014 suggest that conductivity is a good
indicator of clay thickness.
In summary, the clay cover appears to transition from shallow (probably 1-3m) at the south to
depths probably in excess of 5-6m in the north.
We do expect there to be some discrepancies for reasons of natural variations in water content
which can affect the conductivity values, the potential for fissures within the limestone surface to
be infilled by clay which will affect the average measured conductivity and also topographic
averaging effects. We cannot exclude changes in the cover deposits as a potential cause for some
anomalies.
Although we could not survey within Caton village it appears quite likely that the village is
founded upon an area of minimal clay thickness.
Within the overall conductivity distribution we note some initial anomalies which may be
indicative of infilled solutions features. These are summarised on Figures 2 to 6 and have been
discussed in section 2. Our survey data cannot determine any rate of solution activity if these
anomalies are related to solution features.
In our opinion the feature of most interest is the band of low/intermediate conductivities within
anomaly H which pass southwards to the localised conductivity anomaly G . We see a similar
distribution of conductivities around the known sinkhole. We suggest that the band of
low/intermediate conductivity H is a channel within the limestone surface which may act as a
preferential drainage path. This drainage passes into a clay infilled depression at or close to
anomaly G .
Although our initial interpretation for anomaly G is unproven, the fact that it lies close to the A38
may warrant some further investigations. The gradual dewatering of the area throughout the
lifetime of the proposed quarry extension may have a greater effect upon this area.
As the current conductivity survey provides a baseline dataset which may to be related to clay
thickness, we recommend that the following actions are undertaken to improve the interpretation.
1. Further investigations over the area containing anomaly G and H to better define the
clay thickness and limestone surface topography.
2. Investigations over the area of known and active sinkholes within the field to the southeast of Alston Farm. This would allow a direct characterisation of the clay - limestone
relationship within these areas.
3. Investigations over a selection or all of the anomalies A to J to characterise the claylimestone relationship and to determine the possibility for the anomalies being related to
infilled sinkholes.
4. Investigation of a selection of control areas with no immediately obvious conductivity
anomalies. This procedure will help to confirm the clay thickness and limestone surface
topography.
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The means of investigation should involve the provision of resistivity imaging survey lines as per
our survey works of 2014. The advantage of this survey method is the near-continuous subsurface profiling output which cannot be obtained by drilling. Once the resistivity lines have been
obtained we can then suggest the best target locations for any drilling operations.
We believe that this approach early on in the planning process will best characterise the area of
concern around Caton. Repeat surveys over the lifetime of the quarry extension may be advisable
to monitor for changes in the sub-surface characteristics, particularly around Caton village.

4

General survey limitations

A geophysical investigation should be viewed as a part of a full site investigation and should be
combined with suitable intrusive methods to form a definitive site assessment model. Geophysical
data should be considered indicative in the absence of intrusive data.
Geophysical methods rely on changes in materials properties. Where complex geometries exist or
where there is insufficient geophysical contrast between materials, the detection of sub-surface
targets may be beyond the capabilities of current instrumentation and interpretation. Geophysical
interpretations are often not unique.
Author
Dr Steven Openshaw (BSc, PhD, FGS)

Principal Consultant
For Bentham Geoconsulting Limited
March 24th 2016
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Figure 1: Aerial Photograph showing the 2016
conductivity survey area and the resistivity imaging
survey area of 2014.
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Figure 2: Summary plan of all conductivity data.
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Figure 3: Eastern conductivity data - Caton Farm.
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Figure 4: Northern conductivity survey data - Alston
Farm.
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Figure 5: Southern conductivity survey data - Alston
Farm.
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Figure 6: Western conductivity survey data - Alston
Farm.
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Figure 6: Western conductivity survey data - Alston Farm.
Site: Land to the east of the proposed extension to Linhay
Quarry, Ashburton, Devon.
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