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Executive summary
Following submission of the planning application for the proposed extension to Linhay Hill Quarry and receipt
of comments on the accompanying Environmental Statement from statutory consultees and other parties,
E&JW Glendinning Ltd. utilising Atkins Ltd. has undertaken an additional program of data collection on the
hydrogeology, hydrochemistry and hydrology of the site and its surrounds. This has been supplemented by
further ground investigations and additional geological and hydrogeological desk study work. This
programme of work and subsequent interpretation of the results are described in this report, which builds on
the earlier Hydrogeological Impact Assessment (HIA), dated 31st May 2016 (Atkins, 2016).
The data collection and monitoring programme since the HIA of 2016 comprised the following components:









A walkover survey of the area surrounding the Linhay Hill Quarry and the proposed extension to
investigate: the geological structure of the limestone; the presence of karst features; groundwater
inflows; and the nature of the overlying superficial deposits.
Drilling of 13 boreholes and installation of groundwater monitoring wells within 11 of these.
Slug testing of seven groundwater monitoring wells to assess hydraulic conductivity in the Chercombe
Bridge Limestone Formation (CBLF) and the Tavy Formation to the north.
Monthly monitoring of surface water and groundwater quality at nine locations and further sampling at an
additional nine locations.
Regular monitoring of water levels in the boreholes and monitoring of water resources at a further 14
locations, including: rainfall gauging; stream gauging and flow estimation; and measurements of flow and
water levels in the quarry.
Carrying out a signal test, in which extractions from the quarry sump ceased over a 10-day period.
Groundwater levels and inflows to the quarry were monitored during this 10-day period and
subsequently, following the resumption of pumping.

The data from these activities were used, in conjunction with a review of the available literature, to develop
an updated conceptual model of groundwater and surface water in the study area, including analysis of
hydrochemistry and development of the water balance for the quarry and the wider topographic catchment of
the CBLF. The following conclusions were drawn:














The CBLF lies within the catchments of the River Ashburn and the River Lemon. The South Devon
Catchment Abstraction Management Strategy (CAMS) (Environment Agency, 2012) states that there is
‘water available’ (surface water and groundwater) in the Ashburn catchment during the spring, autumn
and winter (Q30, Q50 and Q70) periods. In the summer (Q95), water is not available for licencing in the
Ashburn catchment. Water is available in the River Lemon catchment all year round (Q30 to Q95)
(Environment Agency, 2012).
The CBLF is a buried karst aquifer with sediment-filled sinkholes and swallow holes near the land
surface, with underlying vertical conduits and a conduit system developed at depth, possibly including
caves.
Groundwater flow within the CBLF is primarily controlled by a limited number of conduits, with limited
flow occurring within the matrix and accompanying network of fractures.
The majority of conduits lie within two zones: a shallow zone, which responds rapidly to rainfall; and a
deep zone, which shows a more muted response to rainfall. The data suggest that these two zones are
not well connected hydraulically.
Historical dewatering of the quarry has not affected groundwater levels discernibly within the Tavy
Formation to the north and a deep borehole within this formation has been artesian throughout most of
the monitoring period. The response of boreholes in this formation to slug testing, rainfall events and
dewatering from well development shows that the Tavy Formation has a low permeability and is not well
connected hydraulically to the quarry.
The majority of inflows to the quarry are from the deep zone of the CBLF and the data suggest a
relatively diffuse capture zone to the east.
Inflows for June 2017 to May 2018 to the quarry are equivalent in magnitude to 17% of total inflows to
the CBLF, with flow from the shallow zone equivalent to 2.5% of CBLF inflows and deeper inflows
equivalent to 7.4%.
The existing quarry lies within the topographic catchment of the Balland Stream. Combined runoff and
shallow groundwater inflows to the quarry are estimated to be 462 ML from June 2017 to May 2018,
while 830 ML are estimated to have been returned to the Balland Stream over the same period, either as
pumped discharges or via infiltration to the CBLF from the base of the Balland Pit.
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Based on the water balance and a conservative set of assumptions, the proposed deepening of the void
may increase annual groundwater inflows to the quarry by up to 240 ML.
Based on a similarly conservative set of assumptions, annual inflows to the quarry may increase by a
further 514 ML over a 60-year period, towards the end of the proposed extension works. For comparison
this is equivalent to approximately 23% of estimated flows in the Kestor Brook at the edge of the CBLF
over the period of the water balance. Although for water temporarily intercepted by the quarry, it is
envisaged that if necessary a similar volume could be returned to the Kestor Brook or its tributaries.
If that transfer is found to be necessary, the overall effect of the quarry on nearby water features is
expected to be minimal, with the only consumptive use of water coming from manufacturing of products
at the quarry and evaporation from dust suppression. Assuming that the demand for quarry products
continues at its current rate, water use for the quarry is estimated to increase by approximately 3 ML per
year (equivalent to around 8 m3/day) as a result of increased evaporation from dust suppression.
Monitoring of water chemistry within the study area suggests that water discharged from the quarry is
similar in quality to nearby surface water bodies. Assuming standard procedures are followed to prevent
the release of contaminants from on-site activities, there is little foreseeable effect to future water quality.
Following restoration, it is envisaged that water in the quarry would have a discharge route to the Balland
Stream from a level of around 96-97 mAOD, with storage above that level. The water level in the quarry
and discharge rate would be controlled to provide flood risk attenuation to Ashburton and ensure the
long-term effect on groundwater flows to the Kestor Brook is minimal. Although the envisaged outflow
level is below measured water levels in nearby groundwater boreholes at the end of the winter recharge
season, it is substantially above the base of the main conduits transmitting water into the quarry. As
such, inflows to the quarry are likely to be substantially reduced following restoration, leading to lower
likelihood of effects to the nearby groundwater and surface system.

In Science Report SC040020/SR1 ‘Hydrogeological impact appraisal for dewatering abstraction’, the
Environment Agency (2007) presents both a standard method for appraising potential dewatering effects and
an approach specifically for karst groundwater systems, where the level of heterogeneity may preclude the
implementation of standard analytical methods in a reliable manner. The hydrogeological conceptual model
shows that the hydrogeological appraisal method for karst is the most appropriate for this study, based on
the following considerations:








The presence of swallow holes, many of them infilled with sediment.
Observations of flow from discrete conduits within the quarry, and the absence of observed flow or
seepage faces within nearby fractures that have not been affected by karst dissolution.
The absence of groundwater inflows during drilling below the final groundwater levels in the deep
boreholes within the CBLF. Following further drilling, substantial inflows were encountered at greater
depth within these boreholes and borehole water levels were observed to rise by several tens of metres
above the elevations of these inferred channels or conduits, suggesting a highly heterogeneous
distribution of hydraulic conductivity within the formation.
Spatial variability in hydraulic conductivity values from slug testing of boreholes in the CBLF, with the
highest value of hydraulic conductivity occurring in a borehole where several channels or conduits were
encountered during drilling.
Anisotropic responses to a signal test undertaken in the quarry sump during May 2018, which involved
the cessation of dewatering for a period of 10 days and monitoring of groundwater levels during that
period and the subsequent period of water level recovery. A substantial change in water levels was
observed in some nearby boreholes following the cessation of pumping, while no obvious response was
observed in other boreholes at a similar distance from the sump, with similar installation depths.

The karst appraisal method focuses on monitoring and mitigation, via the following eight steps:









Step K1: Establish the regional water resource status.
Step K2: Develop a conceptual model for the abstraction and the surrounding area.
Step K3: Identify sensitive sites.
Step K4: Commence preliminary monitoring at those sites.
Step K5: Design and demonstrate effective mitigation measures for the sensitive sites.
Step K6: Specify trigger levels for the mitigation measures.
Step K7: Continue surveillance monitoring at the sensitive sites.
Step K8: If necessary, implement mitigation measures when trigger levels have been passed.

The outputs from steps K1 and K2 are described above. The sensitive sites identified in step K3 for
preliminary monitoring are:
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The Kestor Brook, to the south and southeast of the proposed extension area.
The Mead Cross Unconfirmed Wildlife site (UWS) to the south of the A38 from the proposed extension
area.
The Balland Stream to the northwest of the proposed extension area.
Private water supplies (PWSs) to the north of the proposed extension area, including springs S3 and S9,
borehole BH4 and unknown water supply U2 in Figure 3-13.
The Lemonford stream at the eastern edge of the CBLF.
The River Lemon, where it crosses the CBLF.

It is envisaged that at least 3 years of baseline monitoring data will need to be collected at the following
locations, in fulfilment of step K4:











The Kestor Brook, at the south-eastern edge of the CBLF, to assess the cumulative effects of the
proposed extension on this water course.
The Kestor Brook as it passes the Mead Cross UWS, to identify potential impacts on flow or quality
adjacent to the proposed extension area.
The Alston stream at the north-eastern and south-eastern edges of the proposed extension area, to
assess the potential effects of changes in surface runoff and quarry dewatering between these points
and hence, potential downstream effects to the Kestor Brook and Mead Cross UWS.
The Alston stream where it crosses the A38 during periods of high flow, to provide further information on
inflows to the Mead Cross UWS.
The Caton and Samastar streams to the east of the proposed extension area, to identify potential
upstream changes in flow and quality.
Boreholes NW1S and NW1D, to allow potential future groundwater effects to the north of the CBLF to be
identified at an early stage, before effects occur in more distant private water supplies in the Tavy and St
Mellion formations (BH4, S3, S9 and U2).
The Lemonford stream near the eastern edge of the CBLF, to assess effects on baseflow to this
watercourse.
The River Lemon as it crosses the CBLF, where the EA river level gauging station would be used to
assess changes in flow within the watercourse.

To provide context to monitoring of flow, water levels and water quality at these locations, daily
measurements of rainfall will be recorded at Alston Farm, where rainfall gauging has already been carried
out since October 2017.
The final duration of baseline monitoring will be confirmed in discussions with the Environment Agency and
will depend in part on the variability of flows and data measured during the monitoring period. The baseline
data will be used to design appropriate mitigation measures (K5) and to develop appropriate trigger levels
(K6) for these sensitive sites, in consultation with the Environment Agency. It is envisaged that monitoring of
these sites continues during the period of development (K7), with the resulting data used to inform the
implementation of the mitigation measures, if required.
Implementation of mitigation measures may be required if the proposed extension is foreseen or found to
adversely affect the local groundwater system or surface water bodies, or water users. Should adverse
effects occur, the following mitigation measures can be applied, subject to the agreement of the Mineral
Planning Authority:








Discharges from the quarry to a surface watercourse that is shown to be affected by the proposed
extension. Such discharges would be controlled by Environmental Permit in the same way as current
discharges to the Balland Stream.
Storage and attenuation of excess flows in watercourses if induced by changes in surface runoff
associated with the proposed extension which are above those envisaged by the Flood Risk
Assessment.
In the event that groundwater levels in monitoring boreholes NW1S and NW1D (shown in Figure 3-12)
are affected by the proposed extension, baseline monitoring of private water supplies to the north of the
site (BH4, S9 and U2 in Figure 3-13) could be required and suitable mitigation measures would be
applied in consultation with the owners of these water supplies at that time.
To prevent the addition of storm event surface water runoff to the shallow subsurface along new linear
drainage routes, it is planned that new drainage features to be installed around the overburden bunds
will be lined with low permeability material.
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The overall aim of surface water management post-restoration would be to maintain a similar water balance
within the local area to the present day and provide flood attenuation for downstream areas as required. It is
anticipated that evaporation from a larger lake post-restoration will be offset by increases in direct rainfall to
that feature, although the precise relationship between those factors will depend on future weather patterns.
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1.

Introduction

This hydrogeological impact assessment has been prepared by Atkins Ltd. to assess how the proposed
extension of Linhay Hill Quarry (herein referred to as ‘the quarry’) will affect the local surface water hydrology
and groundwater regime.

1.1.

Background

Following submission of the planning application for the proposed extension to Linhay Hill Quarry and receipt
of comments on the accompanying Environmental Statement from statutory consultees and other parties,
E&JW Glendinning Ltd. utilising Atkins Ltd. has undertaken an additional program of data collection on the
hydrogeology, hydrochemistry and hydrology of the site and its surrounds. This has been supplemented by
further ground investigations and additional geological and hydrogeological desk study work. This
programme of work and subsequent interpretation of the results are described in this report, which builds on
the earlier Hydrogeological Impact Assessment (HIA), dated 31st May 2016 (Atkins, 2016).
The Environment Agency responded to the Environmental Statement in letters dated 2nd August 2016
(Environment Agency, 2016a) and 8th September 2016 (Environment Agency, 2016b). The Environment
Agency is concerned with the uncertainty in groundwater flow paths, which “presents difficulties in predicting
impacts on the various potential Controlled Waters receptors” (Environment Agency, 2016a). In its letter
dated 2nd August 2016, the Environment Agency made the following comments/recommendations, with
particular reference to Atkins’ original HIA:
1. “The HIA contains a great deal of information and analysis. Nevertheless, it indicates that a significant
uncertainty in groundwater flow paths remains. This presents difficulties in predicting impacts on the
various potential Controlled Waters receptors.
2. We recommend further investigation into the groundwater catchment to the Kester Brook is undertaken
in order to determine whether mitigation to it may be required.
3. Further investigations into groundwater flow paths beneath the extension area may also help in
understanding risks to Controlled Waters receptors besides the Kester Brook.
4. We also recommend that the quarry operator should carry out ‘baseline’ monitoring of controlled water
receptors which are potentially at risk.”
In its letter dated 8th September 2016, the Environment Agency stated that the final item, baseline
monitoring, may be addressed post-determination, along with suitable mitigation measures for impacts to an
agreed list of water supplies which may be affected by the proposed extension. However, it recommended
that item 2 in the list above in particular is addressed prior to determination, along with:



“a separate assessment of the impacts of quarry deepening on the surrounding water features”; and
“a more detailed consideration of the impacts on surrounding water features post-restoration”.

Highways England in its planning response HEPR 16-01 (Highways England, 2016) to the Dartmoor National
Park Authority also recommended that further hydrogeological assessment be carried out to enable
Highways England to understand the impact of the development on the safe operation and structural integrity
of the strategic road network. It is intended that this additional hydrogeological impact assessment provides
evidence and interpretation relevant to an updated land stability risk assessment, which is provided in a
separate report.

1.2.

Objectives

The focus of this hydrogeological impact assessment is the assessment of the potential effects from
dewatering of the proposed extension to Linhay Hill Quarry as it extends progressively to the northeast into
Alston Farm fields, and as the existing quarry is deepened as its reserves in the south are worked out in the
final operating stage. This study builds on the earlier hydrogeological impact assessment prepared by Atkins
(2016).
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1.3.

Scope of work

The scope of the study is as follows:







undertake a desk study and review of relevant geological, hydrogeological and hydrological information;
undertake and interpret ground investigations and monitoring;
develop the hydrogeological conceptual model;
assess the potential effect of dewatering on water resources;
identify sensitive sites such as surface water features and water supplies that may be susceptible to
flow, drawdown or water quality effects; and
outline a pragmatic long-term monitoring and review strategy.

The assessment follows the Environment Agency’s guidance for appraising the effects of dewatering
abstractions (Environment Agency, 2007), which covers abstractions related to quarrying. The first two steps
in this approach comprise:



establishing the regional water resource status (presented in Section 3.2.3 of this report); and
developing a conceptual model for the abstraction and the surrounding area (presented in Section 3).

In addition to its standard approach for assessing hydrogeological effects, the guidance document provides
an alternative method which can be applied in karst groundwater systems. Karst groundwater systems may
be extremely heterogeneous and as such, the assumptions inherent in standard analytical methods are often
invalid. The conceptual model has been used to define the most applicable approach for the current
appraisal in Section 3.7.3, where subsequent steps in the assessment methodology are also outlined.
References used to support the findings in this study are listed in Section 8 and cited within the text.
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2.

Site details

2.1.

Existing site operation and layout

E & JW Glendinning Ltd. (the applicant) is an independent family business which has operated quarries in
Devon since 1950 and has a long history of supplying limestone building products to key sectors of the
regional economy. The main site in the company’s business is Linhay Hill Quarry, which has grown from a
relatively modest operation to now become one of the most important sources of limestone in the South
West Peninsula, being one of just four major quarries in Devon producing limestone. E & JW Glendinning
Ltd. now employs around 240 staff, most of whom are based at the quarry and head office in Ashburton.
The quarry comprises a large void, containing further rock reserves, with primary and secondary aggregate
processing plant located within it, and further associated workshops, plant and storage areas located on its
western and north-western side. Limestone aggregate, speed screed, black sand, ground limestone and
concrete masonry blocks are all produced at the quarry. A tip for overburden and quarry spoil is located to
the north of the void and is being progressively restored to agricultural use. The quarry is enclosed by
vegetated bunds, high tree screens, hedges or fences, which help to screen it from view from many public
viewpoints.
The existing quarry has planning permission for extraction to 28 m Above Ordnance Datum (AOD), which will
be achieved by the completion of eight 13-15 m deep benches (at the time of writing, the base of the quarry
lies within Level 7):









Level 1: 125-120 mAOD
Level 2: 120-110 mAOD
Level 3: 110-97 mAOD
Level 4: 97-83 mAOD
Level 5: 83-68 mAOD
Level 6: 68-54 mAOD
Level 7: 54-41 mAOD
Level 8: 41-28 mAOD

A settlement pond, the Balland Pit, lies close to the site’s western boundary. The Balland Pit is a permanent
water body with a surface water area of approximately 2 ha and water level circa 75 to 80 mAOD. The
Balland Pit provides attenuation storage and acts as a settlement pond to remove suspended solids before
the water is recycled in the quarry, with excess pumped to discharge to the Balland Stream. The quarry
utilises a submersible pump to lift water from the quarry’s lowest level to the Balland Pit.

2.2.

Existing topography

The quarry is approximately 1 km northeast of Ashburton. It is broadly rectangular in outline, with its longest
axis aligned roughly northeast-southwest, parallel to the alignment of the A38 dual carriageway. It lies at the
top of the catchment of the Balland Stream, which flows southwest to the River Ashburn, a tributary of the
River Dart.
The proposed extension spans the watershed between the Balland Stream and the Kestor Brook, the latter
flowing east to join the River Lemon 3 km east of Bickington. The terrain rises distinctly from the valley of the
River Ashburn to the watershed, which is approximately 1 km across at its widest point midway between
Ashburton and Bickington, and then falls to the valley of the River Lemon at Bickington, with ridges to the
northwest and southeast (Figure 2-1).
The area of the proposed extension lies to the northeast of the existing quarry and is situated in an area of
agricultural land that slopes gently towards the south and east. The proposed extension area is bounded to
the southeast by the A38 dual carriageway, which is situated on an embankment. The current elevation of
the proposed extension area ranges from approximately 115 mAOD in the south to approximately
145 mAOD in the north, near to Alston Farm. It is proposed that the south-western part of the extension area
will be excavated (the ‘quarry extension area’), whereas the north-eastern part and a strip alongside the A38
will be used for bunds of overburden material from the proposed quarry extension area.
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The primary focus of the hydrogeological impact assessment is on the outcrop of the Chercombe Bridge
Limestone Formation, which is mined by the quarry, and the surrounding topographic catchment, as shown
by the approximate extent of the study area in Figure 2-1, although consideration has also been given to
potential hydraulic connections with more distal geological units, water features and water users.

Figure 2-1
Excerpt from Ordnance Survey topographic map overlain with the existing quarry
extent (purple), the proposed quarry extension area (red), the mapped extent of the Chercombe
Bridge Limestone (green dashed; BGS, 1995; 1997) and the approximate extent of the Study Area
(orange dashed). Crown Copyright and Database right 2016 Ordnance Survey 100018595.

2.3.

Proposed extension

The proposal is to extend Linhay Hill Quarry in a north-easterly direction across Alston Lane and into
agricultural land south of Alston Farm towards the hamlet of Caton. The extension is required because the
remaining limestone reserves in the existing quarry are only sufficient for a further seven years or so at the
current rate of extraction.
The proposal will extend the quarry extraction area by around 21 ha and will be carried out in stages with the
year in which Stage 0 commences being Year 1 (Table 2-1). The extension will enable extraction of
limestone to continue beyond the estimated seven years remaining, and assuming the same extraction rate
as recently would provide for about an additional sixty years of extraction. The extension area will be
quarried progressively in a north-easterly direction from the existing quarry at Linhay Hill, with the adjacent
land within the application site used to create screening bunds by tipping of the overburden from the earlier
stages of the extended quarry area. The extension will be preceded by changes to infrastructure surrounding
the quarry, as detailed in Table 2-1.
In parallel, the application seeks to allow the existing quarry to be deepened to extract limestone below the
current depth limit of 28 mAOD, to a maximum depth of 0 mAOD. This will yield about 3 years of further
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reserves from within the existing footprint of the quarry and minimise subsequent impacts on the landscape,
by allowing the overburden from the later stages of the quarry extension area to be backfilled into the base of
the quarry. This would reduce the extent of the bunds and return the base elevation of the quarry to 28
mAOD.
As extraction progresses, the capacity of the existing settling pond in the quarry will need to be increased by
bunding around its lowest side. Subsequently, a replacement settling pond can be created in the base of the
quarry. The existing pond will have become full of sediment and will be capped to provide a competent
surface which can be restored and utilised.
Table 2-1
Stage

Summary of stages for proposed extension of Linhay Quarry
Indicative
timescale
(years)

Extension area Quarry base
(ha)
(mAOD)

Alston Farm fields
– southern bund
footprint (ha)

Alston Farm fields –
eastern bund footprint
(ha)

Stage 0

1-2

0

Infrastructure changes entailing: widening of Balland Lane and
construction of a new public road Waye Lane and public footpath
diversion from Balland Lane to Alston Lane at Lower Waye,
construction of a new private access route from Lower Waye to
Alston Farm, diversion of existing electricity and water supply along
Alston Lane.
Monitoring of baseline hydrological and hydrogeological conditions
and land stability conditions.

Stage 1

2-13

Infrastructure

Removal of Alston Lane and closure of the junction with the A38.
Monitoring of baseline hydrological and hydrogeological conditions
and land stability conditions.

5.25

28

2.66

n/a

2.66

4.27

Stage 2

17-34

12.22

0

Stage 3

35-43

16.31

14

Stage 4

44-49

21.47

28

Stage 5

50-63+

21.47

28 in existing
quarry, 0 in
extension area

Stage 6

when
Stage 5
complete

21.47
Restoration no
extraction

Fills with water,
with a controlled
outflow level
expected to be
around 96-97
mAOD, with
storage above that
level.

7.86

There will be no foreseeable change to the quarry’s existing rate of rock extraction as a result of the
extension proposals and the quarry’s output will continue to depend on the level of demand for quarry
products from customers in the surrounding market area.
The proposed layout of the quarry and adjacent bunds following restoration is shown in Appendix A. Due to
the presence of bunds to the east of the proposed quarry extension area, the existing drainage line through
Alston Farm (the Alston stream) will be diverted to the west and will continue to flow towards the Kestor
Brook to the south.
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3.

Conceptual model

The Environment Agency guidance (Environment Agency, 2007) recommends the following three-stage
process for identification and characterisation of a karst groundwater system:


“Consideration of generic information, from the literature, relating to the type and scale of karst
features that develop in specific geological formations and situations around the country. Awareness
of this information in relation to the geological formation in question at a particular site will provide a
good starting point for the development of a conceptual model.



Desk study involving inspection of a range of materials, including maps, literature and databases,
which can provide specific information about karst features at, or in the vicinity of, the site in
question.



Field investigations, which can be used to confirm and extend the understanding of the groundwater
system at a site. Investigation techniques include field surveys, groundwater tracing, downhole
geophysical logging and test pumping, continuous groundwater level and/or spring discharge
monitoring, continuous water quality monitoring, and geophysics.” (Environment Agency, 2007).

This chapter provides a hydrogeological conceptual model based on this three-stage process, as part of a
wider appraisal of potential effects to the groundwater system. In Science Report SC040020/SR1, the
Environment Agency (2007) presents both a standard method for appraising effects and an approach
specifically for karst groundwater systems, where the level of heterogeneity may preclude the
implementation of standard analytical methods in a reliable manner. The hydrogeological conceptual model
is used to determine the most appropriate appraisal method for the Linhay Hill Quarry extension in Section
3.7.3.

3.1.

Geology

In this section the local geology is described using information sourced during the desk study, and
subsequent ground investigations. A conceptual geological model has also been developed and is
represented by the cross sections in Figure 3-6 and Figure 3-8.

3.1.1.

Superficial deposits

In general, superficial deposits are absent from the British Geological Survey (BGS) Geological Maps in the
Study Area (Figure 2-1). Where shown, they are limited to narrow ribbons of Alluvium (shown in pale yellow
in Figure 3-1) associated with watercourses, namely (west to east): the River Ashburn and its tributaries; the
Kester Brook; and the River Lemon.
The Alluvium would have been deposited in a fluvial setting during the Holocene period. Typically, it
comprises soft to firm, normally consolidated, silty clay, but can contain layers of silt, sand, peat and basal
gravel (BGS, 2018a). A stronger, desiccated surface zone may be present in some cases.
Alluvium is shown in BGS maps near to the north-western corner of the present-day quarry. A review of
geological maps has revealed some changes in the mapped distribution of Alluvium. Between 1912 and
1977 the published 1 inch to 1 mile (Ussher, et al., 1912) and 1:50,000 scale (Hawkes & Dangerfield, 1977)
geological maps for Dartmoor Forest show Alluvium extending towards the southwest through Ashburton
where it joins with the Alluvium of the River Ashburn, which is consistent with the current BGS map (BGS,
1995). A smaller area of Alluvium was also indicated on the maps published between 1912 and 1977,
located immediately east of the A38 junction at Alston Cross and associated with the Kester Brook. The
extent of this deposit covers a smaller extent on the current BGS maps (BGS, 1995; 1997) than on the maps
published between 1912 and 1977.
The geographical distribution of the Alluvium is shown in pale yellow in Figure 3-1, which is composed of
extracts from the current BGS maps for Dartmoor Forest (BGS, 1995) and Newton Abbot (BGS, 1997).
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Despite the absence of mapped superficial deposits, previous investigations within the study area (e.g.
Subsurface Geotechnical, 2014; Subsurface Geotechnical, 2015; Frederick Sherrell Ltd, 2016) indicate that
the shallow subsurface is clay-rich, with weathered fragments of rock overlying bedrock.

Figure 3-1
Geological map of the area around the quarry and simplified geological cross section
showing the existing quarry excavation (purple outline) and the proposed quarry extension (red
outline). Map and cross section adapted from BGS Map sheet 338 (BGS, 1995) and sheet 339 (BGS,
1997). The cross section shown on BGS map sheet 338 has been re-drawn by Atkins to show the
extent of Linhay Hill Quarry in the context of the bedrock geology.

3.1.2.

Made ground

BGS mapping shows one instance of Made Ground in the area surrounding the quarry. It is located at
Chuley Bridge, where the A38 crosses Chuley Road, approximately 2 km southwest of the quarry (Figure 31). Historical maps of this location show that the Made Ground was created when remediating old quarry
workings prior to the upgrade of the A38 at Ashburton during the early 1970s.

Atkins Hydrogeological Impact Assessment 2018 | Version 5.1 | November 2018

16

Linhay Hill Quarry
Hydrogeological Impact Assessment 2018
Made Ground will be present along the route of the A38, which is constructed on highway embankment fill.
Made Ground under main trunk roads is not presented on BGS mapping.
The quarry’s existing tip to the north of the quarry’s northwest face is an area of Made Ground up to 20m
thick, formed from the placement of overburden and other unusable natural materials from the quarry since
1975, although the current profile was approved in the early 1990s. The existing tip is being progressively
restored for agricultural use, while spoil placement at the southwest end of the spoil tip is currently nearing
completion.

3.1.3.

Bedrock geology

3.1.3.1.

Stratigraphy

The geological formations that crop out in the area around the quarry are shown in Figure 3-1, and are
described below in order of youngest to oldest. The formations are summarised in Table 3-1.
Table 3-1
Summary of bedrock formations in the area around the quarry in stratigraphic order
(youngest at the top, oldest at the bottom).
Age

Thickness
(approx.)

Depositional
environment

Crackington Formation Carboniferous Pennsylvanian
(Including St Mellion
Formation)

Bashkirian

> 1000 m

Basin (distal
turbidites)

Teign Chert and
Codden Hill Chert
Formations

Carboniferous Middle
Mississippian

Visean

> 70 m

Basin / deep marine

Rora Mudstone
Formation

Devonian to
Late Devonian
Carboniferous to Early
Mississippian

Famennian Unknown
to
Tournasian

Basin

Gurrington Slate

Devonian to
Late Devonian
Carboniferous to Early
Mississippian

Frasnian to Unknown
Tournasian

Basin / deep marine
with volcanism

Tavy Formation

Devonian

Late

Frasnian to Unknown
Famennian

Outer marine shelf /
deep marine

Chercombe Bridge
Limestone Formation

Devonian

Middle to Late

Eifelian to > 250 m
Famennian

Submarine rise /
warm shallow seas

Middle

Eifelian

Bedrock formation

Period

Foxley Tuff Formation Devonian
(part of the
Kingsteignton Volcanic
Group)

Epoch

< 30 m
Volcanism
locally.
(extrusive basic
Up to 195 m igneous rocks)
elsewhere.

Crackington Formation
The BGS maps show the Tavy Formation pinching out towards the east of the quarry excavation, such that
the Chercombe Bridge Limestone Formation (CBLF) lies adjacent to the Crackington Formation north of
Caton and Goodstone. The Crackington Formation is younger than the CBLF and Tavy Formation, having
been deposited approximately 323 to 315 million years ago, during the Bashkirian Age (Early Pennsylvanian
Epoch of the Carboniferous).
The BGS lexicon (BGS, 2018a) describes the Crackington Formation as “rhythmically bedded, dark bluegrey mudstones and subordinate predominantly grey sandstones and siltstones”. It also states that “the
sandstones are parallel-sided "Bouma-type" turbidites with abundant well-developed sole structures”.
The online Geology of Britain Viewer (BGS, 2018b) represents the outcrop of the Crackington Formation in
Figure 3-1 as two separate formations as follows:
a. the St Mellion Formation (located to the north and northeast of the existing quarry and the proposed
extension); and
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b. the Crackington Formation (located further towards the northwest, and which is in turn bounded to
the northwest by the Dartmoor Granite intrusion).
The boundary between the St Mellion and Crackington Formations is indicated by the southwest-northeast
trending dotted black line on Figure 3-1. The proximity of the Crackington Formation to the Dartmoor Granite
intrusion and the alignment of the boundary between the St Mellion and Crackington Formations (where it is
shown) suggest that the Crackington Formation has been affected (metamorphosed) by the intrusion of the
Dartmoor Granite and therefore mapped as a separate formation from the unaffected St Mellion Formation.
Indeed, the Geology of Britain Viewer (BGS, 2018b) provides the following description of the Crackington
Formation at this location:
“Metamudstone And Metasandstone. Metamorphic Bedrock formed approximately 318 to 328 million years
ago in the Carboniferous Period. Originally sedimentary rocks formed in swamps, estuaries and deltas. Later
altered by low-grade metamorphism.”
By contrast, the older St Mellion Formation is described by the Geology of Britain Viewer as “Sandstone,
Siltstone And Mudstone…Sedimentary Bedrock formed approximately 324 to 359 million years ago”, with no
reference to metamorphism.
Teign Chert and Codden Hill Chert Formations
These two formations lie adjacent to each other at the boundary of BGS Map Sheets 338 (BGS, 1995) and
339 (BGS, 1997), highlighting inconsistency between the two maps as to how this outcrop should be
classified. Given the similarity in their lithological descriptions, these formations have been grouped together
for this desk study.
The BGS lexicon (BGS, 2018a) describes these formations as comprising siliceous mudstones, shaly
mudstones and cherts, formed approximately 331 to 347 million years ago during the Viséan Age (Middle
Mississippian Epoch of the Carboniferous). The Codden Hill Chert is described as having limestones,
turbidites and mudstones in the upper part of the sequence.
Rora Mudstone Formation
This formation is mainly present to the northeast of the Study Area (Figure 2-1 and Figure 3-1). A small
outcrop is also present about 1.25 km northwest of the proposed quarry extension. The Rora Formation is
described on the BGS lexicon (BGS, 2018a) as “purple, green and greyish green mudstones” with “scattered
siliceous and calcareous nodules”, deposited around 372 to 347 million years ago during the Famennian (at
the end of the Late Devonian) or the Tournaisian Age (the Early Mississippian Epoch at the start of the
Carboniferous).
Gurrington Slate
The Gurrington Slate, which is Frasnian to Tournaisian in age and has no defined parent group (BGS,
2018a), crops out on the hills to the southeast of the valley in which the quarry is located. It has been
described as “typically bright green or purple when fresh (weathering black or ochreous brown)”, but can be
“mottled and, in some cases, are poorly foliated” (Historic England, 2017). The Gurrington Slate is
sometimes found in association with “deformed, vesicular, olive-brown lavas and tuffs”. The thickness of the
formation is unknown (Dean, 1992).
Tavy Formation
The Tavy Formation (previously known as the Kate Brook Slate Formation within the Study Area) crops out
to the north of the CBLF and is associated with a slight topographic rise. The Tavy Formation is younger
than the CBLF, having been deposited from the Frasnian to Famennian (Late Devonian). The green slates of
this formation are an important building stone resource in the region.
The BGS lexicon (BGS, 2018a) describes the Tavy Formation as “Pale green and grey-green slaty silty
mudstone with minor thin fine-grained sandstone beds and lenses. Medium- to fine-grained sandstone
interbedded with mudstone and laminated siltstone constitute the Trehills Member.” The upper part of the
unit is reported to comprise “greenish grey slates”, while the lower part contains “purple and green mottled
slates” (Historic England, 2017). Trial pit investigations conducted by Frederick Sherrell Ltd (2016) found the
Tavy Formation to be overlain by clayey material at the surface, with weathered fragments of slate.
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Chercombe Bridge Limestone Formation (CBLF)
The quarry works a southwest-northeast trending outcrop of the Chercombe Bridge Limestone Formation
(CBLF), which is thought to be Eifelian to Famennian in age (Middle to Late Devonian). The limestone was
deposited approximately 393 to 383 million years ago on a shallow undersea ridge or ‘rise’ in a tropical
marine environment. It is generally described in the literature as dark-grey, well-bedded limestone with
interbedded shale. On BGS Map Sheet 338 (BGS, 1995) it is described as “medium to dark grey limestone
beds”, and on BGS Map Sheet 339 (BGS, 1997) it is described simply as “Grey limestone”.
Historically the Devonian limestones in this area, including the CBLF, supported a local ‘marble’ (polished
limestone) industry. These rocks have also been used locally as building stone.
The limestone has been subject to karst weathering (dissolution) processes, forming a variety of solution
features (e.g. BGS Caton Karst website (BGS, 2018c)), with the karstic rockhead topography buried under
clayey infill, as described in several previous investigations within the study area (Subsurface Geotechnical,
2014; Subsurface Geotechnical, 2015; Frederick Sherrell Ltd, 2016). The evolution of the CBLF is discussed
further in Section 3.1.5.
Foxley Tuff Formation (part of the Kingsteignton Volcanic Group)
Located immediately west and south of the CBLF, this formation is part of the Kingsteignton Volcanic Group,
which mainly comprises extrusive igneous rocks but also includes beds of slate and limestone. The group is
described by the BGS Lexicon as “Spilitic lavas, interbedded dark green, spilitic tuffs and slates with lenses
of limestone; some limestone is crinoidal”. Spilitic lavas are indicative of underwater lava flows and tuffs
originate from explosive volcanism. No description is provided on the BGS lexicon (BGS, 2018a) for the
Foxley Tuff Formation itself.
According to the BGS Lexicon, the CBLF may rest conformably on the Kingsteignton Volcanic Group in
some places, but this does not appear to be the case in the area around Linhay Hill Quarry.

3.1.3.2.

Structural geology

The outcrop of the CBLF within which the quarry is developed covers an area of more than 300 hectares,
extending from Ashburton to Bickington (Figure 3-1). The quarry is located where the outcrop is at its widest
(some 1000 metres northwest to southeast), but the quarry footprint is narrower, lying between the A38 dual
carriageway to the southeast and the geological boundary with the Tavy Formation to the north.
On BGS Map Sheets 338 (BGS, 1995) and 339 (BGS, 1997) the bedding within the CBLF strikes between
approximately 030° and 065° (relative to Ordnance Survey Grid North) and dips towards the southeast, with
no indication of overturning (Figure 3-1). Sheet 338 (BGS, 1995) shows dip of the CBLF to vary between 33°
and 54° in the area between Ashburton and Caton. Further east, near to Goodstone, Sheet 339 (BGS, 1997)
shows dips of 33° and 68°. Northeast of Bickington, a strike of approximately 006° is shown on Sheet 339
(BGS, 1997).
Several thrust faults are indicated near the quarry on BGS Map Sheet 338 (BGS, 1995), showing older rocks
to have been thrust over younger rocks. A major thrust fault is located immediately north of the quarry,
aligned southwest to northeast, which is probably a continuation of the Bickington Thrust. The limestone has
been thrust onto the younger slates of the Tavy Formation, which crop out to the north, meaning that the
quarry is located within the hanging wall of the thrust fault. An exposure of the thrust at the quarry has been
described as “complex and irregular” (David Roche Geoconsulting, 2004). Where it comes into contact with
the limestone, the Tavy Formation is described as “deformed” and containing “rafts of other rock types”
(David Roche Geoconsulting, 2004).
A second thrust fault is shown on Geological Map Sheet 338 (BGS, 1995) at the western and southern
extent of the limestone outcrop where it marks the contact between the limestone and the Foxley Tuff
Formation (Figure 3-1). These extrusive igneous rocks have been thrust over the CBLF and crop out as a
narrow (less than 500 m wide) strip along the entire southern edge of the Limestone outcrop, extending to
Bickington (approximately 2.3 km northeast of the existing quarry).
The southwest-northeast trending thrust faults that bound the CBLF outcrop are believed to dip towards the
southeast at angles broadly consistent with the bedding in the limestone (approximately 33 to 43° in the
vicinity of the quarry).
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A northwest-southeast fault is also present at Bickington, where it coincides with the course of the River
Lemon and has caused a lateral offset of the Foxley Tuff Formation outcrop. Immediately west of Bickington,
the Crackington Formation is shown to be present as an inverted succession, dipping 43° towards the
southeast. This structural deformation is likely to be associated with the numerous faults indicated in the
area around Bickington (BGS, 1997).
The tectonic history of the area, including faulting and folding, has resulted in fracturing (jointing) of the
limestone, as can be observed in the quarry, where the joints act as preferential zones of dissolution
associated with karst (described in Section 3.1.5).

3.1.4.

BGS borehole records

Borehole records (also called ‘scans’) that are available from the BGS Onshore Geoindex (BGS, 2018d) in
the Ashburton to Bickington area of the CBLF outcrop have been reviewed and are described below. The
locations of the boreholes are shown in Figure 3-2. The geological sequence for each borehole has been
summarised in Table 3-2.

SX77SE11

Figure 3-2
Map showing the locations of BGS borehole scans in relation to the existing quarry
excavation (purple outline) and the proposed quarry extension (red outline). Background mapping is
taken from the BGS 1:50,000 scale geology (BGS Onshore Geoindex) and OS OpenMap Local. The
Alston Farm boreholes are SX77SE11, SX77SE8, SX77SE9 and SX77SE10.

3.1.4.1.

Alston Farm

Borehole SX77SE11
This borehole is located in the Tavy Formation approximately 40 m northwest of the thrust fault, which runs
along the northern edge of the existing quarry, as shown on the BGS 1:50,000 scale mapping. The borehole
log reports CBLF to a depth of 8.84 metres below ground level (m bgl). Tavy Formation Slate occurs at
between 8.84 and 21.36 m bgl. Based on the log, the reported location of the borehole or the 1:50,000 scale
BGS mapping may be slightly inaccurate.
Boreholes SX77SE8, SX77SE9 and SX77SE10
These three boreholes are located close to Alston Farm, near the northernmost corner of the existing quarry.
“Middle Devonian Limestone” is noted on the well records. Detailed information on strata depths
encountered is not given.
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3.1.4.2.

A38 off-slip road at Caton

Some of the exploratory holes commissioned as part of the ground investigations of a sinkhole that was
recorded adjacent to the A38 off-slip road at Caton are shown on the BGS Onshore Geoindex. A summary of
the available information relating to this sinkhole investigation is presented in Atkins (2018).

3.1.4.3.

Other relevant boreholes

Borehole SX77SE12 (deepened under reference SX77SE1)
Located in the western part of the quarry, the reported stratigraphy for this borehole is broadly consistent
with the BGS mapping, in that the Tavy Formation was encountered (within the footwall of the Bickington
Thrust Fault). The Tavy Formation was found to be present as interbedded grey shale, slate and sandstone
down to 91.40 m bgl, at the termination depth of borehole SX77SE12.
Borehole SX77SE1, given on the BGS Onshore Geoindex as being located on the southeast-facing slopes
to the northwest of the quarry, is a continuation (deepening) of the existing borehole SX77SE12. Because
SX77SE1 is assigned only a six-figure grid reference (as opposed to a more precise eight-figure grid
reference for SX77SE12), its location on the BGS Onshore Geoindex is incorrect. Atkins has assigned a
revised location to SX77SE1 as a result.
The deepened borehole records Tavy Formation (sandstone and shale) from depths of 91.40 m to 161.85 m
bgl overlying limestone, which was encountered to a borehole termination depth of 161.95 m bgl. As the
borehole is located to the northwest of the thrust fault, which dips towards the southeast, the limestone
encountered is expected to be the CBLF where it has not been thrust over the younger Tavy Formation (i.e.
it is in the footwall of the fault).
Borehole SX76NE19
This borehole is shown to be located at or very close to the boundary between the Foxley Tuff Formation
and the Gurrington Slate Formation, approximately 180 m southeast of the A38 Ashburton Bypass. The
borehole log shows 0.61 m of topsoil overlying light brown and buff coloured shales of the Gurrington Slate
Formation. These shales were encountered down to 8.53 m bgl, below which interbedded sandstone and
shale was encountered, with 3.05 m of quartzite recorded at 11.28 m bgl. These sandstones and shales are
thought to be the Foxley Tuff Formation. Pink coloured limestone of the CBLF was encountered from 27.74
m bgl to the base of the hole at 31.09 m bgl.
This stratigraphic sequence is consistent with ‘Cross Section 3’, shown on BGS Sheet 338 (BGS, 1995).
Borehole SX87SW43
This borehole was drilled to a depth of 30 m at a location approximately 700 m east of Bickington and some
3 km northeast of the existing quarry. From BGS mapping, the borehole appears to be located approximately
130 m southeast of the CBLF outcrop near to the easternmost limit of the studied area.
The stratigraphy was recorded as ‘drift’ and ‘slates’. No further geological descriptions or associated depths
were recorded for this borehole. Based on the BGS mapping, it is reasonable to assume that the ‘slates’ are
those of the Gurrington Slate Formation. It is expected that the Foxley Tuff and CBLF would be present
below the base of this 30 m deep borehole.
Borehole SX77SE14
This borehole was drilled approximately 100 m southeast of Goodstone, in an area to the southeast of the
CBLF outcrop, where the Foxley Tuff Formation has been mapped by the BGS. The 60 m deep borehole
encountered tuffs with clay and shale also noted. It is interesting that the CBLF was not recorded in this
borehole, given the proximity of the borehole to the boundary between the Foxley Tuff Formation and the
CBLF. As the boundary lies to the north of the borehole, and is understood to dip towards the southeast, it
would have been reasonable to expect the limestone to be present at depth in this borehole. However, it is
also possible that the boundary is present below the base of the hole, i.e. greater than 60 m depth.
Borehole SX77SE13
This borehole is located approximately 160 m south of the A38 at Caton Cross, within the CBLF outcrop as
mapped by the BGS. The borehole log shows ‘Soil and Stones’ to 1.21 m bgl, underlain by ‘Hard Brown
Sandstone’ to 3.66 m bgl, which is in turn underlain by ‘Brown Clay’ to 10.67 m bgl. Limestone was
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encountered below 14.94 m bgl to the base of the hole at 30.78 m bgl. The limestone is described as ‘hard’
and varies in colour between pink and brown.
The origin of the sandstone is not clear, but sandstones have also been encountered at SX76NE19, located
south of Ashburton, where they were interpreted to be part of the Foxley Tuff Formation.
It seems likely that that the 7.01 m thickness of ‘Brown Clay’ represents soil infill, which is either covering the
buried karst rockhead, or present as an infilled solution feature.
Table 3-2

Summary of geology encountered in BGS boreholes near to the Linhay Hill Quarry site

BGS
Location
borehole ID

Interpreted geological
strata

Depth from (m)

Depth to (m)

SX77SE11

Chercombe Bridge
Limestone

0

8.84

Tavy Formation

8.84

21.36*

Alston Farm

SX77SE8
SX77SE9
SX77SE10

Alston Farm

Chercombe Bridge
Limestone

Unknown**

Unknown**

SX77SE12
(SX77SE1)

Western part of
Linhay Hill Quarry
works

Tavy Formation

0

161.85

Chercombe Bridge
Limestone

161.85

161.95*

Numerous

A38 Off Slip Road
near Caton

Superficial sediments
(Pleistocene in age)

0

Base of superficial
sediments >49.5m deep in
boreholes GH03 and GH05.

Chercombe Bridge
Limestone

Minimum of 2.50 Top of limestone >49.5m
deep in boreholes GH03
and GH05.

Topsoil

0

0.61

Gurrington Slate
Formation

0.61

8.53

Foxley Tuff Formation

8.53

27.74

Chercombe Bridge
Limestone

27.74

31.09*

0

Unknown

Unknown

30.00*

0

60.00*

SX76NE19

South of Ashburton
Approx. 180m
southeast of the
A38 Ashburton
Bypass

SX87SW43 Approx. 700m east Superficial Sediments
of Bickington
Gurrington Slate
Formation
SX77SE14

Approx. 100m
southeast of
Goodstone

SX77SE13

Approx. 160m
Topsoil
0
south of the A38 at Sandstone (unidentified) 1.23
Caton Cross
Superficial sediments
3.66
(Pleistocene in age)

Foxley Tuff Formation

1.23
3.66
10.67

Chercombe Bridge
14.94
30.78*
Limestone
*Depth at termination of borehole. ** Limited by borehole records and lack of detail given.
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3.1.5.

Karst formation and classification

3.1.5.1.

Overview

Karst features are known to be present in the CBLF. They can be seen at the quarry and in the surrounding
area. An introduction to the formation and classification of karst has therefore been included as part of this
study. Table 3-3 provides some definitions of karst terminology.

3.1.5.2.

Formation of karst

Karst terrains develop from the solution weathering of soluble rocks, notably limestone. Dry valleys, closed
depressions, pinnacle rock surfaces, and other smaller scale solution features may form at the ground
surface. Underground, within the rock mass, caves and conduits or fissures may form within the rock mass
as a result of mildly acidic water flow through joints or other fracture pathways such as bedding planes.
Table 3-3

Terms associated with karst and definitions as used in this report.

Adopted
Term
Cave

Other terms in
common use
Cavern

Definition

Cavity

Crevice

A natural underground void, smaller than a cave and not large enough to be
entered, which may have been formed or enlarged by solution of limestone.
Over time, cavities may enlarge due to dissolution and become caves.

A natural underground room or series of rooms and passages large enough
to be entered by a man; generally formed by solution of limestone (United
States Department of the Interior - Geological Survey, 1972).

Conduit

A cavity within the rock mass, through which water may flow or be stored as
part of a karst aquifer.

Discontinuity

A boundary, layer, or fracture (including joints), within a rock mass.

Dissolution

Solution

The development of underground cavities due to water passing through
soluble rocks.

Epikarst

The upper part of the bedrock in a karst environment, having more
dissolution features than the rock at greater depth. The epikarst is where the
majority of groundwater is stored and transferred, and where sinkholes are
formed (Gunn, 1986) (see Figure 3-4).

Fissure

An open discontinuity in the rock mass, which may include joints and other
fractures.

Joint

Fracture

Karst
Pinnacled
Rockhead

A break within a rock mass that has no observable displacement.
Weathering forms produced by dissolution on bare rock surfaces, beneath
soil at rockhead, and within the rock (adapted from Waltham (2009)).

Pinnacles

Highly fissured limestone surface beneath a soil cover. Tall, narrow, unstable
or loose pinnacles may be supported only by soil, and fissures may extend
far below into caves (Waltham, 2009).

Rockhead

The top of the bedrock, beneath superficial deposits.

Shaft

A near vertical type of conduit. Generally considered to be present below
discrete swallow holes or sinkholes.

Sinkhole

Doline

A closed surface depression with drainage sinking underground (Waltham,
2009). The term ‘sinkhole’ is used regardless of whether streams sink within
them.

Sinking
stream

Sink
Stream sink

Gradual or diffuse infiltration of stream flow into the ground.
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Adopted
Term
Swallow
hole

Other terms in
common use
Sink
Stream sink
Sinking stream
Swallet

Definition
Discrete point at which stream flow enters the ground.

Limestone is a sedimentary rock formed from calcium carbonate. Fookes & Hawkins (1988) describe the
distinctive landforms that develop in ancient limestones, where the rocks have low porosity but are strong,
with well-developed joints. In such limestones, the formation of conduits and depressions in limestone
rockhead will be influenced by the orientation of pre-existing structural and stratigraphic features of the
limestone bedrock; including discontinuities (joints, and bedding planes) and faults. These features are
present in the CBLF in and around the quarry.
Differential solution weathering of discontinuities can form “pits and grooves”, which are frequently related to
individual lithological horizons, meaning that they form in “fairly distinct rows” (Fookes & Hawkins, 1988).
Rockhead is a term that describes the top of the bedrock, beneath superficial deposits.
In areas of limestone bedrock, surface water may escape downwards into a ‘swallow hole’ that leads to
conduits underground. Active streams are also likely to have seasonal flow, with water discharged into
‘swallow holes’ (or stream sinks) at higher elevations during low water periods (Figure 3-3). During wetter
conditions, there may be sufficient flow for the watercourse to extend beyond these swallow holes.

Figure 3-3

Development of seasonal stream sinks or 'swallow holes' (Fookes & Hawkins, 1988).

Over time, conduits can become enlarged by dissolution, resulting from the flow of mildly acidic water.
Sinkholes can form at the ground surface above the intersections of joints and vertical conduits (shafts).
Ground subsidence over such solution features may be triggered by heavy rainfall, water flows from
soakaways, garden watering, leaking drains, and others (Edmonds, 2001). Whilst obvious limestone karst
features may not be observed on or immediately adjacent to a site, their presence in the vicinity may be very
important to the overall understanding of the subsurface geology of the locality (Fookes & Hawkins, 1988).
In some situations, the limestone bedrock may be overlain by unconsolidated deposits (generally taken to
mean soils), which in this report are called collectively ‘superficial deposits’. Such deposits include the
insoluble remnants of the limestone or previously overlying strata (Fookes, Lee, & Griffiths, 2007). Of
relevance in such situations is the dissolution weathered bedrock just below rockhead. This upper part of the
bedrock is commonly termed epikarst – it has more dissolution features than the rock at greater depth and is
where most of groundwater is stored and transferred, and where sinkholes are formed (see ‘subcutaneous
zone’ in Figure 3-4) (Gunn, 1986).
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Figure 3-4
Conceptual model for conduit flow dominated karst aquifers, showing overland flow,
throughflow, subcutaneous flow, shaft flow, vadose flow, and vadose seepage. The zone indicated as
the 'Subcutaneous zone' is now widely referred to as the epikarst (Gunn, 1986).

3.1.5.3.

Geological evolution

The CBLF was deposited on shallow submarine ridges in a tropical marine environment during the Middle
Devonian period. At around the same time, the Foxley Tuff Formation was formed further to the south. Later,
during the Late Devonian, the CBLF was overlain by the Tavy Formation, and the Gurrington Slate
Formation was deposited over the Foxley Tuff Formation. A geological map of the quarry and its surrounds is
shown in Figure 3-5; schematic cross sections are shown in Figure 3-6.
Folding and thrusting occurred during the Variscan Orogeny due to the collision of continental land masses,
which began towards the end of the Devonian and continued through the succeeding Carboniferous period
and into the early Permian.
Towards the end of the Carboniferous (the geological period after the Devonian), the Crackington Formation
was deposited and later deformed by further faulting in the area.
The most notable effects of the Variscan Orogeny took place in the late Carboniferous to early Permian
(about 300 to 290 million years ago). The Dartmoor Granite was also intruded at the end of the
Carboniferous and during the early Permian, causing metamorphism of the surrounding country rock.
After many millions of years of subsequent deposition and erosion, the CBLF was exposed and subjected to
dissolution. Sinkholes developed on the land surface, with underlying shafts and a conduit system developed
at depth, possibly including caves. It is likely that the water transported through the conduit system was
discharged at springs.
The landscape developed into one of mature karst. During the present Quaternary period, the climate
alternated between periglacial (cold) and interglacial (warm). As Quaternary glaciation in the British Isles did
not extend as far south as South Devon, the karst was not subjected to erosion by ice sheets or glaciers, as
was the case for the limestone karst terrain of Ireland, Wales and northern England. Instead, it was covered
by clayey superficial deposits, probably originating from periglacial and post-glacial weathering of the hill
slopes to the northwest of the site. It is not clear how many phases of superficial deposition have occurred.
The deposits are likely to have infilled many of the now buried conduits and sinkholes. Where this is the
case, the conduits would be less important for groundwater flow.
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The superficial deposits are present above the limestone except where the limestone has been exposed by
excavations at the quarry and elsewhere, or by construction projects such as the A38 duelling.
The spatial and temporal relationship between phases of deposition of superficial deposits and development
of karst are not known. Based on general experience of karst terrain elsewhere, there may have been
periods of relative inactivity (perhaps even dormant) and periods when karst development was particularly
active. Variations in the amount and location of surface and sub-surface water movement will have been an
important factor in determining the activity of the karst.

3.1.6.

Ground investigation

Various historical ground investigations have been undertaken. The investigations are not discussed in this
report but are summarised in Atkins (2018). Recent ground investigations were by commissioned by E&JW
Glendinning Ltd. and carried out by Geotechnics Ltd. between 21st August and 16th October 2017
(Geotechnics, 2017) and by E&JW Glendinning on the 17/18th January 2018. Those follow the installation of
eleven shallow monitoring boreholes, mainly to the top of the CBLF around the proposed extension, by
Frederick Sherrell Ltd. in August 2016 (summarised in Table 3-4 and shown on Figure 3-12). As described in
Section 3.1.1, the boreholes intersected clay-rich material, with weathered fragments of rock overlying
bedrock.
Table 3-4
Hole ID

Monitoring boreholes installed by Frederick Sherrell Ltd. in August 2016
Drilled depth
(mbgl)

Depth to rockhead
(mbgl)

Screen depth
(mbgl)

Standpipe
diameter (mm)

AF1

18

10.5

10-16

19

AF2

8.5

6

5.5-8.5

19

AF3

17.5

Not encountered

11-17

19

AC1

11

8

5-11

19

AC2

16

Not encountered

6-12

50

AC3

11.5

8.5

5-11.5

19

NE4

19

Not encountered

11-17

19

NE5

6

6

3-6

19

NE6

14

11

6-12

50

NE7

17.5

16

11.5-17.5

19

NE8

13

10

7-13

19

The Geotechnics’ investigation involved the drilling of nine boreholes, namely LS1, NW1D, NW1S, NW2,
NE9, SE1, SE1A, Q1 and Q2. The depths of the boreholes and summary of the geological descriptions are
presented in Table 3-5 and the exploratory hole locations on Figure 3-7.
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Figure 3-5

Geological map and locations of conceptual geological cross sections.
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Figure 3-6

Schematic cross sections showing the conceptual geological model of the quarry and its surroundings.
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Table 3-5 Geological descriptions from Geotechnics borehole logs
Hole
ID

Location

Depth
(m bgl)

Summary of geology

Q1

Within existing
quarry (eastern
corner)

102.5






Q2

Within existing
quarry (southern
corner)

88.0

 Limestone from 0.25 m depth.
 Possible infilled solution feature and groundwater conduit at 32.7 m depth

Limestone from 0.15 m depth.
Possible infilled solution feature from 40.0 to 40.5 m depth
Possible solution feature between 64.0 and 77.5 m depth
Possible groundwater conduit between 80.5 and 86.5 m depth

NW1D Approximately
117.0
180 m north of
existing quarry
(not within the
NW1S Chercombe
30.0
Bridge Limestone
Formation)

 0.4 m thickness of made ground overlying 2.0 m of soft orangish brown
sandy gravelly clay (superficial deposits), overlying 1.5 m of slate gravel.
 Rockhead (Tavy Formation) encountered at 3.5 m depth.

LS1

Approximately
14.7
300 m northeast
of the existing
quarry, southwest
of Alston Farm

 Located within a suspected sinkhole and near to a suspected fault zone
 10.5 m of superficial deposits encountered.
 Superficial deposits comprising sandy, gravelly clays. Yellowish brown near
the surface, becoming dark reddish brown with depth.
 Limestone contains several discontinuities dipping between 30 and 60,
some showing evidence of shear displacement, including slickensides.

NW2

Approximately
350 m northeast
of the existing
quarry, south of
Alston Farm

138.0

 1.0 m of made ground overlying 3.9 m of superficial deposits comprised of
firm to stiff dark brown sandy gravelly clay, generally becoming less
gravelly with depth. Decreasing proportion of slate gravel and increasing
proportion of limestone gravel with depth.
 Fresh limestone from 5.0 m depth.
 Fault zone encountered between 89.0 and 92.0 m depth. Interpreted as the
south eastwards dipping fault zone that marks the northern extent of the
Chercombe Bridge Limestone Formation.

NE9

Approximately
700 m northeast
of the existing
quarry, west of
the former dairy
in Caton

103.0

 Target to be located within a ‘Class A’ sinkhole as identified by Atkins’ land
stability studies (Atkins 2018).
 1.9 m thickness of made ground overlying soft to very stiff dark brown
sandy, gravelly clay to 11.5 m depth.
 Small voids (approx. 10 to 20 mm wide) encountered in the uppermost 1 m
of limestone bedrock.

SE1

Approximately
250 m northeast
of the existing
quarry, near to
the southern
edge of the
proposed
extension area.

115.0

 Possible made ground to 1.3 m depth overlying superficial deposits to 4.8
m depth. Superficial deposits comprise firm yellowish brown sandy, gravelly
clay (gravel is of slate and limestone), overlying stiff to very stiff organic
clay with amorphous peat. A 0.3 m layer of soft dark brown organic clay lies
at the base of the superficial deposits.
 The underlying limestone is weathered and contains abundant voids (up to
50 mm diameter). Some discontinuities contain clay or organic clay infill.
 Void between 7.3 and 7.9 m depth.
 Possible solution feature at 25.0 m, and possible groundwater conduit at
34.0 m depth.

98.0

 Superficial deposits to 8.0 m depth (assessed from open-hole drilling).

SE1A

 Gravels (likely derived from underlying Tavy Formation) with a bed of
gravelly clay, overlying Tavy Formation
 Rockhead (Tavy Formation) encountered at 3.5 m depth.

The boreholes were drilled using a combination of open-hole (rock-roller) and rotary coring techniques. Two
of the holes (Q1 and Q2) were drilled within the existing quarry. The remainder of the holes were located in
fields to the northeast of the existing quarry. NW1D and NW1S were intentionally drilled to the north of the
fault that roughly represents the northern extent of the quarry and extends northeast towards Alston Farm,
marking the northern extent of the CBLF.
Boreholes NW1D, NW1S, NW2, NE9, SE1A, Q1 and Q2 were installed with either 50 mm or 75 mm
standpipes within the CBLF. The standpipe installation details are presented in Table 3-6, along with
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information on groundwater flows during drilling. The installation details correspond with a quarry pump
depth of approximately 36.5 m AOD. The locations of the boreholes are presented in Figure 3-7.
Table 3-6 Geotechnics well installation details and depths of groundwater inflows
Hole ID

Screen depth
(m bgl)

Screen depth
(m AOD)

LS1

Groundwater flow
(m bgl)

Flow rate1

Groundwater
level rise (m)2

No installation

No installation

No strike

--

No installation

NW1D

87 to 117

57.8 to 27.8

No strike3

--

--

NW1S

5 to 30

139.97 to 114.97

No strike

--

--

NW2

6 to 80

131.09 to 57.09

82.0 – 138.0

Medium

68.1

NE9

15 to 103

116.13 to 28.13

58.0 – 103.0

Medium

43.6

SE1

No installation
due to a blockage

No installation

37.0 - 94.0

Medium

94-0 – 115.0

High

15 to 95

103.5 to 23.5

25.0

--

64.0 – 80.5

Medium

80.5 – 85.0

High

85.0 – 102.5

Medium

16.0 – 31.0

Medium

32.7 – 88.0

High

SE1A
Q1

Q2

15 to 102

6 to 64

85.28 to -1.72

83.52 to 25.52

No installation
13.2
42.5

20.7

Notes:
1. Qualitative estimate during drilling.
2. Relative to depth of initial water strike
3. A shallow strike was observed within the superficial deposits, but no strike was observed in the Tavy Formation.

Three geological sections have been constructed using data from the Geotechnics investigation. The
locations of the lines of section are presented in Figure 3-7, and the geological sections are presented in
Figure 3-8. It is notable that borehole NW2 penetrated the fault zone. The borehole was backfilled with
bentonite to the base of the CBLF before installing the standpipe.
Notably, borehole SE1A is more competent than SE1, indicating the heterogeneous nature of the CBLF over
short distances. Figure 3-9 presents the elevations of the recorded changes in hammer blows and returns,
and zones of groundwater strikes during drilling in boreholes NW2, NE9, Q1, Q2 and SE1. The changes in
hammer blows and returns, and the presence of strikes, are indicative of the presence of channels or
conduits. Figure 3-9 shows that groundwater strikes and flows commence at approximately 80 m AOD, or
approximately 40 to 50 m below the epikarst.
Groundwater was observed to rise above ground level in NW1D and a standpipe extension was fitted.
During post-field work visits groundwater was measured to be at approximately 1.6 m above ground in
NW1D. The groundwater-rise in the remaining boreholes ranged between 13.2 m and 68.1 m. The high
groundwater-rise and deep water strikes during drilling indicate that the conduits at depth are hydraulically
isolated from the shallow limestone and epikarst.
Geophysical logging, including natural gamma, temperature and fluid electrical conductivity (EC) was
conducted in NW2 prior to installation and following installation in boreholes NW1D, NW1S, NE9, Q1 and
Q2, due to concerns over hole stability. A heat pulse flow meter could not be run within the 50 mm well
screens, due to diameter restrictions, but was used to log NW2 prior to installation and in the 75 mm well
screens at NW1S and Q2. The aim of the logging was to identify groundwater inflows to the boreholes,
highlighted by changes in temperature, water quality (given by fluid EC) or vertical flow within the water
column, as indicated by the vertical transport of heat between two temperature sensors surrounding a
heating element. The results of geophysical logging are shown in Appendix B.
Numerous small fluctuations can be seen in the geophysical logs, although the largest deviations typically
correspond to features recorded during drilling and shown in Figure 3-9. The clearest deviations in Q2 for
both temperature and EC (at 33-35 mbgl, equivalent to 54.5-56.5 mAOD) occur at the top of the zone of high
flow observed during drilling (Figure 3-9). The fastest flow inferred from the heat pulse flow meter in Q2 (as
indicated by the shortest travel time for the heat pulse to reach the sensors) also occurs at this depth. The
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other notable deviation in the EC log for Q2 occurs at 54.7 mbgl (34.8 mAOD), where numerous changes in
hammer blows and drilling returns were recorded.
In the temperature log for Q1, a break in slope occurs at around 80 mbgl (20.3 mAOD), at the top of the zone
of high flow recorded during drilling (Figure 3-9).

Figure 3-7.

Locations of investigation boreholes and lines of section

The other zone of high flow shown in Figure 3-9 occurs in SE1, although no geophysical logging was
conducted in this borehole, given the absence of a standpipe and concerns over hole stability.
Following initial development of the boreholes following installation, depth tagging indicated sediment
remaining in the base of NE9, NW1D, NW2 and SE1. Further development of these boreholes, by airlifting of
water from the borehole, was conducted on the 9th August 2018 to remove this sediment.
The E&JW Glendinning investigation involved the drilling and installation of four quarry boreholes within the
CBLF, namely Q3, Q4, Q5 and Q6 using the E&JW Glendinning’s rotary rig. Due to the nature of the drilling
it was not possible to log the returns. However, the boreholes were drilled directly into the un-weathered
CBLF. Screen depths for the boreholes, which were installed with 35 mm standpipes, are presented in Table
3-7. The locations of the boreholes are presented in Figure 3-7.
Table 3-7 E&JW Glendinning borehole details
Hole ID

End depth (m bgl)

Screen depth (m bgl)

Screen depth (m AOD)

Q3

33

15 - 33

54.54 – 36.54

Q4

21

3 - 21

53.67 – 35.67

Q5

22

4 - 22

52.44 – 34.44

Q6

36

18 - 36

51.75 – 33.75
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Figure 3-8.

Simplified geological cross sections showing boreholes from the Geotechnics investigation
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Figure 3-9.

Feature elevations in boreholes NW2, NE9, Q1, Q2 and SE1.

Shows (a) changes in the frequency of hammer blows, indicating the possible interception of conduits; (b) changes in flush returns, where changes in the
colour or turbidity of returned fluids may indicate the interception of different water-bearing features; and (c) zones of increased water inflow, indicating the
presence of highly permeable water-bearing features. Changes in hammer blows/returns are shown using a different symbol colour for each borehole. No
well screen was installed in SE1 due to a blockage.
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3.1.7.

Walkover survey

In accordance with best practice and as advocated by Fookes & Hawkins (1988), Atkins undertook a further
walkover survey specifically to examine geological features identified on maps and photographs. The
walkover took place over two consecutive days, the 6th and 7th December 2016, and comprised an inspection
of the limestone exposed in its faces for geological structure, evidence of karst, superficial deposits and
groundwater inflows. A subsequent visit took place on the 9th December 2016, when additional photos of the
quarry were taken.
Several specific locations of interest were identified from desk study information, including aerial
photographs and satellite imagery, prior to visiting the Study Area. Where possible, the locations were
inspected, photographed, and described during the walkover survey. A brief summary of the observations
made is presented below.

Figure 3-10 Photograph (taken 6/12/16) and geological sketch of the southernmost corner of the
quarry with karst features visible along the southeastern quarry face (grey shading), decreasing in
concentration with increasing depth, and limestone bedding in the south-western face (green lines).
Atkins’ inspection of the quarry commenced in its southern corner, at Bench 3, and progressed in an anticlockwise direction along the south-eastern, north-eastern, and north-western sides of the quarry. The
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deepest point in the quarry at that time was into Bench 7, which had only been achieved near to the northern
corner of the quarry. The following key observations were made during the quarry inspection:


As expected, the north-eastern face of the quarry is a dip cross section, i.e. the face is parallel to the
direction of dip of the bedding in the limestone.



Dissolution features are best observed in the south-eastern faces (aligned southwest-northeast),
suggesting the dissolution features may be aligned perpendicular to the face (i.e. aligned northwestsoutheast, which is approximately parallel to the direction of bedding dip).



Some dissolution features extend to shallow depths (typically 5 m), whilst others in the centre of the
quarry where there is a distinct zone of brown poorer quality rock, may have extended tens of metres
below the original (natural) ground level.



In the southernmost corner of the quarry, pervasive karst weathering can be observed, with a high
concentration of dissolution features in the face above the first bench, decreasing in concentration
through each successively deeper bench, as illustrated in Figure 3-10. In the face above the first bench,
which is the shallowest bench face and therefore closest to the natural ground level, dissolution features
appear to be present at a centre-to-centre spacing of about 5 m and have a width of about 0.5 to 2 m.



In the northern part of the quarry, an area of poor quality, brown, weathered limestone and clay appears
to be associated with three or more deep dissolution features, that are located within a zone about 50 m
wide.



Groundwater enters the quarry at various elevations, particularly the northeast face, the sump in Bench
7, and locally along the southeast face in the south west third of the quarry.

Following the initial walkover survey and the interpretation of the historical aerial photographs, Atkins
undertook a second walkover survey from the 16th to 17th August 2017.
Atkins’ second inspection of the quarry focussed on:
1. the large calcite vein located at the north-eastern edge of the quarry, from which water flows into the
quarry;
2. an area of poor quality, brown, weathered limestone and clay currently being excavated in the northern
part of the quarry; and
3. the proposed locations of boreholes to be drilled for the purpose of groundwater monitoring.
The following key observations were made during this second quarry inspection:


Since the initial walkover survey, a new sump had been constructed in the north-eastern corner of the
quarry at Bench 6. The bench level is approximately 56.5 m AOD. The base of the sump was
approximately 36.5 m AOD.



Poor quality, brown, weathered limestone and clay persists in Benches 6 and 7 in a north-south
orientation across the central part of the quarry. Bench 6 was being worked (extended towards the
south) at the time of the visit.



Groundwater continued to enter the quarry at the location of the large calcite vein at the northeast face of
the quarry. The strike of the vein appears to be approximately 030°. It dips steeply towards the
southeast. The vein was observed at Bench 4, and its downwards continuation was also observed at
Bench 5. Although a zone of more closely fractured rock was present in the face at Bench 5, the calcite
vein itself was more difficult to distinguish than in the shallower benches. The lateral extent of the vein
towards the southwest (inside the quarry) is unclear.



The locations of proposed boreholes were inspected and information about the accessibility and
suitability of the proposed locations was recorded to inform the planned ground investigation.
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3.2.

Hydrogeology

3.2.1.

Aquifer designation

The Chercombe Bridge Limestone Formation (CBLF) is designated as a principal aquifer (Environment
Agency, 2016c) on the basis of its fracture permeability. Water flow in aquifers such of the CBLF is
commonly dominated by fracture flow. The other bedrock units in the vicinity of the site are designated as
secondary A aquifers (Environment Agency, 2016c). The permeability of these secondary A aquifers is
largely fracture dependent. The areas of alluvium associated with the River Ashburn, Kester Brook and River
Lemon are also designated as secondary A aquifers (Environment Agency, 2016c).
A figure showing the aquifer designations in the vicinity of the Linhay Hill Quarry (also referred to as the
quarry) is presented in Figure 3-11 (Environment Agency, 2016c).

Figure 3-11.

Aquifer designation in vicinity of the quarry. Scale 1:75,000

3.2.2.

Aquifer properties

3.2.2.1.

Carboniferous Period aquifers

The Carboniferous Period aquifers in the vicinity of the site can be subdivided into the Dinantian (Rora
Mudstone and Teign Chert Formations) and the Silesian (Crackington and St Mellion Formations) (Jones, et
al., 2000). A discussion of the regional aquifer properties of these units is presented below. Geological cross
sections are presented in Figures 3-6 and 3-8.
Dinantian
Jones et al. (2000) consider that Dinantian strata (Rora Mudstone and Teign Chert Formations) are likely to
be marginal aquifers, as they predominantly consist of mudstones with thin discontinuous limestones. In the
context of the site, the Dinantian strata are present to the north of the site as sporadic outcrops of the Teign
Chert Formation (also referred to as Codden Hill Chert) surrounded by the St Mellion Formation. The Rora
Mudstone and Teign Chert Formations are considered of lesser importance in the context of the site, given
that they are not in contact with the CBLF, and will not be discussed further.

Atkins Hydrogeological Impact Assessment 2018 | Version 5.1 | November 2018

36

Linhay Hill Quarry
Hydrogeological Impact Assessment 2018
Silesian
The Silesian strata (Crackington and St Mellion Formations) form a multi-layered aquifer system with the low
permeability mudstones and shales acting as aquitards between sandstone horizons, which act as separate
aquifer units (Jones et al., 2000). The sandstones are generally well cemented and possess little primary
porosity, permeability or groundwater storage. Groundwater storage and movement in the strata are mainly
dependent on the presence of fractures (Jones et al., 2000). Fractures typically reduce in frequency with
depth (Jones et al., 2000).
Regional transmissivity values from the Crackington Formation (Jones et al., 2000) range from 0.2 to
93 m2/d, based on twenty-six measurements, with all but three of the values being below 10 m2/d (Jones et
al., 2000). There are sixteen measurements of specific capacity, which range from 0.7 to 65 m3/d/m (Jones
et al., 2000).
Large quantities of groundwater are not generally obtainable from the Silesian strata, the largest recorded
being 150 m3/d from the Crackington Formation (Jones et al., 2000). Yields of this magnitude may be
important for local domestic and agricultural water supplies (Jones et al., 2000). Borehole depths in the
Crackington Formation only rarely exceed 60 m (Jones et al., 2000).

3.2.2.2.

Devonian Period aquifers

The Devonian Period aquifers in the vicinity of the site include the CBLF and the Tavy, Foxley Tuff and
Gurrington Slate Formations. The CBLF is a karst limestone aquifer (Waltham et al., 1997).
Jones et al. (2000) note that structure, rather than lithology, dictates yields in the Devonian succession of
southwest England, as primary porosity is an insignificant contributor to permeability and storage. In general
terms, the marine slates, siltstones, greywackes and associated volcanic lavas and tuffs of the Devonian
succession have low primary porosities. The sandstones are compact and well cemented, and the
limestones are dense and highly crystalline. Thus, permeability is dependent on the extent of development of
secondary fracture features such as jointing and cleavage (Jones et al., 2000) and in the case of the CBLF,
dissolution along these features as part of karst development.
Jones et al. (2000) report a transmissivity range for the limestone (and marl) Devonian aquifers (such as the
CBLF) in the southwest of England between 1 and 247 m2/d. However, that is only based on seven
measurements. For the argillaceous (shales, slates, greywackes, mudstones and siltstones) aquifers (such
as the Tavy and Gurrington Slate Formations), the transmissivity range is between 7.7x10-7 and 0.9 m2/d,
although the upper value of 0.9 was considered as spurious by Jones et al. (2000). Additionally, Jones et al.
(2000) note that the mean of licenced abstractions from thirty-five sources in the Tavy Formation is 4.8 m3/d.

3.2.3.

Water resources

Groundwater boreholes, springs, swallow holes and other notable surface water features in the study area
are shown in Figure 3-12. Many of the groundwater boreholes were installed for monitoring purposes,
although others have been used to provide private water supplies (PWS). PWS from boreholes and other
sources are shown in Figure 3-13.
There are no licensed groundwater or surface water abstractions within 2 km of Linhay Hill Quarry
(Environment Agency, 2016c). Abstractions less than 20 m3/d, such as typical PWS, do not require an
abstraction licence (Environment Agency, 2016c).
Information on PWS in the vicinity of the site was supplied by Teignbridge District Council. A total of 19 PWS
were identified - twelve springs, three boreholes, one well, one supply from the River Lemon and two
supplies classified as unknown. Further investigations by Atkins revealed an additional borehole at Little
Barton Farm (BH4). Atkins has confirmed that the borehole at Dolbeare (BH1) and the two neighbouring
springs (S21 and S22) are no longer used, as the landowners have switched to mains water supply.
The South Devon Catchment Abstraction Management Strategy (CAMS) (Environment Agency, 2012) states
that there is ‘water available’ (surface water and groundwater) in the Ashburn catchment (within which the
site is located) during the spring, autumn and winter (Q30, Q50 and Q70) periods. In the summer (Q95),
water is not available for licensing in the Ashburn catchment. Water is available (surface water and
groundwater) in the River Lemon catchment all year round (Q30 to Q95) (Environment Agency, 2012).
These catchments are described in Section 3.3.
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Figure 3-12

Hydrogeological features map
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Figure 3-13

Map of private water supplies
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The operational catchment relating to groundwater is the Teign, Avon, Dart and Erme groundwater body,
which covers a 1379 km2 area from north Dartmoor to the estuaries of the rivers Erme, Avon, Dart and Teign
in the south. The overall groundwater body classification is ‘Poor’. The quantitative status of the groundwater
body is ‘Good’ and the quantitative status objective is ‘Good’ by 2015.

3.2.4.

Groundwater flows

3.2.4.1.

Fracture flow

Groundwater flow in karst limestone is controlled by a network of fractures and conduits. Field observations
indicate that the fracture network in the CBLF has a low overall permeability. A network of open fractures is
not visible on the quarry face and during periods of low rainfall a seepage face across the face of the pit
walls has not been observed. Moreover, during drilling operations, drill cuttings were dry for up to 50 m
below the piezometric surface, when the first conduits were encountered (Figure 3-8 and Figure 3-9).

3.2.4.2.

Conduit flow

There is evidence of conduit groundwater flow within the CBLF. There are four main groundwater inflows to
the quarry from the surrounding limestone. The main inflow (marked S10 in Figure 3-12) above the sump is
from a conduit in the limestone within the northeast face of the quarry pit (Figure 3-14), at an elevation of 8586 m AOD to the ground surface at approximately 127 mAOD. The conduit (referred to as the NE face
conduit) is a light brown diagenetic calcite fracture feature, approximately 2 to 5 m in width.

Figure 3-14.

Photograph of NE face conduit at Level 4 (19/7/18)

The conduit cross cuts the bedding sub-vertically. The feature is believed to extend to the northeast. The
conduit was exposed during quarrying and may have originally been infilled with sediment, although that
cannot be confirmed. The main inflow is located at an elevation of approximately 103 m AOD within the
Level 3 face (approximately 97-110), though some flow occurs from the Level 2 and Level 4 faces above and
below the observed main inflow. During periods of high rainfall, typically in the winter, the inflow is sufficient
to form a steady stream of water. During dry periods, typically in the summer, the inflow reduces to a trickle.
This indicates that the inflow from the conduit is dependent on rainfall and that the storage within the conduit
system is low.
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Smaller inflows to the quarry have been observed at two locations on the southeast face at respective
elevations of approximately 88 and 90 m AOD: the spring at S13 (referred to as the SE face conduit), and
the seepage at S14 (shown in Figure 3-15). No flow was observed in these features during the majority of
site visits. Some minor seepage has also been recorded in isolated parts of the pit base. During excavation
to Level 7 in late 2017 / early 2018 in the central area of the quarry where there is a distinct zone of brown
poorer quality rock, a flowing conduit was exposed in Level 7 and a sample was also taken. The flowing
conduit is shown in Figure 3-16. Several sediment infilled conduits have been exposed by the quarrying in
other parts of the pit, which are predominantly located on the southeast face of the quarry (Figure 3-15). The
frequency of the infilled conduits decreases with depth.

Figure 3-15.

Photograph of infilled conduit, middle of level 4 SE face

Figure 3-16.

Photographs of flowing conduit exposed in Level 7 during excavation (16/01/18)
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The quarry sump is now in Level 8 and captures inflows at the base of the quarry, and based on the water
balance for June 2017 to May 2018 presented in Section 3.6, groundwater from the deeper part of the CBLF
(as described in Section 3.5.7) constitutes the largest contribution to groundwater inflows in the quarry.

3.2.4.3.

Thrust fault flow

The thrust faults located between the Tavy Formation and CBLF, and the Foxley Tuff and CBLF, may be an
area of recharge to the limestone. Groundwater may be flowing across the faults from the Tavy and
Crackington Formations, and the Foxley Tuff, to the limestone.

3.2.5.

Aquifer testing

Slug tests were undertaken in boreholes NE9, NW1S, NW2, Q1, Q2 and SE1A to assess the hydraulic
conductivity of the CBLF and Tavy Formation. The results are summarised in Table 3-8, while the complete
analyses are presented in Appendix C.
Table 3-8

Slug test results

Location

Formation

Hydraulic conductivity (m/day)

NE9

CBLF

0.0050

NW1D

Tavy Formation

0.00062

NW1S

Tavy Formation

0.0093

NW2

CBLF1

0.00074

Q1

CBLF

0.0021

Q2

CBLF

0.085

SE1A

CBLF

0.062

Notes:
1. The lower section of NW2 that intercepts the Tavy Formation was backfilled with bentonite prior to installation of the well screen
entirely within the CBLF.

The results are consistent with the qualitative observations of flow in Figure 3-9, which indicate relatively
high flows and bulk hydraulic conductivity across the interval screened by Q2, due to the greater density of
channels or conduits at depth within the CBLF at this location. The calculated bulk hydraulic conductivity in
SE1A is also relatively high, although no observations were recorded on flow or the presence of conduits in
this borehole. The other tested boreholes in the CBLF and both boreholes in the Tavy Formation display
hydraulic conductivity values that are 1 to 2 orders of magnitude lower than those in Q2 and SE1A.
The values of hydraulic conductivity shown in represent average values across the entire saturated thickness
of the formation adjacent to the well screen (as well as a contribution from the formation immediately below
the screened interval). Individual conduits would be expected to have a substantially higher hydraulic
conductivity than the values shown, while values for the remaining parts of the tested interval are likely to be
much lower.
The slug tests were conducted using a submersible datalogger to record water levels at 1 second intervals.
As standing water levels lay within the tested formation in each case, the Bouwer and Rice method (Bouwer
& Rice, 1976; Bouwer, 1989), which is suitable for overdamped responses in unconfined aquifers, was used
to analyse the tests. The values presented are predominantly from falling head tests, because occasionally
the narrow diameter of each well led to disturbance of the dataloggers following withdrawal of the slug,
thereby invalidating the data from some of the rising head tests. Where satisfactory data are available for
more than one test in any given borehole, the reported value in Table 3-8 represents an arithmetic mean of
these results.
Where the data show a double straight-line, the second straight line has been fitted to avoid the initial effects
of filter pack drainage and the effective casing radius has been used to account for the continued presence
of a highly permeable filter pack around the well screen (Bouwer, 1989). Where a concave upward curve
was observed in the results, the data covering 20-30% of the initial displacement were used to give a
representative result (Butler, 1998).
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3.2.6.

Groundwater quality

3.2.6.1.

Aquifer Water Framework Directive (WFD) classification

The operational catchment relating to groundwater is the Teign, Avon, Dart and Erme groundwater body,
which covers a 1379 km2 area from north Dartmoor to the estuaries of the rivers Erme, Avon, Dart and Teign
in the south. The overall groundwater body classification is ‘Poor’. The chemical status of the groundwater
body is ‘Poor’ and the chemical status objective is ‘Poor’ by 2015. Reasons for not achieving good chemical
status are listed as ‘probable’ for ‘agricultural and rural land management’ and ‘suspected’ and ‘confirmed’
due to abandoned mines (Environment Agency, 2018). The extension of the quarry and related dewatering
activities must not affect the WFD status of the groundwater body.

3.3.

Hydrology

The main surface water features in the vicinity of the site are the Rivers Ashburn and Lemon, the Balland
Stream and the Kester Brook. These surface water features are shown on Figure 3-12. Monitoring of these
features is discussed in Section 3.5.3.

3.3.1.

Ashburn catchment

3.3.1.1.

River Ashburn

The River Ashburn sits within the Dart, Start Bay and Torbay WFD Operational Catchment. Linhay Quarry
also lies within this catchment, which has been classified as having ‘good’ chemical and ecological status
(Environment Agency, 2018). The River Ashburn catchment, as represented by the Environment Agency
Catchment Data Explorer (Environment Agency, 2018), is shown in Figure 3-17, although that representation
is not wholly correct for the topography locally at Alston Farm, where the land to the north of the farm
buildings is within the River Lemon catchment.
The closest point of the River Ashburn to the quarry is approximately 1 km west, at Cuddyford Cross, where
the river is at an elevation of around 95 m AOD as it flows southwest under the Rew Road. The River
Ashburn flows through alluvial deposits and the CBLF in the southern part of Ashburton, as shown in Figure
3-5, but in places in Ashburton is also in an open concrete lined channel and partly culverted.
The River Ashburn level is gauged in Ashburton by the Environment Agency just upstream of the town
centre and shown online by the Government’s flood information service. The elevation of the gauging station
is approximately 72 m AOD (Point R2, Figure 3-12). Direct monitoring of the flows within the River Ashburn
in Ashburton has not been undertaken by the Environment Agency.

3.3.1.2.

Springs

Several springs discharge mostly during the winter months at the contact of the St. Mellion and Tavy
Formations, and directly from the St. Mellion Formation, based on BGS 1:50,000 mapping (BGS, 2016). The
St Mellion Formation pinches out above the Tavy Formation to the northwest of the quarry. Groundwater
comes to the surface as springs at the contact between the two units as the Tavy Formation is less
permeable than the St Mellion Formation. Springs also emerge directly from the multi-layered St. Mellion
Formation aquifer, possibly a consequence of sandstone emerging to the surface above a mudstone unit.
The springs are seasonal and do not flow during periods of low rainfall, which may be due to seasonal water
table fluctuations in the St. Mellion Formation. The springs located to the north of Linhay Hill Quarry
generally drain into the Balland Stream. During periods of heavy rainfall, overland flow from the quarry’s spoil
tip to the northwest also discharges directly into the quarry.
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Figure 3-17.
River Ashburn catchment in vicinity of Linhay Hill Quarry, as shown by the
Environment Agency Catchment Data Explorer, but is not correct locally around Alston Farm
where the land drains to the River Lemon. 1 km grid scale.
A summary table of the springs which drain into or are discharged to the Balland Stream are presented in
Table 3-9. A summary chart showing the flows in the vicinity of Linhay Hill Quarry, including to the River
Ashburn is presented in Figure 3-18.
Table 3-9. Summary of spring areas flowing to the Balland Stream
Geological unit where spring Springs
emerges

Comments

Tavy Formation

Spring S8, north of Quarry

Springs flow overland to the Balland Stream.

St. Mellion Formation

Springs S6, S7, S9, north
of Quarry

Springs flow overland to the Balland Stream.

Chercombe Bridge Limestone
Formation

Springs S10, S13, S14
inflows to Quarry

Water that collects in base of the quarry is
pumped to the Balland Pit which is
periodically discharged to the Balland
Stream.

3.3.1.3.

Balland Stream

The catchment for the Balland Stream lies to the north and west of the quarry. The course of the Balland
Stream is indicated on Figure 3-12. The Balland Stream is fed by a number of springs (listed in Table 3-9),
surface runoff and periodic pumped discharge from the Balland Pit. The lower Balland Stream is dry during
periods of low rainfall. The Balland Stream flows over the Tavy Formation approximately along the north and
northeast boundary of the quarry. It is partly culverted and in places runs in an open concrete block lined
channel. The stream flows through the west side of the quarry property, as indicated on Figure 3-12. It flows
southwest, roughly parallel to the A38, and joins the River Ashburn in the town of Ashburton. The Balland
Stream flows in an open concrete channel and culvert in Ashburton.
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Chercombe Bridge Limestone Formation (CBLF) inflows & outflows

Springs S6,
S7, S8, S9

Rainfall

Overland
flow

Overland
flow

Balland
Stream
Overland flow

Other
aquifers

Springs

Karst
features

Overland
Flow

Other
aquifers

Quarry

Overland
Flow
Alston
Sinkhole SH1

CBLF

River
Ashburn

Springs S1,
S2

Springs S3,
S4, S5

Abs traction
wel ls
(di sused)

Local
drainage

Spring(s)

Overland
Flow
Karst
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Alston
stream

Underbridge
below A38

Culvert
below A38

Swallow
hole SH4

Overland
Flow

Overland
flow

Karst features
(e.g. A38
doline, SH2)

Mead Farm
stream
Mead Farm
s wallow hole
SH3

Springs

Site
processes

Springs
S11,S12

Kester
Brook
Overland
flow
River Lemon

River Ashburn Catchment

River Lemon Catchment

Notes:
:Confirmed flow path
:Unconfirmed flow path
:Karst features which are inputs to the CBLF
1. Not all water inputs to the major surface waterbodies are shown
2. Linkages for aquifer units other then the CBLF have not been shown
3. Karst features identified at the Site include sinkholes, dolines and sinking streams
4. For clarity, the rainfall input to each overland flow unit has not been shown

Figure 3-18.

Summary chart of flows in the vicinity of Linhay Hill Quarry
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3.3.2.

Lemon catchment

3.3.2.1.

River Lemon

The area of the proposed extension to the quarry lies within the Teign WFD Operational Catchment, which is
a subdivision of the South Devon Management Catchment. The River Lemon is a sub-catchment of the
Teign catchment and is classified as having ‘good’ chemical status and ‘moderate’ ecological status
(Environment Agency, 2018). The River Lemon Catchment is shown in Figure 3-19, as represented by the
Environment Agency Catchment Data Explorer (Environment Agency, 2018), however that representation is
not correct for the topography locally at Alston Farm as that area is also within the River Lemon catchment.
The closest point of the River Lemon to the quarry is approximately 2.3 km to the northeast, roughly where
the river crosses under the A38 at Bickington. The River Lemon flows through a zone of the CBLF for
approximately 500m in Bickington (Figure 3-5). The River Lemon level is gauged in Bickington by the
Environment Agency (Point R1, Figure 3-12) and shown online by the Government’s flood information
service. Direct monitoring of the flows within the River Lemon in Bickington has not been undertaken by the
Environment Agency.
The summary chart in Figure 3-18 showing flows near the Linhay Hill Quarry includes flows within the
catchment of the River Lemon.

Figure 3-19. River Lemon Catchment in vicinity of Linhay Hill Quarry, but is not correct locally
around Alston Farm where a greater area of land drains to the River Lemon. 1 km grid scale.

3.3.2.2.

Springs and swallow holes

A summary of nearby springs flowing towards the Kester Brook is presented in Table 3-10.
Two spring areas (springs S4 and S5 in Figure 3-12) located to the north of the Alston Farm flow during
periods of high rainfall overland to the south, past Alston Farm and form the Alston stream. The Alston
stream provides recharge to the CBLF as it flows overland. The Alston stream flows past a swallow hole
(Alston Swallow Hole, point SH1, Figure 3-12 and Figure 3-20), located approximately 150 m southwest of
the Alston Farm. The flow from the Alston stream was temporarily prevented from flowing into the main
depression of the Alston Swallow Hole in December 2016 by the tenant farmer to prevent cattle entering that
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sinkhole area, but a swallow hole has since formed within the watercourse as it passes that area as shown in
Figure 3-20. The connectivity of the Alston Sinkhole with the inflow conduit (Spring S10, Figure 3-12) on the
northeast face of the quarry has not been established.
Table 3-10.

Summary of nearby springs flowing towards the Kester Brook

Geological unit where spring
emerges

Springs

Comments

Tavy Formation

Springs S4 and S5 north of Alston These springs flow overland to the
Farm
south and may recharge the
limestone via karst features

Tavy Formation

Springs S1 and S2 east of Alston
Farm

These springs flow overland to the
south and may recharge the
limestone via karst features

Foxley Tuff Formation

Springs S11 and S12, south of
Caton Cross

These springs (the Goodstone and
Glendale springs) are inflows to
the Kester Brook

A tracer test was undertaken in April 2016 by introducing tracer to the Alston Swallow Hole and monitoring
for tracer at the NE face conduit (Spring S10). The tracer was not detected at the NE face conduit, nor in the
other locations monitored. It is not known why the tracer was not detected but it may have been due to the
infilled nature of the sinkhole or conduits, and/or the tracer may have taken different flow paths, or
insufficient tracer may have been used. It is possible that further tracing testing may assist in delineating
groundwater flow paths, such as towards the current quarry void. However, it is unlikely that further tracer
testing will be able to confirm flow paths to the proposed extension area void, prior to excavations occurring.

Figure 3-20.

Photograph of Alston Swallow Hole and Alston stream (20/06/18)

The seasonal Alston stream flows south from the Alston Swallow Hole during periods of high flows, via a
network of ditches, some of which may be sinking streams, to a small culvert which flows under the A38
(point A1, Figure 3-12). The culvert discharges to a woodland, known as the Mead Cross Unconfirmed
Wildlife site (UWS), where, if the flows are very high, overland flow may occur and discharge to the upper
reach of the Kester Brook. However, as shown in Figure 3-21, drainage lines within the Mead Cross UWS
are typically dry, even during winter.
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A conservative assumption is that the Alston stream connects with the Kester Brook, via the overland ditch
network when flows are very high. The Kester Brook flows into the River Lemon.
Spring S3 (Figure 3-12) is water flow from an adit driven into the Tavy Formation north of Alston Farm and is
currently used as a private water supply for Alston Farm and Alston Cottage. There are also springs near the
adit.
Springs S1 and S2 (Figure 3-12) are located approximately 350 m northeast of the Alston Farm at Little
Barton, with S2 emerging behind the property ‘Samastar’. The water from these springs flows overland
(south) across the CBLF and may recharge the limestone (Table 3-10).
S1 and S2 are located outside (east) of the proposed quarry extension. Spring S1 and runoff from the
catchment above form a stream that flows south towards Caton (referred to locally as the Caton stream), and
spring S2 feeds a stream which flows southeast. The stream at Caton has been diverted around the hamlet
of Caton. Prior to its diversion, the stream flowed to a swallow hole behind Caton Farm house (SH2 on
Figure A-3). The Caton stream either goes to ground south of Caton before the A38 underbridge
(underbridge shown as Point A2, Figure 3-12), or when flow is sufficient, the stream flows through the
underbridge. For most of the year, the watercourse ceases approximately 100 m to the southeast of the
underbridge, at a likely swallow hole (SH4 Figure 3-12). In high flow periods, water can flow overland from
that area across a field to the southwest, though there is no clearly defined watercourse. That water can then
flow down the road to eventually join the Kester Brook. Localised subsidence appeared in February 2014
within an existing sinkhole depression north of the A38 off slip road at Caton, most likely due to excess
surface water run off during a very wet winter. Karst features such as that sinkhole depression are areas
where surface water can collect and infiltrate to the limestone.

Figure 3-21 Photograph of likely ephemeral drainage line within the Mead Cross Unconfirmed
Wildlife site (7/12/16)
A spring is located in the CBLF at Higher Lemonford (Spring S15, Figure 3-12), approximately 2 km
northeast of Linhay Hill Quarry. The spring flows to the Lemonford stream, which discharges to the River
Lemon at Bickington. The Lemonford stream catchment extends west under the A38.
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Lower Mead Farm is situated 600 m southeast of the quarry. A stream (the Mead Farm stream) flows from
the farm north to the CBLF. At a site visit by Atkins in December 2016, the Mead Farm stream flowed directly
into a small swallow hole (approximately 0.1-0.15m diameter), located approximately 200 m north of the farm
(Swallow Hole SH3, Figure 3-12, referred to as the Mead Farm Swallow Hole). The swallow hole had not
been observed previously and is susceptible to blockage, following clearance of the nearby field drainage
channel by the farmer. Cessation in flows to the swallow hole has been observed as a result. In the absence
of material blocking the swallow hole, there is reduced flow in the Kester Brook watercourse north of Gale
Road between Mead Cross and Goodstone. When the swallow hole is blocked or if there is sufficient flow at
this point, the Mead Farm stream discharges northeast under Mead Cross and so to the Kester Brook.

3.3.2.3.

Kester Brook and Goodstone Spring

The Kester Brook is a tributary of the River Lemon. The major input of the Kester Brook is the Goodstone
Spring, though the Goodstone Spring does not flow during periods of low rainfall. The Goodstone Spring
overlies Alluvium and the Foxley Tuff Formation, close to the boundary of the Foxley Tuff Formation with the
CBLF (British Geological Survey, 2016). The origin of the Goodstone springs may be from upwelling
groundwater at the contact between the CBLF and the Foxley Tuff causing groundwater mounding within the
Alluvium. The Goodstone Spring area is the most notable known spring outflow from the CBLF in the area.
Glendale Spring is located in close proximity to the Goodstone Spring area and also discharges to the Kester
Brook, but from observation is a very minor flow in comparison to the Goodstone Spring area.
Alluvial deposits (BGS, 2018b) extend from the western part of the CBLF to the Goodstone Spring and
continue to the River Lemon. The Kester Brook follows the path of the alluvial deposits and joins the River
Lemon approximately 3 km to the east.

3.3.3.

WFD classification

A summary of the WFD status of the Rivers Ashburn and Lemon is presented in Table 3-11 (Environment
Agency, 2018). Surface water quality monitoring is discussed in Section 3.4 and monitoring or surface water
levels is presented in Section 3.5.3.
Table 3-11.

WFD status of Rivers Ashburn and Lemon

Water body

Type

Hydromorphological
designation

Status

Classification
(2016 Cycle 2)

Objectives

River Ashburn

River

Not designated artificial or
heavily modified

Ecological

Good

Good by 2015

Chemical

Good

Good by 2015

Heavily modified

Ecological

Moderate

Good by 2021

Chemical

Good

Good by 2015

River Lemon

River

3.4.

Water quality monitoring

3.4.1.

Objectives

The water quality monitoring programme was carried out between December 2016 and May 2018 (most of
the watercourses have been dry since), with additional sampling of groundwater monitoring boreholes in
August 2018, following their development to remove fine sediments settled since drilling. The aim of the
water quality monitoring is to gather information on the water quality of the inflows and outflows at the quarry
and in the CBLF across the study area. These data have been assessed to determine whether they can be
used to develop an improved understanding of groundwater flow pathways through the CBLF, and better
conceptualise interactions between groundwater and surface water.

3.4.2.

Monitoring scope

Water quality was analysed monthly at nine monitoring locations throughout the monitoring period. These
locations are shown in Figure 3-22, which also shows locations used to monitor rainfall, water levels and
flow, as discussed in Section 3.5. A description of these monitoring locations is given in Table 3-12.
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Figure 3-22

Mapped locations of monitoring points
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Table 3-12

Locations used for regular water quality monitoring

Name

Description

MP1

Balland Stream, upstream of quarry discharge

MP2

Quarry discharge

MP9

Quarry sump

MP10

NE face conduit

MP11

SE face conduit

MP13

Alston stream

MP15

Caton stream

MP16

Samastar stream near A38 slip road

MP17

Lemonford stream

MP18

Kestor Brook

MP19

Mead Farm stream

Samples were collected from several additional springs, discharges to and from ponds and monitoring
boreholes during the monitoring period; these additional locations are also shown in Figure 3-22. Direct
access to the springs was not generally possible, and locations as close to the source as possible were
chosen, with the exception of MP1e, which was used to show the evolution in water quality downstream of
Spring S8. The additional monitoring locations are described below:











MP1a. Determination of water quality discharging to Balland Stream from Spring S9;
MP1b. Determination of water quality discharging to Balland Stream from Spring S7;
MP1c. Determination of water quality discharging to Balland Stream from Spring S8;
MP1d. Determination of water quality entering the Waye Pond;
MP1e. Determination of water quality downstream from the Lower Alston Pond and Spring S8;
MP1f. Determination of water quality entering the Upper Alston Pond;
MP13a. Determination of water quality discharging to Alston stream from Spring S3;
MP15a. Determination of water quality discharging to Caton streams from Springs S1; and
MP19a, Parkers Farm. Determination of water quality discharging to Kester Brook; and
Groundwater monitoring wells Q1, Q2, NW1S, NW1D, NW2, NE9 and SE1A.

3.4.2.1.

Absolute concentrations

Mean concentrations of the major cations and anions, calcium, sodium, magnesium, bicarbonate, chloride
and sulphate were calculated, based on laboratory results. The absolute concentrations for each cation/
anion were plotted on bar graphs to compare mean concentrations at each of the monitoring locations, as
presented in Section 3.4.3.2. Stiff plots have been used to show spatial variations in these parameters for
each sampling round, as shown in Appendix D.

3.4.2.2.

Field parameters

The field parameters pH, dissolved oxygen (DO), electrical conductivity (EC) and total dissolved solids (TDS)
for each location were plotted on radial diagrams for each of the monitoring rounds. The radial diagrams
were used to compare these parameters across the monitoring locations for each date of sampling, as
presented in Appendix E.

3.4.2.3.

Saturation index

The saturation of water with respect to calcite can be calculated using the saturation index. This gives an
indication of the length of flow path undertaken. The saturation index SI is given by (Apello and Postma,
2005):
SIcalcite = log([Ca2+][CO32-]) – logsp
SIcalcite = log[Ca2+] + logk2 + pH + log[HCO3-] – logksp
K2 = [H+][ CO32-]/[ HCO3-] = 10-10.3 and Ksp = [Ca2+][CO32-] = 10-8.48
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3.4.3.

Results

3.4.3.1.

Water typing

The dominant anions and cations are presented in Table 3-13 for each monitoring location. A cation/anion is
defined as dominant if its proportion exceeds 50% of the total. In locations in which the proportion of a single
cation/anion does not dominate, then the water is classified as mixed and the most common constituents are
listed in Table 3-13. Where a dominant cation or anion is accompanied by another constituent with more
than 30% of the total, that constituent has also been listed e.g. bicarbonate is dominant, with minor sulphate
for location MP9. The water type characterisations are a summary of the patterns observed consistently
across monitoring rounds undertaken between December 2016 and May 2018 with the monthly results
presented in the piper diagrams in Appendix F.
Table 3-13 Water type by location
Location

Dominant Cation

Dominant Anion

MP1 (Balland Stream)

Calcium

Bicarbonate

MP1b (Spring S7)

Calcium & sodium

Bicarbonate

MP1c (Spring S8)

Calcium (with sodium)

Chloride and bicarbonate

MP1d (Waye Pond)

Calcium

Bicarbonate

MP1e (L Alston Pond)

Calcium

Bicarbonate

MP1f (U Alston Pond)

Calcium

Bicarbonate

MP2 (Quarry discharge)

Calcium

Bicarbonate & sulphate

MP9 (Sump)

Calcium

Bicarbonate (with sulphate)

MP10 (NE face)

Calcium

Bicarbonate

MP13 (Alston stream)

Calcium & sodium

Bicarbonate (with chloride)

MP13a (Spring S3)

Sodium, potassium & calcium

Bicarbonate & chloride

MP15 (Caton stream)

Calcium

Bicarbonate

MP15a (Springs S1 & S2)

Calcium

Bicarbonate (with chloride)

MP16 (Samastar stream)

Calcium

Bicarbonate

MP17 (Lemonford)

Calcium

Bicarbonate

MP18 (Kester Brook)

Calcium

Bicarbonate

MP19 (Mead Farm stream)

Calcium

Bicarbonate

MP19a (Spring S13)

Calcium

Bicarbonate & nitrate

Q1 (CBLF in E of quarry)

Calcium

Bicarbonate

Q2 (CBLF in SW of quarry)

Calcium

Bicarbonate

NW1D (deep Tavy
Formation)

Calcium & sodium

Bicarbonate

NW1S (shallow Tavy
Formation

Calcium

Bicarbonate

NW2

Calcium

Bicarbonate

NE9

Calcium

Bicarbonate

SE1A

Calcium

Bicarbonate

Based on the piper plots the majority of locations can be characterised as having a calcium bicarbonate
dominant water type. MP1b, MP13 and NW1D are characterised as calcium and sodium bicarbonate
dominant, although chloride was the dominant anion in 7 out of the 13 monitoring rounds undertaken for
MP13. MP1c is characterised as calcium chloride, or calcium bicarbonate, dominant. MP19a contains a
substantial component of nitrate, in addition to calcium and bicarbonate. As shown in Table 3-13, MP13a has
a relatively even mix of constituents.
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3.4.3.2.

Absolute concentrations

Absolute concentrations were also assessed as part of the study. With the exception of nitrate (at MP19 and
MP19a), the observed analyte concentrations are below current UK drinking water and environmental quality
standards, where these have been set (Environment Agency, 2011). Figures 3-22 to 3-28 show mean
concentrations of dissolved major anions/ cations for each monitoring location. For discussion the average
concentrations have been rounded to the nearest whole mg/l. The concentrations are discussed in terms of
the monitoring locations MP1 to MP19, and the additional monitoring locations shown in Figure 3-22.
Mean dissolved calcium concentrations are displayed in Figure 3-23. Currently, the UK does not have an
agreed drinking water standard or environmental quality standard for magnesium. The figure shows that:







MP13 has a low concentration, of 14 mg/l.
MP1, MP15 and MP16 also exhibit low concentrations ranging from 31 mg/l at MP15 to 38 mg/l at MP1.
Of the regular monitoring points, MP2, MP9, MP10, MP17, MP18 and MP19 exhibit the highest
concentrations, ranging from 62 mg/l at MP19 to 86 mg/l at MP18.
The springs and pond discharges along the northern flank of the valley (MP1a-f, MP13a and MP15a)
have a calcium concentration of between 13 mg/l and 23 mg/l and are of similar magnitude to the
concentration at MP13 Alston Farm. The spring on the southern flank of the valley (S13 at MP19a) has a
calcium concentration of similar magnitude to Mead Farm.
Groundwater sampled from the Tavy Formation (NW1D and NW1S) has lower concentrations (32 to 36
mg/l) than groundwater in boreholes screened within the CBLF which exceed 40 mg/l. The boreholes
screened within the epikarst (NW2, NE9 and SE1A) have higher concentrations (68 to 82 mg/l) than
those in the quarry (Q1 and Q2, with respective concentrations of 45 and 54 mg/l), which are screened
only across the deeper parts of the CBLF. The NE face conduit (MP10), the sump (MP9) and the quarry
discharge (MP2) have similar concentrations to the bores screened in the epikarst.

Figure 3-23.

Mean calcium concentration

Mean dissolved sodium concentrations are displayed in Figure 3-24. The figure shows that:





All samples show concentrations below the current drinking water standard of 200 mg/l (the UK does not
have an agreed environmental quality standard for sodium).
Concentrations of sodium at MP1-MP19 are all of a similar magnitude, ranging from 8 mg/l at MP16 to
17 mg/l at MP17 and MP18.
The springs and pond discharges have a sodium concentration of between 5 mg/l and 13mg/l. The
spring sodium concentrations are of similar magnitude to the concentration at MP1-MP19.
Concentrations in most groundwater boreholes are low, ranging from 3 to 6 mg/l. The deepest borehole
in the Tavy Formation (NW1D) and NW2, which is screened immediately above the Tavy Formation in
the base of the CBLF are exceptions to this, with respective concentrations of 34 and 28 mg/l.
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Figure 3-24.

Mean sodium concentration

Mean dissolved magnesium concentrations are displayed in Figure 3-32. Currently, the UK does not have an
agreed drinking water standard or environmental quality standard for magnesium. The figure shows that:






MP1, MP10, MP13, MP15, MP16, MP18 and MP19 exhibit low concentrations ranging from 3 mg/l at
MP13 to 9 mg/l at MP18.
MP9 and MP17 exhibit the highest concentrations of 17 mg/l and 25 mg/l respectively.
The springs and pond discharges have a magnesium concentration of between 2 mg/l and 6 mg/l. The
spring magnesium concentrations are of similar magnitude to the concentrations at MP1, MP10, MP13,
MP15, MP16, MP18 and MP19.
Boreholes screened within the Tavy Formation (NW1S and NW1D) and in the deeper part of the CBLF
(Q1 and Q2) show the highest groundwater concentrations, ranging from 7 to 14 mg/l, while boreholes
with a screened interval within the epikarst have lower concentrations, ranging from 4 to 5 mg/l.

Figure 3-25.

Mean magnesium concentration

Mean dissolved bicarbonate concentrations are displayed in Figure 3-26. Currently, the UK does not have an
agreed drinking water standard or environmental quality standard for bicarbonate. The figure shows that:




The concentration at location MP13 is the lowest of the regular monitoring points, with 38 mg/l.
MP1, MP15, MP16 and MP19 exhibit similar concentrations of approximately 100 mg/l with
concentrations at MP9 (150 mg/l) and MP10 (201 mg/l) slightly higher.
Of the regular monitoring locations, MP17 and MP18 exhibit the highest concentrations, of 284 mg/l and
256 mg/l, respectively.
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The springs and pond discharges along the northern flank of the valley have a bicarbonate concentration
of between 24 mg/l and 94 mg/l. The concentrations are of similar magnitude to the concentration at
MP1, MP13, MP15 and MP16. The spring along the southern flank of the valley (S13 at MP19a) has a
bicarbonate concentration of similar magnitude to the Mead Farm stream.
Concentrations from all the groundwater monitoring boreholes exceed 200 mg/l and are comparable to
those seen in the Lemonford stream and Kestor Brook.

Figure 3-26.

Mean bicarbonate concentration

Mean dissolved chloride concentrations are displayed in Figure 3-27. The figure shows that:








All samples show concentrations below the current drinking water and freshwater quality standards,
which have both been set at 250 mg/l.
Of the regular monitoring points, concentrations are lowest at MP1, MP10, MP15 and MP16, ranging
between 16 mg/l at MP1 and 19 mg/l at MP15.
MP9, MP13, MP18 and MP19 exhibit similar concentrations, ranging from 26 mg/l at MP9 and MP13 to
31 mg/l at MP18.
MP17 exhibits the highest concentration of 37 mg/l.
The springs and pond discharges have a chloride concentration of between 12 mg/l and 34 mg/l. The
highest concentration is at MP19a, along the southern flank of the valley. The spring chloride
concentrations are of similar magnitude to the concentrations in MP1-MP19.
SE1A has the highest concentration of the groundwater monitoring boreholes, at 26 mg/l. The other
groundwater boreholes have lower concentrations, ranging from 13 to 19 mg/l.

Figure 3-27.

Mean chloride concentration
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Mean dissolved sulphate concentrations are displayed in Figure 3-28. The figure shows that:







All samples show concentrations below the current drinking water and freshwater quality standards,
which have been set at 250 mg/l and 400 mg/l respectively.
MP2 and MP9 have notably higher concentrations than the other locations with 122 mg/l and 102 mg/l
respectively.
Concentrations at the other regular monitoring locations are similar, ranging from 9 mg/l at MP16 to
21 mg/l at MP17.
The springs and pond discharges have a sulphate concentration of between 3 mg/l and 16 mg/l. The
spring sulphate concentrations are of similar magnitude to the concentration at MP1-MP19, with the
exception of MP9.
Q2 and NW1D have the highest groundwater concentrations, with respective values of 46 and 57 mg/l.
The remaining boreholes have concentrations ranging from 14 to 24 mg/l, comparable to those at the
regular monitoring locations.

Figure 3-28.

Mean sulphate concentration

Mean dissolved nitrate concentrations are displayed in Figure 3-29. The figure shows that:




The highest concentrations occur in MP19 and MP19a, with respective values of 64 mg/l and 84 mg/l.
These values exceed the current drinking water standards of 50 mg/l for nitrate.
Moderately high concentrations occur in MP9 and MP17, with respective values of 21 mg/l and 36 mg/l.
The other monitoring locations display values below 20 mg/l.

Figure 3-29.

Mean nitrate concentration
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3.4.3.3.

Field parameters

Field parameters were measured during sampling, including TDS, EC, DO and pH. The monitoring locations
can be separated into three distinct groups, namely: Group 1 (Balland Stream, Alston stream, Caton stream,
Samastar stream and springs to the north of the CBLF); Group 2 (Sump, Mead Farm stream, NE face, spring
S13 and the majority of groundwater monitoring boreholes); and Group 3 (Kester Brook, Lemonford stream
and boreholes NW1D and NW2). The typical shapes of the groups are presented as radial plots in Figure
3-30, with radial plots mapped for each monitoring round in Appendix E.

Figure 3-30.

Typical shape of radial plots for Groups 1, 2 and 3

Group 1 is characterised by low levels of TDS and EC; Group 2 is characterised by moderate levels of TDS,
EC, DO and pH and moderate levels of DO and pH. Group 3 is characterised by high levels of TDS and EC,
and moderate levels of DO and pH.

3.4.3.4.

Saturation index

As shown in Figure 3-31 below, the saturation of calcite in water samples varies with respect to rainfall
(recorded at Bickington) at the NE face, Kester Brook and Lemonford stream monitoring locations. These
locations have been chosen because they represent outflows from the CBLF.

Figure 3-31
Bickington

SI of calcite at NE face, Kestor Brook and Lemonford stream versus rainfall at
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