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Executive Summary
Quarrying at Linhay Hill Quarry started in the 19th century and the 1886 Ordnance Survey map shows four
separate small quarries within the current footprint of the excavation. E & JW Glendinning has operated the
quarry since 1958, extracting limestone from the Chercombe Bridge Limestone Formation (CBLF). The quarry
now comprises a large void, extending to a maximum depth of around 40 mAOD, close to the 28 mAOD limit
imposed by its current planning permission.
The proposal is to extend Linhay Hill Quarry in a north-easterly direction across Alston Lane and into
agricultural land south of Alston Farmhouse. The extension is required because the remaining limestone
reserves in the existing quarry are only sufficient for a further five years or so at the current rate of extraction.
The proposal would extend the quarry extraction area by around 21 ha and would be carried out in stages. The
extension would enable extraction of limestone to continue beyond the estimated five years remaining
operational life, and assuming the same extraction rate as recently, would provide for an estimated additional
sixty years of operation. 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, near to the base of the
CBLF.
This revised hydrogeological impact assessment has been prepared by Atkins Ltd. in response to a Regulation
22 Request issued in February 2020 from the Dartmoor National Park Authority (DNPA) (Wood, 2020) to
assess how the proposed extension will affect the local surface water hydrology and groundwater regime.
Due to the degree of heterogeneity within the CBLF, which is a buried karst, the Environment Agency’s
guidance for assessing dewatering impacts in karst has been implemented, comprising the following 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.
A summary of how these steps have been implemented in this document is presented below. The emphasis on
monitoring and mitigation to address the inherent uncertainty in karst hydrogeology is recognised through the
development of a detailed monitoring and mitigation plan, developed in consultation with the Environment
Agency.
The approach to monitoring and mitigation is informed by a detailed conceptual model of the Study Area, which
in turn has been developed, based on an extensive set of site investigation data, collected over a period of
several years, comprising:


monitoring of water levels in 33 groundwater monitoring boreholes using dip meters during discrete
monitoring events to characterise spatial variations in groundwater levels and automated dataloggers
recording water levels at 15-minutes intervals in 27 of these installations (2016-present);



monitoring of stream levels at eight locations using automated dataloggers (15 minute intervals) and daily
flow estimates from six locations, supplemented by area-velocity and surface velocity measurements
(2016-present);



monitoring of flow from quarry seepages (at 15-minute intervals), daily metering of water pumped from the
quarry sump, water level monitoring of the Balland Pit (at 15-minute intervals) and daily metering of water
discharged to the Balland Stream (2015-present);



daily monitoring of rainfall at Alston Farm (2017-present);



regular water quality sampling at 9 locations with additional sampling from the quarry sump, 7 boreholes,
11 springs and 3 historical mine adits (2016-2018);



lithological descriptions from 26 boreholes, including descriptions and photographs of core samples from 4
of these (2016-2020);



geophysical logging of seven groundwater monitoring boreholes (2017);

5151424 HIA 2020 | 2.0 | July 2020
Atkins

Page i



surface geophysical surveys, comprising resistivity, electromagnetic conductivity and passive seismic
(2014-2017);



hydraulic testing, comprising slug testing of seven groundwater monitoring boreholes, a ten-day signal test
on the quarry sump and a series of rising and falling head tests on the Balland Pit (2018-2020); and



four phases of tracer testing to characterise flow paths within the CBLF (2019-2020).

Data from these investigations, in conjunction with numerous publicly available reports and data sources, have
been used to develop a detailed conceptual model of the Study Area, which extends from Buckfastleigh in the
southwest to around 2 km northeast of Bickington. The conceptual model can be summarised as follows:


The outcrop of the CBLF extends in a southwest-northeast orientation from Buckfastleigh to just beyond
Bickington. Although the mapped extent of the CBLF is discontinuous, a cross-section on BGS Map Sheet
338 suggests that a relatively small outcrop near Woodend, around 0.5 km southwest of Ashburton, may be
connected to the much larger outcrop that surrounds the quarry by a thin layer of CBLF below the surface.
Whilst there are insufficient borehole data in this area to confirm whether the CBLF is continuous at depth
between these two mapped outcrops, or between other mapped outcrops in the Study Area, it is
conservatively assumed that thin subsurface connections may exist.



In the vicinity of the quarry, the CBLF lies within a topographic saddle, and is flanked on either side by
relatively low permeability formations, which lie on higher ground and are characterised by groundwater
levels that are close to the surface throughout the year. More than 30 springs emerge from these low
permeability formations within the Study Area, with the majority supplying watercourses that flow onto the
CBLF. Groundwater levels in the CBLF are typically several metres below the level of drainage channels,
both in the vicinity of the quarry and further to the east, beyond the quarry’s groundwater catchment.



The CBLF is a buried karst, in which landforms that would normally provide rapid recharge, such as
sinkholes, and conduits that would normally allow rapid transmission of groundwater, have been filled with
low permeability clay material. The relatively low hydraulic conductivity of the CBLF relative to other
carbonate aquifers reflects the influence of this clayey infill, although active karst features, including around
20 caves and 10 springs that discharge from the CBLF, have been mapped in the Study Area. The majority
of these features are located at the downstream edges of the CBLF outcrop, away from the quarry.



Four swallow holes (one of which has been recently backfilled) are located close to the quarry, while, as of
early 2020, three flowing conduits were present within the quarry itself, as well as a large, flowing feature
subsequently referred to as the northeast face fracture, which itself contains several conduits. Conduits and
cavities previously intercepted near the base of the quarry have been characterised by a reduction and
ultimately, cessation of flow over a period of several weeks or months, suggesting drainage of a conduit
network of limited extent and limited connectivity to the rest of the CBLF.



Water enters the shallow parts of the CBLF via: 1) allogenic recharge through losing streams and swallow
holes, 2) diffuse, autogenic recharge through the overlying clayey superficial deposits 3) concentrated
autogenic recharge at closed depressions (sinkholes) and 4) by direct infiltration into exposed rock within
the excavated area of the quarry. Water enters the deeper parts of the CBLF via subsurface flow from the
adjacent formations. These flow components are described in further detail below:
- The majority of recharge to the CBLF occurs via autogenic recharge, which is primarily diffuse, but with
areas of concentrated recharge at closed depressions, as evidenced by the marked response to rainfall
events during winter in numerous boreholes that lie some distance from surface water features.
Recharge occurs at a more rapid rate within the excavated area of the quarry, where the bedrock is
exposed and blast-induced fracturing increases permeability.
- Focussed, allogenic recharge via the Alston and Caton streams locally influences groundwater levels.
During wet periods, there is surcharging of the conduit system at the current Alston stream swallow
hole, which results in overflow into conduits that carry little or no flow under normal recharge conditions.
Water may also be driven into the matrix, leading to more sustained groundwater mounding. Losses of
water at various other points along the Alston stream contributes to a groundwater divide. Focussed
recharge to the CBLF occurs at two swallow holes in the Caton stream, although some infiltration
through the stream bed is also likely.
- Sub-artesian conditions within the Tavy Formation, coupled with the presence of a thrust fault that
forms its upper boundary beneath the quarry and proposed extension area, drive diffuse flow upwards
and into the overlying CBLF. An upward hydraulic gradient is apparent within the CBLF throughout
much of the proposed extension area, with recharge only able to infiltrate to the deeper parts of the
formation in the immediate vicinity of the quarry itself.



A natural groundwater divide associated with the Alston stream aligns with the crest of the topographic
saddle within the CBLF. To the southwest of the Alston stream, groundwater flows towards the Balland
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Stream under natural conditions and into the quarry as a result of ongoing dewatering. Water intercepted
by the quarry is transferred to the Balland Pit, before being discharged to the Balland Stream. To the
northeast of the Alston stream, groundwater flows southwards, towards the Kester Brook.


Under natural conditions, the River Ashburn and the lower reaches of the Balland Stream to the southwest,
the Goodstone springs to the southeast, the River Lemon to the east and the spring feeding the nearby
Lemonford stream constitute the principal discharge locations from the main mapped outcrop of the CBLF,
which extends from Ashburton to an area immediately to the northeast of Bickington. Although the
Goodstone springs discharge groundwater from the CBLF during winter, these springs are dry for parts of
the summer, when groundwater levels in the CBLF are insufficient to sustain flow.



The quarry intercepts water from the following sources:
- Seasonally flowing conduits in Level 7, which convey water to the quarry sump. After an initial release
of stored groundwater following excavation, flow in these conduits is predominantly fed by localised
recharge. These factors account for 55% of quarry inflows.
- Seasonal exfiltration through the bed of the Balland Pit, which occurs predominantly in winter and
spring and, during periods of exceptionally high groundwater levels in winter, groundwater seepages in
the topographic catchment of the Balland Pit within the quarry. Together, these contribute 25% of
annual inflows to the quarry, although during summer, the flow direction is reversed, and the Balland Pit
provides water to the underlying CBLF.
- The northeast face fracture; an extensive, sub-vertical feature that flows throughout the year from
Levels 2-4 of the quarry and accounts for 13% of all inflows. Although referred to as a fracture, due to
its large vertical extent, flow within the feature is not evenly distributed and relies on the presence of
discrete conduits. Flow from these conduits is apparent at different elevations within the feature, at
points where the fracture intersects inception horizons (intervals where chemical, physical or lithological
changes favour karst dissolution). During wet conditions, flow from the Alston stream swallow hole
contributes a small proportion of discharge from the northeast face fracture.
- The southeast face conduit; a localised feature in Level 4 of the quarry that flows during winter and
early spring and accounts for nearly 4% of all inflows to the quarry.
The remaining inflows to the quarry are derived from rain falling on the Balland Pit.



Dewatering leads to a steep cone of depression within the quarry, with drawdown of around 60 m at the
quarry sump. Despite ongoing dewatering from the quarry sump, relatively shallow groundwater levels are
apparent near the Balland Pit, along much of the southeast face and within the northeast face fracture.
Drawdown of less than 10 m is apparent at the quarry boundaries.



Groundwater level variations to the southwest of the quarry are moderated by the maintenance of relatively
constant water levels in the Balland Pit, leading to seasonally varying flow directions. Absolute groundwater
levels between the quarry and Ashburton are controlled by the elevation of the ground surface, which falls
steadily to the southwest, driving the discharge of groundwater into the Balland Stream. In the immediate
vicinity of the quarry, a component of the water discharged to the Balland Stream is likely to infiltrate to the
CBLF, where groundwater levels lie below the stream bed elevation.



Groundwater levels in the Tavy Formation, to the north of the quarry, lie close to the surface and are
controlled by the local topography. The difference in groundwater levels between the Tavy Formation and
the CBLF, the relatively low permeability of the Tavy Formation and the pervasive upward hydraulic
gradient in both the Tavy Formation and across the proposed extension area suggests that the quarry
exerts a negligible influence on groundwater levels north of the CBLF.



Groundwater levels to the northeast of the quarry are largely controlled by dewatering from the quarry and
recharge to the CBLF, both via diffuse, autogenic recharge through the overlying superficial deposits and
focussed autogenic recharge from closed depressions (sinkholes) and the Alston stream, where there is a
groundwater divide. The distance from the quarry to this natural groundwater divide contributes to a larger
groundwater catchment in this direction.



Groundwater levels to the southeast of the quarry are poorly constrained by hydraulic boundaries,
although, based on estimated recharge and quarry inflows, the quarry’s groundwater catchment does not
extend as far as the low-permeability Foxley Tuff Formation or the springs that emerge within it.



Net groundwater inflows, excluding water recirculated to the quarry sump through the base of the Balland
Pit, total 823 ML/yr, with 80% of all groundwater inflows occurring from October to March and only 8% of
groundwater inflows occurring between June and September. The marked reduction in dewatering rates
during summer, when groundwater levels are at their lowest, demonstrates that the majority of groundwater
flow outside the quarry occurs in permeable features (i.e. channels, conduits and fractures) within the
shallow parts of the CBLF. These permeable features require seasonal recharge to sustain flow within them
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and their flow is greatly reduced during summer. This reduction in permeability with depth is characteristic
of many karst systems (Ford & Williams (2007), Williams (2008)).
Deeper conduits within the quarry transmit groundwater during winter, but the reduction in flow from these
features during summer demonstrates that these features are not well-connected hydraulically to the rest of
the CBLF and rely on seasonal recharge to sustain flow within them. Local recharge within the footprint of
the quarry accounts for the majority of groundwater flowing to both the sump and the Balland Pit, while less
than a third of groundwater inflows to these features comes from beyond the quarry boundary,
predominantly via shallow fractures and conduits, which dry out in summer.
The primary unmitigated impacts of proposed deepening and extension of the quarry relate to lowering of
nearby groundwater levels and impacts on flow and water levels in associated receptors. Monitoring of water
chemistry within the Study Area suggests that water discharged from the quarry is similar in quality to nearby
surface water bodies and, assuming standard procedures are followed to prevent the release of contaminants
from on-site activities, the foreseeable effects on future water quality are negligible.
Potential impacts from deepening of the quarry in the absence of proposed mitigation measures have been
assessed using a series of conservative assumptions and can be summarised as follows:




Due to the apparent reduction in permeability at depth within the CBLF and the dominant influence of
flowing discontinuities in the shallower Levels of the quarry on drawdown beyond the quarry boundary,
proposed deepening of the quarry is expected to generate a relatively small increase in dewatering rates,
from 823 ML/yr to an estimated maximum of 934 ML/yr.

The quarry’s groundwater catchment will grow by a maximum of 18% in response to deepening, with the
majority of the expansion to the southeast, towards Higher Mead, although drawdown is not expected to
extend as far as this. Closer to the quarry, increased drawdown has the potential to remove the inferred
groundwater divide that currently exists between the quarry and the boundary of the Foxley Tuff Formation
to the southeast. Following removal of this groundwater divide, groundwater downgradient of the spring at
Higher Mead would flow towards the quarry. Existing hydraulic boundaries limit the expansion of the
quarry’s groundwater catchment to the southwest, northwest and northeast.
Due to the heterogenous nature of flow within the shallow parts of the CBLF, there is no reliable basis for
quantifying future inflows to the quarry as the extension progresses. However, the future maximum extent of
drawdown and the quarry’s groundwater catchment are likely to be constrained by the local topography and the
presence of several hydraulic boundaries. In the absence of proposed mitigation measures, the impacts
associated with extension of the quarry can be summarised as follows:




To the northwest of the quarry, the low permeability of the Tavy Formation will continue to limit drawdown,
whilst the maintenance of water levels in the Balland Pit prevents the removal of an inferred groundwater
divide beneath the quarry and the Balland Stream as the quarry extends to the northeast.



As the quarry extends to the northeast, the combined influence of water levels in the Balland Pit,
discharges to the Balland Stream and the reduction in ground elevation towards Ashburton will continue to
limit drawdown to the southwest.



Following removal of the inferred groundwater divide to the southeast in response to deepening of the
quarry, groundwater downstream of the spring catchment at Higher Mead is expected to flow towards the
extended quarry. Due to the low permeability of the Foxley Tuff Formation, drawdown is not expected to
extend much beyond the mapped boundary with the CBLF and hence, the quarry will not affect flow in the
spring at Higher Mead.



Burial of the Alston stream swallow hole, along with diversion and lining the entirety of the Alston stream,
would limit infiltration in this area and may alter the natural groundwater divide. This would allow the
quarry’s groundwater catchment to extend further to the east, potentially as far as a NNW-SSE trending
strike-slip fault near the alignment of the Caton stream. Whilst groundwater to the east of the fault would
continue to flow south to the Goodstone springs in this scenario, there is the potential for limited drawdown
in this area in response to dewatering of the fault.

Groundwater south of the springs near Alston Wood would flow towards the extended quarry in the
absence of a natural groundwater divide in this area, although the maximum extent of drawdown would
remain close to the mapped boundary between the CBLF and the Tavy Formation.
An assessment of potential receptors within 1 km of the projected maximum extent of drawdown suggests that,
in the absence of further mitigation measures, some sites may experience minor impacts from the proposed
deepening and extension of the quarry. These receptors have been defined as sensitive sites and are as
follows:




the Goodstone springs;



the Balland Stream;
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the Kester Brook; and

 a private supply borehole near Caton Cross.
To supplement existing data collected from the Study Area, an extended period of baseline monitoring is
proposed following determination of the planning application, in line with recent guidance provided by the
Environment Agency (2016). The establishment of this baseline is intended to support early identification of the
following:


potential future impacts to the identified sensitive sites;



patterns of drawdown that differ from their projected extents, leading to a revised assessment of receptors
in the water environment that may be impacted in future; and

changes in groundwater level that may affect subsidence risk drawdown (see Land Stability Risk
Assessment 2020 in Appendix 17.2 of the Environmental Statement).
Atkins proposes that additional baseline monitoring of 14 locations, covering regular measurements of flow,
water levels and water quality, with associated quality control procedures, is undertaken over a period of three
years post-determination, in conjunction with continued monitoring of flows and water levels in the quarry and
rainfall monitoring at the Alston Farm rain gauge. This will require: data collection from several existing
monitoring locations; upgrades to two existing surface water monitoring locations; establishment of one
additional surface water monitoring location; monitoring of a private supply borehole near Caton Cross and the
installation of four additional groundwater monitoring boreholes. The results of the completed baseline
monitoring programme will be used to finalise trigger levels for the identification of future impacts, in
consultation with the Mineral Planning Authority and the Environment Agency. These trigger levels will be
incorporated into the quarry’s monitoring and mitigation plan.


This will build on the proposed monitoring and mitigation plan presented in this document, which has been
developed in consultation with the Environment Agency, to ensure that potential impacts are identified and
appropriate mitigation implemented promptly. The main elements of this plan are presented below.
Following commencement of the proposed development, the locations used for the baseline monitoring
programme will be maintained, to identify notable changes to the water environment that may be attributable to
the quarry, based on a series of agreed trigger levels. Due to uncertainties associated with predictions of
drawdown in karst systems, periodic review of the monitoring programme is proposed, following
commencement of quarry deepening and excavations below the water table within the proposed extension
area.
A key element of ongoing monitoring will be to assess the effectiveness of mitigation measures, which can be
summarised as follows:


Current mitigation measures. Maintenance of water levels in the Balland Pit will continue, with a slight
rise in Pit water levels at the start of Stage 2 providing additional mitigation of drawdown to the CBLF
during summer. Flow augmentation to the Balland Stream will also continue, given that the quarry will
predominantly intercept groundwater within the catchment of the Balland Stream.



Proposed mitigation measures. A balancing pond is proposed to the northeast of the extension area, to
minimise drawdown to the east and the groundwater catchment of the Kester Brook. This feature, in
conjunction with infiltration of controlled flow from the Alston stream along an unlined section to the east of
the bunds, would maintain the current groundwater divide in this area. The Alston stream will be diverted
west of the bunds in a lined channel, with a controlled proportion of its flow conveyed via pipe to infiltrate
along the unlined section east of the bunds. It is proposed that these mitigation measures, are implemented
at the start of Stage 2, prior to bunding over the Alston stream swallow hole area and prior to additional
dewatering of the quarry beyond the limited imposed by the current planning permission. In advance of this,
a circa 30-month period of testing and refinement is proposed to ensure the balancing pond is effective. A
separate channel at the base of the bunds will collect run-off and convey this water to a series of detention
basins to remove sediment, prior to the channel converging with the diverted Alston stream at the southwestern edge of the proposed extension area, where an existing pipe will continue to convey water under
the A38 via its normal route during periods of heavy rainfall.



Contingency measures. The proposed mitigation measures are expected to limit the areal extent of
impacts to the northeast of the proposed extension area, whilst to the east and southeast, there is no
evidence of substantial baseflow to the Mead Farm stream/Kester Brook within the projected groundwater
catchment. However, in the event that continued monitoring shows derogation of flow within the Kester
Brook, compensation flows to the Caton stream are proposed, providing additional flow to the Caton stream
swallow hole and utilising the existing connection to the Goodstone springs. In addition, contingency
measures related to the balancing pond and controlled flow from the Alston stream are proposed, including
the excavation of sand or gravel-filled trenches in their base and expansion of the balancing pond, to
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maximise infiltration to the underlying CBLF and minimise drawdown. The requirement for these
contingency measures will be considered in the periodic reviews including the annual summary review in
consultation with the DNPA and the Environment Agency.
Following implementation of the proposed mitigation measures, the projected maximum extent of drawdown
from the quarry is expected to lie slightly west of the hamlet of Caton. Limited or negligible additional drawdown
is anticipated to the northwest, southeast and southwest of the quarry boundary. Within the projected extent of
drawdown, a steep cone of depression is anticipated around the quarry faces, with drawdown of less than 10 m
beyond the extended quarry boundaries, reducing to negligible drawdown at the edge of the projected extent.
For context, groundwater levels in the CBLF naturally vary by around 10 m throughout the year in response to
variations in rainfall and near-surface evaporation. Ongoing, regular monitoring and reporting would be used to
assess departures from the projected extent of drawdown, with agreed trigger levels driving appropriate
investigations and prompt implementation of suitable mitigation.
The Regulation 22 Request for the quarry states that the development of appropriate trigger levels is “a matter
for Glendinning and the Environment Agency to address in due course, once adequate extended baseline
monitoring has been undertaken” (Wood, 2020). However, Atkins has begun the process of setting trigger
levels, by proposing a series of measures that are consistent with current Environment Agency guidance and
methods agreed for comparable sites in the southwest of England. This approach, which provides a basis for
formalised trigger levels on completion of baseline monitoring, sets criteria for the implementation or refinement
of mitigation measures and provides a framework for further assessment to address any unexpected impacts.
Following commencement of the proposed deepening and extension of the quarry, the available monitoring
data shall be collated and submitted to the Mineral Planning Authority as part of an annual summary report,
which will include a comparison of water level, flow and water quality data with agreed trigger levels and
projected impacts. In addition, a revised hydrogeological impact assessment, including updated monitoring and
mitigation measures, shall be submitted to the DNPA for its approval:


within 12 months following identification of potential for impacts beyond the projected maximum extent of
drawdown; and



prior to each stage of the proposed development.
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1.

Introduction

This hydrogeological impact assessment has been prepared by Atkins Ltd. (Atkins) to further assess how the
proposed extension of Linhay Hill Quarry (herein referred to as ‘the quarry’), which quarries the Chercombe
Bridge Limestone Formation (CBLF), may 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, has undertaken an additional programme of data collection on the
hydrogeology, hydrochemistry and hydrology of the site and its surrounds. This was supplemented by further
ground investigations and additional geological and hydrogeological desk study work.
Investigations completed up to the end of May 2018 were summarised and interpreted in the 2018
Hydrogeological Impact Assessment (HIA) (Atkins, 2019a), which built on an earlier HIA, submitted in 2016
(Atkins, 2016). The 2018 HIA presented a water balance for the current quarry, along with estimates of
potential future impacts from proposed deepening of the existing quarry, based on conservative assumptions. A
further set of conservative assumptions was used to estimate potential future impacts from the quarry’s
proposed extension to the east, based on the available data at that time.
Following review of the 2018 HIA and accompanying Environmental Statement Chapter 12 (Atkins, 2019b), the
Environment Agency stated, in a letter to the Dartmoor National Park Authority (DNPA) on 10th April 2019
(Environment Agency, 2019), that “the information submitted has addressed the majority of the issues raised” in
previous consultation responses but that clarification was required on the following (references in brackets
following the items below are to the section/s where they are addressed in this HIA):


the proposed frequency of baseline monitoring (see Section 6.3); and

 the full design of potential flow augmentation of the Kester Brook, if found necessary (see Section 7.2.5).
This letter requested that the Environment Agency was reconsulted if this clarification could not be provided
prior to determination, so that it could recommend suitably worded planning conditions.
Subsequent reviews of the 2018 HIA were undertaken by Highways England (HE), PL Smart, on behalf of the
Caton Residents Group, which is objecting to the quarry extension proposal, and consultancy firm Wood
Environment & Infrastructure Solutions Ltd (Wood), on behalf of the DNPA.
In a letter to the DNPA on 11th April 2019, HE stated that it had “no objection in principle to the proposed
development” subject to the approval of geotechnical submissions relevant to the construction of a screen bank
between the application site boundary and the A38 (Highways England, 2019).
In a report issued on 20th June 2019, PL Smart, working for objectors to the quarry extension proposal,
recognised the value of data provided by the additional investigations to that point, but made the following
comments with respect to the 2018 HIA (Smart, 2019):


that satisfactory water tracing had not been conducted to define the current flow regime (see Section 4.2.7);



that there was a general lack of groundwater monitoring boreholes to the south and south-west of the
existing quarry (see Section 4.2.1);



that the period of monitoring considered by the 2018 HIA was insufficient (see Sections 4.2.5 and 6.3);



that the report did not consider the possible full extent of the Chercombe Bridge Limestone Formation
(CBLF), from which dewatering for the proposed quarry extension would occur (see Section 2.2);



that future impacts should not be compared to the present day, as undocumented derogation of spring
flows and aquifer behaviour may already have occurred (see Section 6.2.1); and

 that there was insufficient detail on proposed mitigation measures (see Section 7.2).
The report issued by Smart (2019) also stated that “there has been no separate evaluation of the impacts of
further deepening of the present Quarry alone”, although this aspect is covered specifically in Section 3.7.1 of
the 2018 HIA. Atkins issued a technical note in July 2019 (Atkins, 2019b), contesting several items raised in the
Smart (2019) report. However, Atkins recognises the value in obtaining additional data on the hydrogeology of
the area potentially impacted by the quarry and providing further detail in some of the areas identified by Smart
(2019).
In February 2020, the DNPA issued a Regulation 22 Request (Wood, 2020) seeking further information on:


the baseline hydrogeological flow regime (see Sections 4.4.6 and 4.7);
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a refined conceptual model, including conceptual cross-sections (pre- and post-development) and maps
showing baseline and development capture areas with respect to potential receptors (see Sections 4.6, 4.7,
and 7.2.8); and

the ‘monitor-and-mitigate’ strategy, based on impacts identified following further investigation of the flow
regime (see Section 7).
Regarding the hydrogeological regime, the DNPA requires further information on the lateral extent and
magnitude of future quarrying effects, based on an improved understanding of hydraulic connectivity, both
within the aquifer and with overlying surface water features. Whilst the Regulation 22 Request lists several
possible methods of investigation to achieve this (including additional monitoring boreholes, hydraulic testing,
reassessment of the water balance, tracer testing and geophysics), it states that “it is for the applicant to
determine what investigations it adopts to lessen or resolve the identified conceptual uncertainties”. In addition,
the document references current Environment Agency guidelines on karst dewatering assessment, provided in
Science Report SC040020/SR1 (Environment Agency, 2007). The approach presented in this HIA strongly
adheres to these guidelines.


Regarding the approach to monitoring and mitigation, the Regulation 22 Request recognises that its formulation
will depend on the revised conceptualisation. Whilst also recognising that it is for “Glendinning and Atkins to
consider the form of its response”, the Regulation 22 Request advises that the following are considered with
respect to monitoring:


identification of all existing and proposed monitoring structures, including monitoring of flow in surface
water receptors (Sections 4.2.5 and 6.3.2) and groundwater levels in nearby shallow observation boreholes
(Section 4.4.3.2), as well as groundwater levels at various locations and depths to monitor aquifer wellbeing
(Sections 4.2.5 and 6.3.4);



implementation of both water quality (Sections 4.2.5, 4.4.8, 6.3.3 and 7.4) and water level monitoring
(Sections 4.2.5, 4.4.3, 6.3.4 and 7.4), the latter through automated data loggers; and

identification of quality control procedures to ensure the reliability of monitoring data (Sections 6.3.3 and
6.3.4).
The Regulation 22 Request suggests that monitoring to inform the mitigation should “be undertaken for at least
twelve months prior to the commencement of sub-water table quarrying operations”. With regards to mitigation,
the Regulation 22 Request requires further information on the mechanisms proposed and references the use of
mapping to present this information.


1.2.

Aim and objectives

The aim of this HIA is to assess 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. In doing so, it addresses the
requirements of various stakeholders, including those listed in the most recent Regulation 22 Request, as
outlined in Section 1.1 of this HIA.
The main focus of the HIA is on potential hydrogeological impacts to identified groundwater bodies in the
surrounding area, although potential associated impacts to surface water bodies are also considered. The
findings of the HIA, which builds on the earlier HIAs prepared by Atkins (2016; 2019a), have been used to
inform assessment of land stability, ecology and flood risk, which are presented in separate reports within the
overall planning submission.

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;



outline a pragmatic long-term monitoring and review strategy, with suitable trigger levels for further
monitoring or mitigation responses; and
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provide detailed descriptions of feasible mitigation measures that would be implemented in response to
identified potential impacts.
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 Sections 4.3.3 and 4.4.1 of this report); and
developing a conceptual model for the abstraction and the surrounding area (presented in Section 4.7).

In addition to its standard approach for assessing hydrogeological effects, the guidance document provides an
alternative method, which may be applied in karst groundwater systems, such as the CBLF (Waltham, et al.,
1997).
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 4.8, where subsequent steps in the assessment
methodology are also outlined.
References used to support the findings in this study are listed in Section 9 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 that 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.
Quarrying at Linhay Hill Quarry started in the 19th century and the 1886 Ordnance Survey map shows four
separate small quarries within the current footprint. The quarry now 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:









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

At the time of writing (July 2020), the base of the quarry lies within Level 7 and the base of the quarry sump
extends into Level 8.
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 18,000 m2 and relatively constant water levels, ranging
from 78 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 holding tanks on
Level 6, and then other pumps to transfer that water to the Balland Pit.

2.2.

Existing topography

The quarry is situated 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 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 for most of this section. 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 Farmhouse. 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.
The proposed extension lies close to the watershed between the Balland Stream and the Kester Brook, the
latter flowing east to join the River Lemon 3 km east of Bickington. The existing quarry, the proposed extension
area and the headwaters of the Kester Brook all lie within a topographic saddle around 1 km across, running in
a south-west to north-east orientation alongside the A38 and adjoined by ridges of higher ground to the
northwest and southeast. To the southwest, the valley of the Balland Stream falls away notably, from an
elevation of around 100 mAOD near the existing quarry to an elevation of less than 70 mAOD at the confluence
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of the Balland Stream and the River Ashburn. Beyond 1 km northeast of the extension area, the terrain falls
notably from an elevation of 120 mAOD to less than 90 mAOD at the source of the Lemonford stream, which
joins the River Lemon at Bickington (Figure 2-1).
The primary focus (Study Area) of the hydrogeological impact assessment is on the outcrop of the CBLF, which
is mined by the quarry, and the surrounding topographic catchment, as shown in Figure 2-1, although
consideration has also been given to potential hydraulic connections with more distal geological units, water
features and water users. The main outcrop of the CBLF extends from Ashburton in the southwest to an area
immediately to the northeast of Bickington. Smaller outcrops of the CBLF have been mapped between
Ashburton and Buckfastleigh in the southwest, between Bickington and Liverton in the northeast and in the
valley of the River Lemon south of Mile End, approximately 4 km east of Bickington.

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; BGS, 1995; 1997) and the approximate extent of the Study Area (orange). Crown
Copyright and Database right 2019 Ordnance Survey 0100031673.
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2.3.

Proposed deepening and extension

The proposal is to extend Linhay Hill Quarry in a north-easterly direction across Alston Lane and into
agricultural land south of Alston Farmhouse. The extension is required because the remaining limestone
reserves in the existing quarry are only sufficient for a further five 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 five years remaining for the existing quarry, and assuming the same
extraction rate as recently, would provide for about an additional sixty years of operation. 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
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. Whilst the Balland Pit will no longer be used for settlement by this point, it will remain as a storage basin
for augmenting flow to the nearby Balland Stream, whilst maintenance of water levels in the Balland Pit will be
used to mitigate potential drawdown to the southwest of the quarry.
Table 2-1 - Summary of stages for proposed extension of Linhay Quarry
Stage

Indicative
timescale
(years)

Extension
area (ha)

Quarry base (mAOD)
Current footprint

Extension area

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 Farmhouse, 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.
Testing and implementation of proposed mitigation measures.

5.25

28

N/A

Stage 2

14-31

12.22

0

54

Stage 3

31-40

16.31

14

41

Stage 4

41-46

21.47

28

41

Stage 5

46-60+

21.47

28

0

Stage 6

when
Stage 5
complete

21.47
Restoration
no extraction
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4.27

2.66

7.86

Fills with water, with a controlled
outflow level expected to be around
96-97 mAOD, with storage above
that level.
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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 unnamed drainage line
through Alston Farm (referred to as the Alston stream) will be diverted to run west of the bunds in a lined
channel but will continue to flow towards the Kester Brook to the south.
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3.

Assessment approach

The Science Report SC040020/SR1 (Environment Agency, 2007) outlines two possible approaches to
assessing the hydrogeological impacts of groundwater abstraction from karst aquifers, such as the CBLF
(Waltham, et al., 1997). The Environment Agency presents a standard, 14-step approach that is applicable to
the majority of non-karst systems and invokes commonly used analytical and numerical methods to predict
potential impacts. This approach is applicable to karst aquifers in which conduit flow is not present. A second,
8-step approach may be required in karst systems that display substantial heterogeneity, because where
“conduit flow is present, most analytical equations and conventional groundwater modelling strategies are
inappropriate” (Environment Agency, 2007).
The first two steps of each approach are identical, comprising:


Step K1: Establish the regional water resource status; and

 Step K2: Develop a conceptual model for the abstraction and the surrounding area.
Subsequent steps in the assessment, and hence the choice of assessment method, rely on appropriate
characterisation of the karst groundwater system. The Environment Agency guidance (Environment Agency,
2007) recommends the following three-stage process for achieving this:


“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).

Section 4 summarises the available information from publicly available data sources and site-specific
investigations. This includes definition of the regional water resource status (Step K1, addressed in Sections
4.3.3 and 4.4.1) and culminates in a conceptual model of the abstraction and surrounding area (Step K2,
addressed in Section 4.7). The approach to subsequent steps is discussed in Section 4.8, following completion
of the conceptual model and characterisation of the system to identify the respective suitability of the two
alternative methods proposed by the Environment Agency guidance.
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4.

Baseline environment

4.1.

Geological setting

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
cross-sections, both parallel and perpendicular to the strike of the CBLF.

4.1.1.

Superficial deposits

In general, superficial deposits are absent from 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
4-1) associated with watercourses, namely (west to east): the River Dart and its tributaries, including the River
Ashburn; the River Ashburn and its tributaries; the Kester Brook; and the River Lemon.

Figure 4-1 - 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.
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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,
2020a). 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, 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 area 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 4-1, which comprises extracts
from the current BGS maps for Dartmoor Forest (BGS, 1995) and Newton Abbot (BGS, 1997).
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.
The findings of a comprehensive drilling programme in the proposed extension area, conducted by Sandybed
Geological Services (2016), suggest that the overburden materials, excluding topsoil and subsoil, consist of two
differing clay materials. The first is generally a soft to firm red clay with occasional cobbles and boulders of
limestone. This is typically of limestone weathering products, although as noted by Gunn (2016), it is likely to
have been formed in warmer conditions than those that have prevailed over the last 100,000 years. The second
is a hard silty grey clay with a little fine angular mudstone gravel and usually overlies the softer, red clay. This is
interpreted as ‘head’ or ‘solifluction deposits’, which have flowed off the adjacent higher ground during
periglacial times.

4.1.2.

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 4-1).
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.
Made Ground will be present along the route of the A38, which in some areas 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 20 m 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 tip is currently nearing completion.
There are also at least two known historical municipal waste landfills within locality, one at the former Pitley
Quarry (Pitleigh Quarry on the earliest OS maps) about 230 m south of Linhay Hill Quarry, and one at
Bickington Barton Quarry, about 150 m northeast of Bickington and 3 km northeast of Linhay Hill Quarry. Both
of these landfills are within the CBLF, but only Bickington Barton Quarry is recorded within the DEFRA spatial
data download data set for historical landfills. Based on the date of their construction, both landfills are likely to
be unlined.

4.1.3.

Bedrock geology

4.1.3.1.
Stratigraphy
The geological formations that crop out in the area around the quarry are shown in Figure 4-1, and are
described below in Table 4-1 and in subsequent text.
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Table 4-1 - Summary of bedrock formations in the area around the quarry in stratigraphic order
(youngest at the top, oldest at the bottom)
Bedrock formation

Period

Epoch

Age

Thickness
(approx.)1

Depositional
environment

Crackington
Formation
(Including St Mellion
Formation)

Carboniferous

Pennsylvanian

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
Carboniferous

Late Devonian
to Early
Mississippian

Famennian to
Tournasian

Unknown

Basin

Gurrington Slate

Devonian to
Carboniferous

Late Devonian
to Early
Mississippian

Frasnian to
Tournasian

Unknown

Basin / deep
marine with
volcanism

Tavy Formation

Devonian

Late

Frasnian to
Famennian

Unknown

Outer marine
shelf / deep
marine

Chercombe Bridge
Limestone Formation

Devonian

Middle to Late

Eifelian to
Famennian

> 250 m

Submarine rise
/ warm shallow
seas

Foxley Tuff
Formation
(part of the
Kingsteignton
Volcanic Group)

Devonian

Middle

Eifelian

< 30 m locally.
Up to 195 m
elsewhere.

Volcanism
(extrusive
basic igneous
rocks)

1.

Observed thicknesses in individual boreholes may be substantially reduced, due to the effects of thrust faulting

Crackington Formation
The BGS maps show the outcrop of 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, 2020a) describes the Crackington Formation as “rhythmically bedded, dark blue-grey
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, 2020b) represents the outcrop of the Crackington Formation in
Figure 4-1 as two separate formations as follows:
1. the St Mellion Formation (located to the north and northeast of the existing quarry and the
proposed extension); and
2. 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 4-1. 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, 2020b) provides the following description of the Crackington
Formation at this location:
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“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 in this
document. Numerous small outcrops of these formations occur across the northern part of the Study Area,
overlying the younger Crackington and St Mellion Formations.
The BGS lexicon (BGS, 2020a) 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, 2020a) 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, 2020a),
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 and west 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, 2020a) 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.
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). Additional, smaller
outcrops have been mapped to the northeast, between Bickington and Liverton, and along the valley of the
River Ashburn to the southwest of the quarry, extending as far as Buckfastleigh (Figure 4-1). It is possible that
these outcrops are connected by thin sections of CBLF below the surface, although there are insufficient data
from boreholes in the Study Area to confirm this.
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.
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The CBLF is a buried karst (BGS, 2020c; Fookes & Hawkins, 1988; Malkin & Wood, 1972) which means the
limestone has been subject to karst weathering (dissolution) processes, forming a variety of solution features
(e.g. BGS Caton Karst website (BGS, 2020c)), with the karstic rockhead topography buried under clayey infill,
as described in several previous investigations within the Study Area (Subsurface Geotechnical, 2014b;
Subsurface Geotechnical, 2015a; Frederick Sherrell Ltd, 2016). The evolution of the CBLF is discussed further
in Section 4.1.5.
Foxley Tuff Formation (part of the Kingsteignton Volcanic Group)
This formation crops out along the eastern fringe of the mapped CBLF outcrops, and along the southern and
south-western edges of the main outcrop worked by the quarry. The Foxley Tuff 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,
2020a) 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.
4.1.3.2.
Structural geology
The main outcrop of the CBLF, within which the quarry is developed, covers an area of more than 350
hectares, extending from Ashburton to Bickington (Figure 4-1). 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. Additional
outcrops of the CBLF are mapped on BGS Map Sheets 338 (BGS, 1995) and 339 (BGS, 1997) to the northeast
and southwest of the main outcrop, extending towards Coldeast and Buckfastleigh respectively; these smaller
outcrops cover a combined area of 80 hectares. A section drawn on BGS Map Sheet 338 suggests the smaller
outcrop near Woodend, around 0.5 km southwest of Ashburton, is connected to the main outcrop below the
surface by a thin layer of CBLF, which thickens to the southeast. A shallow borehole (SX76NE44), which lies
approximately 180 m southwest of the main outcrop, encountered limestone at a depth of 7 m below the
surface, although the base of the limestone was not encountered in this borehole. Further to the southwest,
there are no additional borehole data to confirm whether the CBLF continues at depth as far as the smaller
mapped outcrop, as postulated by the BGS cross-section.
There are also insufficient data from boreholes to confirm whether a subsurface connection exists between
other outcrops of the CBLF.
Figure 4-2 shows the locations of these outcrops across the Study Area, along with the locations of
cross-sections presented in Figure 4-3. Figure 4-2 also shows the borehole locations used to inform these
cross-sections, with borehole logs taken from site investigations and BGS records.
On BGS Map Sheets 338 (BGS, 1995) and 339 (BGS, 1997) the bedding within the main outcrop of the CBLF
dips in a broadly south-easterly direction, with no indication of overturning (Figure 4-1). Sheet 338 (BGS, 1995)
shows dip angles 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°. Immediately to the east of the
River Lemon, near Bickington, dips of 32° and 42° are shown on Sheet 339 (BGS, 1997).
No dips are recorded within the CBLF on BGS Map Sheet 338 between its main outcrop and its south-western
extent near Buckfastleigh. Dips of 2°, 36° and 40° to the northeast are shown on Sheet 339 in the smaller
CBLF outcrops to the northeast of Bickington. These outcrops are separated from the main CBLF outcrop by a
series of northwest-southeast trending faults, which are downthrown to the northeast. The CBLF is shown to be
absent along the line of section in Figure 4-3 near Holbrooke Farm, although due to the general absence of
borehole records in this area, the presence of the CBLF at depth to the southwest cannot be ruled out. Further
to the northeast, the BGS cross-section running through Ingsdon Hill suggests that the CBLF is absent at this
point; the adjacent CBLF outcrops to the southwest and northeast are separated by spilites of the Kingsteignton
Volcanic Group, and sedimentary rocks of the Tavy and Crackington Formations (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,
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Figure 4-2 - Geological map with locations of cross-sections and relevant boreholes with lithological
data
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Figure 4-3 - Schematic cross sections showing the conceptual geological model of Linhay Hill Quarry and its surroundings
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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 Map Sheet 338 (BGS, 1995) at the western and southern extent of the main
CBLF outcrop, where it marks the contact between the limestone and the Foxley Tuff Formation (Figure 4-1).
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). A northwest-southeast trending cross-section immediately to the
southwest of the main CBLF outcrop, shown in BGS Map Sheet 338 (BGS, 1995), suggests that the limestone
is continuous at depth beneath the overlying Foxley Tuff Formation connecting the main CBLF outcrop to the
smaller outcrop mapped immediately to the southwest. As noted above, the CBLF may run continuously from
its most south-westerly outcrop near Buckfastleigh to approximately 1 km northeast of Bickington, although
there are insufficient borehole data to confirm whether this is the case.
The mapped dip of the limestone near the quarry suggests that the southwest-northeast trending thrust faults
also dip towards the southeast in this area at an angle of 33 to 43°, although the available data from borehole
logs suggest that the thrust faults dip at a shallower angle in this direction, closer to 20° (Section 4.2.3).
The mapped geology, and the northwest-southeast trending cross-section in Sheet 339, indicate that the CBLF
is not connected to the mapped outcrops of limestone near West Ogwell, around 4 km to the east, with rocks of
the Foxley Tuff Formation, the Gurrington Slate Formation and “grey to green slates” of the Nordon Slate
Formation spanning the interval between them (BGS, 1997).
The mapped contact between the CBLF outcrop and the Crackington Formation deviates sharply around 500 m
to the northeast of the proposed extension area. Due to its location at the intersection of Map Sheets 338 and
339, it is unclear whether this is explicitly marked as a fault, although the outline of the contact suggests that a
NNW-SSE fault is present at this location. This feature is discussed further in Sections 4.2.4 and 4.4.2.
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 043° 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 have led to preferential
zones of dissolution associated with karst, although these are commonly infilled with clay, as described in
Section 4.2.2.

4.1.4.

BGS borehole records

Borehole records (also called ‘scans’ or logs) that are available from the BGS Onshore Geoindex (BGS, 2020d)
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 4-4. The geological sequence for each borehole has been
summarised in Table 4-2.
Table 4-2 - Summary of geology encountered in BGS boreholes near to the Linhay Hill Quarry site
BGS
borehole ID

Location

Interpreted geological
strata

Depth from
(m)

Depth to (m)

SX77SE11

Alston Farm

Chercombe Bridge
Limestone

0

8.84

Tavy Formation

8.84

21.36*

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 >49.5 m deep in
boreholes GH03 and GH05.

5151424 HIA 2020 | 2.0 | July 2020
Atkins

Page 16

BGS
borehole ID

Location

Interpreted geological
strata

Depth from
(m)

Depth to (m)

Chercombe Bridge
Limestone

Minimum of
2.50

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

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

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*

Approx. 700 m
east of
Bickington

Superficial Sediments

0

Unknown

Gurrington Slate
Formation

Unknown

30.00*

SX77SE14

Approx. 100 m
southeast of
Goodstone

Foxley Tuff Formation

0

60.00*

SX77SE13

Approx. 160 m
south of the
A38 at Caton
Cross

Topsoil

0

1.23

Sandstone (unidentified)

1.23

3.66

Superficial sediments
(Pleistocene in age)

3.66

10.67

Numerous

SX76NE19

SX87SW43

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

Figure 4-4 - 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.
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4.1.4.1.

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 shows CBLF to a depth of 8.84 metres below ground level (mbgl). Tavy Formation slate occurs at between
8.84 and 21.36 mbgl. Based on the log, the reported location of the borehole on the 1:50,000 scale BGS
mapping appears to 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.
4.1.4.2.
A38 off-slip road at Goodstone Cross
Some of the exploratory holes commissioned by Highways England, as part of the ground investigations of a
sinkhole that was recorded adjacent to the A38 off-slip road at Goodstone Cross, are shown on the BGS
Onshore Geoindex. A summary of the available information relating to this sinkhole investigation has previously
been reported by Atkins (2018).
4.1.4.3.

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 mbgl, 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 to 161.85 mbgl
overlying limestone, which was encountered to a borehole termination depth of 161.95 mbgl. 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 mbgl, below which interbedded sandstone and shale was
encountered, with 3.05 m of quartzite recorded at 11.28 mbgl. These sandstones and shales are thought to be
the Foxley Tuff Formation. Pink coloured limestone of the CBLF was encountered from 27.74 mbgl to the base
of the hole at 31.09 mbgl.
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 Study 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.
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Borehole SX77SE14
This borehole was drilled around 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
tuff with clay and shale also noted. Notably, the CBLF was not recorded in this borehole, despite its proximity to
the mapped boundary between the Foxley Tuff Formation and the CBLF. As the mapped boundary lies to the
north of the borehole, and is understood to dip towards the southeast, the apparent absence of the CBLF in the
borehole at 60 mbgl indicates a steeply dipping contact between the two formations.
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 mbgl, underlain by ‘Hard Brown
Sandstone’ to 3.66 mbgl, which is in turn underlain by ‘Brown Clay’ to 10.67 mbgl. Limestone was encountered
below 14.94 mbgl to the base of the hole at 30.78 mbgl. The limestone is described as ‘hard’ and varies in
colour between pink and brown.
The origin of the sandstone is not clear, but sandstones were also recorded at SX76NE19, located south of
Ashburton, where they were interpreted to be part of the Foxley Tuff Formation.
It seems likely 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.

4.1.5.

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.
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.

4.1.6.

Karst formation and classification

4.1.6.1.
Overview
Karst terrains are formed in rocks that are soluble in natural waters, primarily carbonates and evaporites. There
are many definitions of karst, but two useful ones, emphasising different aspects, are:


“terrain with distinctive hydrology & landforms arising from a combination of high rock solubility and well
developed secondary (fracture) porosity...The distinctive surface and subterranean features that are a
hallmark of karst result from rock dissolution by natural waters along pathways provided by the geological
structure” (Ford & Williams, 2007).



“an integrated mass transfer system in soluble rocks with a permeability structure dominated by conduits
dissolved from the rock and organised to facilitate the circulation of fluids” (Klimchouk & Ford, 2000).

The landforms described by Ford and Williams (2007) are distinctive features of karst terrains and are
discussed throughout this report. Definitions of the terms used to describe these landforms are provided in
Table 4-3.
These surface landforms develop as a result of subsurface dissolution of rock and development of an
integrated network of dissolutionally-enlarged conduits. Those conduits that grow to a large enough size that
they can be explored by humans are called caves, although they only form a very small proportion of the
conduit network. Flow through conduits is commonly turbulent, which means that sediment can be carried in
suspension. Each conduit is fed by a network of channels and fractures characterised by slower, Darcian flow,
which is unable to transport sediment.
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Table 4-3 - Terms associated with karst and definitions as used in this report
Adopted
Term

Other terms in
common use

Definition

Cave

Cavern

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).

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.

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 4-6).

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.

Swallow hole

Sink
Stream sink
Sinking stream
Swallet

Discrete point at which stream flow enters the ground.

The majority of dissolution takes place in the upper layers of bedrock, a zone now known as the epikarst, but
referred to by some early authors as the subcutaneous zone (Gunn, 1986). As this is a zone of enhanced
dissolution, it is also the zone of highest porosity, in which the majority of groundwater is stored. Limestone
porosity and permeability decrease with depth, although conduits may be encountered deep in a limestone
mass, providing a small area of enhanced permeability that is surrounded by rock with a very low permeability.
Where the bedrock lies beneath a thick layer of superficial deposits, the rockhead (the bottom of the layer of
superficial deposits and top of the epikarst) commonly becomes very irregular and over time a pinnacled
rockhead may form (Waltham & Fookes, 2003).
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The evolution of karst systems over time, in response to subsurface dissolution of rock, erosion of overlying
material, or burial by sediments, leads to substantial changes in permeability and groundwater flow. The
characteristics and evolution of different types of karst have been summarised by Klimchouk and Ford (2000)
and are shown in Figure 4-5.

Figure 4-5 – Evolutionary types of karst (Klimchouk & Ford, 2000)
As well as governing groundwater flow mechanisms, the type of karst environment also influences surface
water drainage. This is illustrated in a figure produced by Gunn (1986), which shows how the karst system
influences flow at the surface and in the epikarst (Figure 4-6). Rain falling on adjacent formations can be
transported by overland flow and enter the karst system as allogenic recharge, either as diffuse infiltration
through overlying sediments, or as concentrated recharge through swallow holes (or stream-sinks). Local
rainfall that infiltrates to the underlying karst is known as autogenic recharge, which may be concentrated in
closed depressions known as sinkholes, or diffuse, flowing through overlying sediments or the relatively
unfractured parts of the limestone.
Where carbonate rocks are exposed at the surface, or are present beneath a thin cover of superficial deposits,
an open karst is formed. The land surface is characterised by closed depressions (commonly called dolines or
sinkholes) and disrupted surface drainage, with streams that lose flow either gradually or at a point or points
(commonly called swallow-holes). Dry valleys are present downstream of permanent swallow holes, but it is
common to have a series of swallow holes due to the limited capacity of conduits. During periods of low flow, all
water may be lost into an upstream swallow hole, but as flow increases, the capacity of the conduit can be
exceeded, such that surface flow continues downstream to the next swallow hole.
Fookes & Hawkins (1998) provide an example where a stream sinks close to the limestone outcrop under low
flow conditions, but continues down-valley to a lower swallow hole as discharge increases (Figure 4-7). In this
case, the downstream swallow hole is never overtopped and this is known as a blind valley.
This figure is also useful for illustrating the difference between an equivalent porous medium (EPM), in which a
continuous water table is present, and a karst groundwater system, in which most flow is through conduits. In
an EPM, water flows down a hydraulic gradient, whereas in a conduit water may rise vertically up a fracture
linking two inception horizons within a limestone sequence (inception horizons are zones of preferential conduit
development). If a borehole drilled in the valley floor were to intersect the conduit (a relatively rare occurrence),
the water level in the borehole may differ substantially from that in a nearby borehole that does not intersect the
conduit, and instead reflects conditions in the limestone mass. The difference in water levels between the two
boreholes may change considerably over time, as water levels in the conduit respond more rapidly to seasonal
variations in rainfall.
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Figure 4-6 - 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).

Figure 4-7 - Development of seasonal stream sinks or 'swallow holes' (Fookes & Hawkins, 1988).
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4.1.6.2.
Karst in the CBLF
The CBLF is known to have been an open karst at some point in the past. During this time, there would have
been sinkholes on the surface, swallow holes draining to springs via conduits, some of which may have
achieved cave dimensions, a well-developed epikarst and an uneven rockhead. The age of karstification is
uncertain, but Brunsden et al (1976) have identified Tertiary and Cretaceous sediments in solution pipes in
Devonian limestones exposed in a road cutting for the Kingsteignton-Newton Abbot Easterly Bypass and it is
likely that deep sediments in the CBLF in the study area are of a similar age, making karstification somewhat
earlier. The occurrence of red clay in the deeper part of the overlying sediments, as described in Section 4.1.1,
indicates that karst burial began at least 100,000 years ago.
If the earliest sediments in the CBLF are indeed of Tertiary age, then the karst is likely to have been deeply
buried since that time. 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, but they will have added to the sediments
covering the Tertiary karst system. The sediments will have clogged the conduits and epikarst, such that there
will have been little circulation of groundwater within them. During the Holocene, some elements of the karst
system have been reactivated, as evidenced by the formation of sinkholes and by streams that lose flow to their
bed and in a few cases, via distinct swallow holes. The factors that contribute to this reactivation are discussed
in detail within the updated Land Stability Risk Assessment 2020, submitted as part of the 2020 Regulation 22
Response.
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4.2.

Ground investigation

4.2.1.

Summary of investigations

Numerous field investigations have been conducted to develop a detailed understanding of the geology,
hydrogeology and hydrology of the Study Area; these are summarised in Table 4-4. Whilst the majority of these
investigations were commissioned by E & JW Glendinning, the passive seismic surveys were funded by the
BGS and carried out in collaboration with the quarry. The findings of these investigations have been used to
inform descriptions of hydrology and hydrogeology in the Study Area in Sections 4.3 and 4.4 of this report,
which in turn inform the conceptual model in Section 4.7. A detailed appraisal of how these investigations relate
to land stability is provided in the updated Land Stability Risk Assessment 2020, submitted as part of the 2020
Regulation 22 Response.
Table 4-4 - Summary of field investigations
Type of
investigation

Time
period

Description

Walkover
surveys

2016

Walkover surveys to examine geological features identified on maps and
photographs (Section 4.2.2).

Drilling of
boreholes

19861987

Drilling and installation of three rotary cored boreholes along the south-eastern
boundary of the quarry workings to assess ground stability (Engineering Geology
Ltd, 1987). Six mineral exploration boreholes were drilled around this time into the
CBLF to the north of the quarry, near Waye Farm.

2015

Forty ground investigation boreholes drilled within the proposed extension area to
evaluate depth to rockhead (Sandybed Geological Services, 2016).

2016

Drilling and installation of 11 shallow groundwater monitoring boreholes around the
edge of the proposed extension area, typically within the top few metres of the
CBLF, or the base of the overlying clay-rich material (Frederick Sherrell Ltd, 2016).
Installation details for these boreholes are provided in Table 4-5 and borehole logs
are provided in Appendix B.

2017

Drilling of nine boreholes, comprising: two deep boreholes into the CBLF within the
quarry; one shallow and four deep boreholes into the CBLF to the northeast of the
quarry, within the proposed extension area; and a deep and shallow borehole pair
within the Tavy Formation to the north of the quarry and its proposed extension
area. Seven of these were installed as groundwater monitoring boreholes, whilst
SE1 was not installed due to borehole collapse within the CBLF and LS1 was not
installed due to an absence of water strikes during drilling. Coring of the upper part
of the CBLF was completed in LS1, NE9, NW2 and SE1 to characterise the
distribution of fractures or conduits within the limestone and to assess the
presence or absence of infill material. Installation details for these boreholes are
provided in Table 4-5, borehole logs are provided in Appendix B and core
photographs are shown in Appendix C.

2018

Drilling and installation of four groundwater monitoring boreholes in the base of the
quarry to assess drawdown within the excavation. Installation details for these
boreholes are provided in Table 4-5 and borehole logs are provided in Appendix B.

2019

Drilling and installation of three groundwater monitoring boreholes in the vicinity of
the Balland Pit, to investigate interactions between the Pit and the adjacent
groundwater system (Sections 4.4.3.3 and 4.5.7). Installation details for these
boreholes are provided in Table 4-5.

2020

Drilling and installation of 10 groundwater monitoring boreholes, comprising 2
single, shallow boreholes, specifically to investigate groundwater levels near to
surface water courses and 4 borehole pairs to: assess groundwater levels and
trends within the respective shallow and deep parts of the CBLF; investigate
groundwater levels close to surface water courses; and address previously
identified data gaps to the southwest of the quarry, to the south of the A38 and
within the proposed extension area. Installation details for these boreholes are
provided in Table 4-5 and borehole logs are provided in Appendix B.
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Type of
investigation

Time
period

Description

Geophysics

20142016

Resistivity (Bentham Geoconsulting Ltd, 2014) and electromagnetic conductivity
(Bentham Geoconsulting Ltd, 2016) surveys in the proposed extension area and to
the northeast of Caton to investigate the thickness of clay cover overlying the
CBLF.

2017

Geophysical logging, comprising natural gamma, temperature and electrical
conductivity in seven boreholes and heat pulse flow measurements in three
boreholes, to identify the locations of potential flow horizons and the possible
presence of clayey infill material in conduits (Appendix D and Section 4.2.4).

2017

Passive seismic surveying of several transects between the quarry and the village
of Caton to the east, to identify structural features within the CBLF and
characterise the depth to rockhead (Section 4.2.4).

2016ongoing

Monitoring of water levels in groundwater monitoring boreholes, using automated
dataloggers (15 minute intervals) and manual readings (monthly). At the time of
writing, the monitoring network comprised 33 boreholes, covering the quarry, the
surrounding CBLF and the adjacent Tavy Formation (Figure 4-8). Additional
locations are proposed as part of extended baseline monitoring (Section 6.3).

2016ongoing

Water quality sampling from 30 locations, including streams, ponds, springs, adits,
groundwater monitoring boreholes and selected points within the quarry, with
subsequent laboratory analysis (Section 4.4.8).

2016ongoing

Monitoring of stream stage at eight locations in the Balland Stream, Kester Brook,
Lemonford Stream, Alston stream, Caton stream and Mead Farm stream. At
locations where the drainage channel geometry permitted meaningful analysis,
these measurements were used to estimate stream flows (Section 4.3.5.4).

2015ongoing

Monitoring of seepages and pumped discharges within the quarry, supplemented
by recording of rainfall at Alston Farm and monitoring of water levels in the Balland
Pit (Sections 4.3.2 and 4.3.5.5).

2018

Slug tests on five groundwater monitoring boreholes in the CBLF and two in the
Tavy Formation to assess the hydraulic conductivity of these formations at a local
scale (Section 4.4.4)

2018

Signal test on the quarry sump, involving the cessation of dewatering over a
10-day period, to assess hydraulic connections within the CBLF in the quarry and
surrounding area (Section 4.4.7).

2020

Rising head tests on the Balland Pit to assess the connectivity of this feature with
the underlying CBLF, validate flow directions indicated by the quarry water balance
(Section 4.5.6) and evaluate the large-scale hydraulic conductivity of the CBLF
(Section 4.5.7).

20162020

Injection of tracers at the Alston stream and Caton stream swallow holes to
evaluate hydraulic connections within the CBLF in the vicinity of the quarry
(Section 4.2.7).

Groundwater
and surface
water
monitoring

Hydraulic
testing

Tracer
testing

The locations of boreholes drilled as part of ground investigations in the Linhay Hill Quarry and its surroundings
are shown in Figure 4-8, with groundwater monitoring boreholes explicitly labelled. Installation details and
observations of geology in these boreholes are presented in Table 4-5.
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Figure 4-8 - Ground investigation boreholes in the Linhay Hill Quarry and surrounding area (labels refer to named groundwater monitoring boreholes)
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Table 4-5 - Summary of ground investigation boreholes and installations (2016-2020)
BH ID

Location with respect to quarry

Ground level
(mAOD)

Depth
(mbgl)

Depth to
bedrock (mbgl)

Screen interval
(mbgl)

Observations of geology

AC1

380 m NE of NE boundary

138.08

11.0

8

5-11

 Clay and limestone boulders to 6 mbgl
 Limestone to base of borehole
 No water strikes during drilling

AC2

330 m NE of NE boundary

136.00

16.0

12

6-12

 Clay with limestone cobbles or boulders to 12.5 mbgl
 Fractured limestone with clay-filled voids or clay with limestone boulders below 12 mbgl

 No water strikes during drilling
AC3

370 m NE of NE boundary

136.15

11.5

8.5

5-11.5

 Limestone encountered at 8.5 mbgl

 No water strikes recorded during drilling
AF1

430 m NE of N corner

142.22

18.0

>18.0

10-16

 Gravelly clay to full depth of borehole
 No water strikes during drilling

AF2

440 m NE of NE boundary

139.82

8.5

6

5.5-8.5

 Predominantly gravelly clay to 6 m
 Slightly weathered limestone from 6-8 mbgl, with bedding fractures dipping between 20 and 40 and joint fractures
perpendicular to bedding
 Clay-filled void from 6.2-7.0 mbgl
 No water strikes during drilling

AF3
LS1

580 m NE of N corner
(next to Caton stream)

143.60

310 m NE of N corner

136.18

17.5

>17.5

11-17

 Clay with bands of gravel

 No water strikes during drilling
14.7

10.5

No installation

 Located within a suspected sinkhole and near to a suspected fault zone
 10.5 m of superficial deposits encountered, comprising sandy, gravelly clays
 Coring of limestone from 10-14.7 mbgl showed several discontinuities dipping between 30 and 60, some with evidence
of shear displacement, including slickensides and clay infill

M1D

350 m NE of NE boundary
(in proposed extension area)

130.46

141.5

1.9

78-140






Made ground to 1.9 mbgl, comprising slightly sandy, gravelly clay with rare cobbles
Driller’s log suggests relatively unfractured CBLF from 1.6-6.0 mbgl, 9.0-47.0 mbgl and 111-117 mbgl
Remainder of CBLF heavily fractured, with clay-filled joins recorded from 47-53 mbgl and 117-127 mbgl
Carbonaceous material, possibly lignite, recorded from 81.5-83 mbgl

 Borehole dry during drilling to 47 mbgl, with water added below this point obscuring subsequent water strikes
M1S

130.52

30.0

3.3

15-30

 Sandy, gravelly clay to 3.3 mbgl
 CBLF fractured or weathered to 8.2 mbgl and relatively unfractured to 30 mbgl
 Black material in flush returns noted from 24.3-24.6 mbgl

NE4

660 m NE of E corner

106.35

19.0

>19

11-17

 No rockhead or water strikes encountered, although formation described as ‘damp’

NE5

560 m NE of E corner

123.86

6.0

6

3-6

 Borehole terminated at limestone rockhead
 No water strikes recorded, although formation described as ‘damp’

NE6

640 m NE of NE boundary

133.51

14.0

11

6-12

 No water strikes recorded, although formation described as ‘damp’

NE7

690 m NE of NE boundary

132.72

17.5

12.5

11.5-17.5

 Clay with bands of gravel to 12.5 mbgl

 Fractured limestone to 16 mbgl, with more competent rock below this
 No water strikes during drilling
NE8

780 m NE of NE boundary (next
to Caton stream)

133.69

13.0

10

7-13

 Predominantly clay to 8.5 mbgl
 Possible fissures from 9.9-10.2 mbgl and 12.5-13.0 mbgl

 No water strikes during drilling
NE9

730 m NE of NE boundary
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131.13

103.0

11.5

15-103






Targets ‘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.
Coring from 11-5-14.5 mbgl indicates no infill of voids, with some mineralisation on surface of discontinuities.
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BH ID

Location with respect to quarry

Ground level
(mAOD)

Depth
(mbgl)

Depth to
bedrock (mbgl)

Screen interval
(mbgl)

Observations of geology

NE11

1,050 m NE of NE boundary
(next to Samastar stream)

128.21

23.0

>23

14-23

 Clayey gravel to 4.8 mbgl, overlying mudstone from 6.3-7.5 mbgl and clay from 7.5-10 mbgl.
 Alternating bands of limestone, clay and mudstone recorded from 10-23 mbgl, with the borehole terminating in clay
 Water struck at 16 mbgl, within jointed limestone unit with clay infill

NW1D

175 m N of N corner

144.80

117.0

3.5

87-117

 0.4 m of made ground overlying 2.0 m of sandy gravelly clay, overlying 1.5 m of slate gravel.
 Rockhead (Tavy Formation) encountered at 3.5 mbgl.

NW1S

175 m N of N corner

144.97

30.0

3.5

5-30

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

NW2

380 m NE of NE boundary

137.09

138.0

4.9

6-80

 1.0 m of made ground overlying 3.9 m of superficial deposits comprising firm to stiff dark brown sandy gravelly clay,
generally becoming less gravelly with depth.
 Fresh limestone from 5.0 m depth. Two cored sections, from 5-8.2 mbgl and 28-29.5 mbgl, indicate numerous clay-filled
fractures dipping at 20-30º.
 Medium flow below 82.0 mbgl.
 Fault zone between 89.0 and 92.0 mbgl. Interpreted as the SE-dipping fault zone that marks the N extent of the CBLF.

Q1

In eastern corner of quarry

100.28

102.5

0.15

15-102






Q2

In southern corner of quarry

89.52

64.0

0.25

6-64

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

Q3

In central part of quarry

69.54

32.62

0

15-33

 Boreholes drilled into unweathered CBLF using quarry’s rotary rig, precluding detailed geological logging

Q4

In central/NE part of quarry

56.67

20.08

0

3-21

Q5

In quarry, near NE boundary

56.44

21.73

0

4-22

Q6

In quarry, near NE boundary

69.75

16.94

0

18-36

Q7

S edge of Balland Pit

101.2

40.4

0

19.4-40.4

Q8

E edge of Balland Pit

91.3

31.6

0

13.6-31.6

Q9

W edge of Balland Pit

105.4

35.2

0

14.2-35.2

Q10D

220 m SW of Balland Pit
(next to Balland Stream)
220 m SW of Balland Pit
(next to Balland Stream)

96.11

58.5

6.8

30-47

Q10S

SE1

270 m NE of E corner

SE1A
SE2D

200 m ENE of E corner

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

 Made ground to 6.8 mbgl, comprising sandy gravel with cobbles and boulders overlying sandy, gravelly clay
 CBLF alternates between fractured/jointed layers and more competent intervals. Clay infill reported for some joints and
voids.

 Mudstone/slate encountered from 55.5 mbgl to end of borehole at 58.5 mbgl.
 Water struck at 6 mbgl, within sandy, gravelly clay and at 16.5 mbgl, within fractured limestone.
96.04

14.0

9.8

10-14

 Made ground to 9.8 mbgl, comprising clayey, sandy gravel overlying sandy, gravelly clay
 CBLF from 9.8-14 mbgl described as fractured and weathered
 Water struck in fractured limestone at 11.84 mbgl

117.31

115.0

4.8

No installation

 Possible made ground to 1.3 m depth overlying superficial deposits to 4.8 m depth, comprising firm sandy, gravelly clay
(gravel is of slate and limestone), overlying stiff to very stiff organic clay with amorphous peat.
 Coring of CBLF from 5 – 8 m depth indicates several voids and discontinuities dipping at 40-50º, typically with clay infill
 Possible solution feature at 25.0 m, and possible groundwater conduit at 34.0 m depth.

118.50

98.0

12.31

15-95

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

115.28

121.5

11.6

90-121.5

 Gravelly clay to 1.9 mbgl, overlying alternating bands of competent limestone and clay-filled joints to 11.6 mbgl
 CBLF jointed from 61.2-76.1 mbgl and clay-filled joint recorded from 112.5-112.9 mbgl, with competent limestone recorded
throughout rest of drilled interval.

 Water struck in competent limestone at 4 mbgl
SE2S
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115.31

27.5

3.8

9-27

 Gravelly clay to 3.8 mbgl
 Weathered limestone with clay-filled fractures and voids to 21.8 mbgl, overlying more competent limestone
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BH ID

Location with respect to quarry

Ground level
(mAOD)

Depth
(mbgl)

Depth to
bedrock (mbgl)

Screen interval
(mbgl)

Observations of geology

SE3

370 m ESE of E corner

112.77

29.5

7

12-29.5

 Gravelly clay to 4 mbgl, with no returns from 4-7 mbgl
 Weathered limestone from 7-14.5 mbgl and weathered limestone with clay from 14.5-20.5 mbgl

 Fresh limestone from 20.5-29.5 mbgl
SW1D

180 m SW of SW boundary

101.72

115

1.7

66-114

 Made ground to 1.7 mbgl
 Limestone to full-depth of borehole, with clay-filled void from 4.2-6.7 mbgl, weathering from 6.7-14.5 mbgl and fracturing
from 66-95 mbgl

 Water first struck at 51.5 mbgl, with water levels rising to 18.7 mbgl by start of following day
SW1S
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101.59

30.5

3.8

12-30

 Made ground to 3.8 mbgl
 Limestone to full-depth of borehole, with fracturing from 3.8-6.7 mbgl and clay-filled joints from 14.0-14.5 mbgl and 24.530.5 mbgl
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4.2.2.

Walkover surveys

In accordance with best practice and as advocated by Fookes & Hawkins (1988), Atkins undertook a 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 the quarry faces to assess 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 quarry. Where possible, the locations were inspected, photographed,
and described during the walkover survey. A brief summary of the observations made is presented below.

Figure 4-9 - 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 Level 3, and progressed in an anticlockwise direction along the south-eastern, north-eastern, and north-western sides of the quarry. The deepest
point in the quarry at that time was into Level 7, which had only been achieved near to the northern corner of
the quarry. The following key observations were made during the quarry inspection:
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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). These dissolution features
typically are infilled with clay, as shown in Figure 4-10.



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 4-9. 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 Level 7,
and locally along the southeast face in the southwest third of the quarry.

Figure 4-10 - Dissolution features in the southeast face of the quarry, comprising a) large, sub-vertical
features infilled with clay and b) smaller-scale open conduits. No flow has been observed from these
features.
Following the initial walkover survey and 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
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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 holding pond had been constructed in the north-eastern corner of
the quarry in Level 6. The bench level is approximately 56.5 mAOD. There was a ramp into Level 7 with a
low point of 48.5 mAOD and the base of the sump was approximately 46.5 mAOD, although water levels
were maintained several metres above this elevation.



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



Groundwater continued to enter the quarry from various conduits intersecting the large calcite vein, at the
northeast face of the quarry. This feature is subsequently referred to as the northeast face fracture,
although the flowing conduits occur only at points where the fracture intersects inception horizons (intervals
where chemical, physical or lithological changes favour karst dissolution). The strike of the northeast face
fracture appears to be approximately 020°. It dips steeply towards the ESE and cross cuts the bedding of
the CBLF. The northeast face fracture was observed in Levels 2-5 of the quarry (see Figure 4-11), although
at greater depths it is currently obscured by the bench in Level 6. The total depth and lateral extent of this
feature towards the southwest (inside the quarry) is therefore unclear.

Figure 4-11 - Northeast face fracture in Levels 2-5

4.2.3.

Drilling of boreholes

Information recorded during the various phases of drilling in the Study Area has led to an improved
understanding of discontinuities within the CBLF. Borehole logs from the 2017 and 2020 investigations provide
the most detailed information on the depths of fractures or conduits and the presence of infill material.
Borehole logs from the 2017 and 2020 investigations are presented in Appendix B and indicate the widespread
presence of clay-filled fractures, joints, voids and cavities within the CBLF (also summarised in Table 4-5). The
presence of clay infill is apparent both close to the surface (e.g. from 4.2 to 6.7 mbgl in SW1D) and at depth
below the current base of the quarry (e.g. 112.5 to 112.9 mbgl in SE2D; 117 to 127 mbgl in M1D).
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Rotary core samples were taken during the 2017 investigations from the shallow parts of LS1, NE9, NW2 and
SE1A (see Appendix B). As shown in Figure 4-12, clayey material is apparent on fracture surfaces in LS1 and
SE1. Although the presence of infill material is less obvious in the photograph from NW2, where significant
fractures are apparent at 28.5 and 29.5 mbgl, clayey infill at this depth was noted in the borehole logs and
indicated by geophysical logging (see Section 4.2.4).

28.00m

29.50m

Figure 4-12 - Core photographs showing fractures infilled with clayey material at: a) 12.3 mbgl in LS1 b)
5.9 mbgl in SE1 and c) 28.5 mbgl in NW2 (a large increase in the natural gamma log at this depth
indicates the presence of clayey material)
Observed changes in hammer blows and returns during the 2017 drilling investigations were also used to infer
the presence of channels or conduits, along with the presence of water strikes; the results are summarised in
Figure 4-13.
No flow was discernible from the shallowest conduits in each borehole, with initial groundwater strikes and
recorded flows occurring below 80 mAOD. The absence of recorded inflows from these shallower conduits,
which themselves lie below the final rest water levels in the boreholes, provides further evidence that many of
the discontinuities within the CBLF are filled with clay, which limits the transmission of water. This concept is
discussed further in Section 4.2.4.
Whilst the precise nature and depth of inferred flow zones is subject to uncertainty during drilling, the results
highlight the presence of permeable discontinuities at depth within the CBLF. The hydraulic significance and
connectivity of these features to the rest of the CBLF is discussed further in Sections 4.4.6.2 and 5.2.
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Figure 4-13 - 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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Drilling investigations have also provided useful information on the depth of the CBLF in the vicinity of the
quarry. The contact between the CBLF and the underlying Tavy Formation was encountered in both NW2 and
Q10D; this information was used to infer the dip angle of the CBLF in the vicinity of the quarry, as shown in
Table 4-6. Uncertainty regarding the elevation of rockhead at the location of the mapped contact (BGS, 1995)
leads to a conservatively high estimate of the dip angle.
The mapped contact between the two formations lies 260 m to the northwest of the quarry sump. Based on the
maximum dip angles and elevations of the contact at the mapped boundary presented in Table 4-6, this
suggests a maximum elevation of the contact beneath the sump of between 10 mAOD and -15 mAOD. As
such, the sump elevation following proposed deepening of the quarry to 0 mAOD will lie close to the base of the
CBLF.
Table 4-6 - Inferred dip of contact between CBLF and Tavy Formation
Location

Elevation of
contact at BH

Elevation of contact at
mapped boundary

Distance from
mapped contact

Inferred dip angle

NW2

46.6 mAOD

<124 mAOD1

145 m

<28º

40.6 mAOD

mAOD2

175 m

<20º

Q10D

<103

1. Based on maximum elevation of rockhead beneath AF1, which did not reach bedrock when terminated at 18 mbgl
2. Based on ground elevation at mapped contact, due to an absence of borehole logs in this area

4.2.4.

Geophysics

Geophysical logging was carried out in seven boreholes near the quarry (NE9, NW1S, NW1D, Q1, Q2 and
SE1A) to characterise discontinuities within the CBLF and Tavy Formation, through identification of potential
groundwater inflows and the presence of clayey material. Logging of natural gamma variations was conducted
in all seven boreholes, with temperature fluid and electrical conductivity (FEC) logged in all of the boreholes
except SE1A, due to the tools being unable to pass below a restriction at 15 mbgl, which was above the
standing water level. Due to its large diameter, a heat pulse flow meter could not be run within 50 mm
installations, although this method was used to log NW2 prior to installation (as was the plan for each borehole
but they were deemed not sufficiently stable) and in the 75 mm well screens at NW1S and Q2. The results of
geophysical logging are presented in Appendix D.
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 4-13. 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 4-13). 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 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 4-13).
Natural gamma counts were largest in the Tavy Formation and in the superficial material overying the CBLF.
This is consistent with the presence of a high proportion of clay minerals, which naturally contain relatively high
proportions of radioactive potassium, thorium and uranium isotopes. Natural gamma counts in the CBLF are
typically substantially lower, as would be expected in limestone. However, recorded changes in hammer
penetration during drilling typically align with increased gamma values.
In NW2, where geophysical logging was carried out to 93.8 mbgl, changes in hammer penetration were
recorded at 29.5-31 mbgl, 61-62.5 mbgl, 70-71.5 mbgl and 79-85 mbgl; notable increases in the natural gamma
count are present in all of these intervals, while the natural gamma increases at 28.5 and 29.5 mbgl correspond
with the positions of fractures in recovered core (Figure 4-12) and noted clayey material in the lithological log
(Figure 4-14). There were no obvious deviations in the EC log for this borehole, although oscillations in the
temperature log are more evident from 79 mbgl to the base of the logged interval, suggesting the presence of
some hydraulically significant discontinuities. This broadly aligns with the observed increase in flow below
82 mbgl, which may be associated with the fault zone at the base of the CBLF.
In Q1, where geophysical logging was carried out to 84.3 mbgl, changes in hammer penetration were recorded
from 64-75 mbgl and from 80.5-86.5 mbgl. Increased natural gamma counts are apparent from 65-73 mbgl,
although the relatively low gamma counts from 80.5-86.5 mbgl suggest unfilled conduits may be present at this
depth, a hypothesis supported by the temperature logging and flow observations.
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Figure 4-14- Natural gamma radiation with depth NW2 (extracted from Appendix C)
In Q2, where geophysical logging was carried out to 64.8 mbgl, changes in hammer penetration were recorded
from 10-11.5 mbgl, 53.5-55 mbgl and 56-57.5 mbgl. Increased natural gamma counts are apparent at
10.5 mbgl and 53.5 mbgl, although gamma counts are reduced by 54 mbgl, immediately above the area of
inflows indicated by drilling observations and the temperature, EC and flow logs. Relatively low gamma counts
from 56-57.5 mbgl suggest unfilled conduits may be present at this depth, although the lack of deviations in the
EC and temperature logs suggests that there are no significant inflows, whilst no significant flows were
recorded by the heat pulse flow meter.
Overall, there is a good correlation between the geophysical logs and drilling observations, although there are
also some areas where the correlation is less clear. The logged interval of NE9 does not span the
discontinuities inferred during drilling, and whilst the natural gamma readings remain fairly low throughout the
CBLF, there are minor deviations in the temperature and EC logs from 35-36 mbgl, suggesting a possible
flowing fracture or conduit. The geophysical logs for NW1S and NW1D do not span the CBLF, whilst the
geophysical log for SE1A does not span the saturated part of the formation. As noted above, deviations in the
geophysical logs are consistent with drilling observations in Q1, Q2 and NW2, and provide additional
information on the nature of discontinuities encountered during drilling.
Surface geophysical surveys have also been commissioned by E & JW Glendinning, to assess the thickness of
superficial deposits to the east of the quarry, including within the proposed extension area. Resisitivity and
electromagnetic conductivity surveys in this area, conducted by Bentham Geoconsulting (2014; 2016), were
conditioned by drilling data and indicate around 1-3 m of superficial deposits near the A38, with thicknesses
increasing to more than 10 m in the north of the extension area and more than 6 m in the adjacent land to the
east, near Caton Farm.
Passive seismic surveying completed by the BGS in 2017 for research purposes (Morgan, et al., n.d.) also
supports the idea that the superficial deposits thicken substantially to the north of Caton, although the ability of
the technique to pick out local variations in depth to rockhead appears limited. Nonetheless, an E-W survey line
near Alston Farm (shown as ‘Alston EW’ in Figure 4-15) appears to pick out an extensive, sub-vertical feature
(shown in Figure 4-16a), corresponding to the approximate alignment of the northeast face fracture (Figure 427), whilst a similar, sub-vertical feature to the north of Caton (shown in Figure 4-16b) appears to align with the
position of a fault shown in Figure 4-1 at the northern edge of the CBLF outcrop; this may reflect the southerly
extension of this feature beyond what has previously been shown on BGS maps.
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Figure 4-15 - Locations of passive seismic transects (Morgan, et al., n.d.)

Figure 4-16 - Passive seismic sections at a) the Alston EW transect and b) the SW-NE transect north of
Caton, adapted from Morgan et al. (n.d.). Sub-vertical features are marked ‘A’ in each.

4.2.5.

Groundwater and surface water monitoring

An extensive water monitoring network has been established in the vicinity of the quarry, to collect data on
water levels, water quality, rainfall and flow. These data, which are used to inform the conceptual model in
Section 4.7, comprise the following components:


daily rainfall at Alston Farm (Section 4.3.2);



stream levels at 15-minute intervals using automated dataloggers (eight locations) and daily flow estimates
(six locations), supplemented by area-velocity and surface velocity measurements (Section 4.3.5);



monitoring of flow from the northeast face fracture and southeast face conduit in the quarry (both at
15-minute intervals), daily metering of water pumped from the quarry sump, level monitoring of the Balland
Pit (at 15-minute intervals) and daily metering of water discharged to the Balland Stream (Section 4.3.5.5);



water levels in 33 groundwater monitoring boreholes, using dip meters during discrete monitoring events to
characterise spatial variations in groundwater levels, and automated dataloggers recording water levels at
15-minutes intervals in 27 of these installations (Section 4.4.3);



water levels within the quarry sump at 20-second intervals, during a signal test to investigate flow paths
within the CBLF (Section 4.4.7); and



regular water quality sampling at 9 locations, with additional sampling from the quarry sump, 7 boreholes,
11 springs and 3 historical mine adits (Section 4.4.8).
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The locations of groundwater monitoring boreholes are shown in Figure 4-8 and described in Table 4-5, whilst
the monitoring regime for each borehole is presented in Table 4-7.
Table 4-7 - Summary of groundwater level monitoring
BH

Start

End

Method (frequency)

AC1

5/8/16

Ongoing

Manual (approx. monthly)

AC2

29/9/16

Ongoing

Manual (approx. monthly)

Dries out in summer

AC3

21/12/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Dries out in summer

AF1

5/8/16

Ongoing

Manual (approx. monthly)

Dries out in summer

AF2

29/9/16

Ongoing

Manual (approx. monthly)

Dries out in summer

AF3

5/8/16

Ongoing

Manual (approx. monthly)

M1D

22/2/20

Ongoing1

Manual (approx. monthly) & datalogger (15 min)

M1S

22/2/20

Ongoing1

Manual (approx. monthly) & datalogger (15 min)

NE4

21/12/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Dries out in summer. Logger data
for Dec 17-May 18; Oct-Dec 19;
Mar 20 only

NE7

10/12/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Logger data for Dec 17-May 18;
Nov 18; Dec 19-Feb 20 only

NE8

4/12/19

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Dries out in summer. Logger data
for Dec 19-Mar 20 only.

NE9

9/10/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

No logger data 20/8/18 to 2/10/18

5/3/20

Ongoing1

Manual (approx. monthly) & datalogger (15 min)

1

NE11

Comments

NW1D

9/10/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

NW1S

9/10/17

Ongoing1

Manual (approx. monthly) & datalogger (15 min)

NW2

9/10/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q1

9/10/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q2

9/10/17

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q3

19/1/18

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q4

19/1/18

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q5

19/1/18

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q6

19/1/18

Ongoing

Manual (approx. monthly) & datalogger (15 min)

No logger data 6/6/19 to 10/2/20

Q7

14/12/19

Ongoing

Manual (approx. monthly) & datalogger (15 min)

No logger data 18/1/20 to 27/1/20

Q8

13/12/19

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Logger data commenced 21/1/20

Q9

17/12/19

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Q10D

29/1/20

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Logger data commenced 7/2/20

Q10S

29/1/20

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Logger data commenced 7/2/20

SE1A

20/10/17

11/2/20

Datalogger (15 min)

Borehole grouted and monitoring
ceased following installation of
SE2S and SE2D

SE2D

21/2/20

Ongoing

Manual (approx. monthly) & datalogger (15 min)

Logger data commenced 13/3/20

SE2S

13/3/20

Ongoing

Manual (approx. monthly) & datalogger (15 min)

26/3/20

Ongoing1

Manual dips on 26/3/20 and 15/6/20

SW1D

30/1/20

Ongoing1

Manual (approx. monthly) & datalogger (15 min)

SW1S

10/2/20

Ongoing1

Manual (approx. monthly) & datalogger (15 min)

SE3

No logger data 11/9/18 to 2/10/18

Logger data commenced 10/2/20

1. Monitoring to continue throughout baseline monitoring period and subsequent development, as described in Section 6.3
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Locations used to monitor water quality are listed in Table 4-8, with a detailed description of the monitoring
regime provided in Section 4.4.8.2. Locations used to monitor surface water levels and flow are listed in Table
4-9. The monitoring locations are shown in Figure 4-17, which includes labels for locations used to monitor
water quality, surface water levels or flow.
Table 4-8 - Locations used to monitor water quality
Name

Description

Monitoring period

MP1

Balland Stream upstream of quarry discharge1

Dec 2016 to Feb 2020

MP1a

Discharge to Balland Stream from springs at Brownswell

Jan 2018

MP1b

Discharge to Balland Stream from spring north of Waye Farm

Jan to May 2018

MP1c

Discharge to Balland Stream from spring west of Alston Wood

Jan to May 2018

MP1d

Inflow to Waye Pond

Jun 2017

MP1e

Discharge from the Lower Alston Pond and spring west of Alston Wood

Jun 2017

MP1f

Inflow to Upper Alston Pond

Jun 2017
2

MP2

Discharge from Balland Pit to Balland Stream

Jan 2017 to Mar 2018

MP9

Quarry sump

Feb to May 2017

MP10

Discharge from the northeast face fracture

Oct 2015 to May 2018

MP13

Alston stream near Alston Farm

Dec 2016 to Feb 2020

MP15

Caton stream water quality near the hamlet of Caton

Dec 2016 to Nov 2017

MP15a

Discharge to Caton stream from spring near Little Barton

Jan to May 2018

MP16

Samastar stream near A38 slip road

Dec 2016 to May 2018

MP17

Lemonford stream

Dec 2016 to May 2018

MP18

Kester Brook1

Oct 2015 to Feb 2020

MP19

Mead Farm stream

Dec 2016 to Nov 2017

MP19a

Discharge from spring at Higher Mead

Jan to May 2018

AW3

Discharge from spring to N of Alston Farm

Jan 2018

AW4

Discharge from spring to NW of Alston Farm

Jan 2018

Q1

CBLF at depth beneath eastern corner of quarry

Aug 2018

Q2

CBLF at depth beneath southern corner of quarry

Aug 2018

NW1S

Shallow Tavy Formation

Aug 2018

NW1D

Deep Tavy Formation

Aug 2018

NW2

CBLF to northeast of quarry

Aug 2018

NE9

CBLF near the hamlet of Caton

Aug 2018

SE1A

CBLF to east of quarry

Aug 2018

Adit 1

Western adit, north of Alston

Jan 2018

Adit 2

Central adit, north of Alston

Jan 2018

Adit 3

Eastern adit, north of Alston

July 2017 to Oct 2018

1. Monitoring to continue throughout baseline monitoring period and subsequent development, as described in Section 6.3
2. Supplements ongoing compliance monitoring by the quarry under permit EPR/WP3997EP
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Figure 4-17 - Map of monitoring locations in the vicinity of the quarry
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Table 4-9 - Locations used to monitor surface water levels and flow
Name

Description

Monitoring period

MP1

Water levels and flow estimates in the Balland Stream (upstream of quarry
discharge)

Nov 2016 – ongoing2

MP2

Daily discharge volumes from Balland Pit to Balland Stream1

Dec 2015 - ongoing3

MP4

Water levels and flow estimates in the Balland Stream at Glentor

Nov 2018 - ongoing3

MP8

Rainfall data from Alston Farm rain gauge

Oct 2017 - ongoing3

MP9

Daily discharge volumes from the quarry sump and sump water levels during
signal test

Aug 2016 - ongoing

MP10

Flows from the northeast face fracture at 15-minute intervals

Feb 2017 - ongoing

MP11

Flows from the southeast face fracture at 15-minute intervals

Feb 2017 - ongoing

MP12

Water levels in the Balland Pit

Jan 2016 - ongoing

MP13

Water levels in the Alston stream at Alston Farm

Dec 2016 - Jun 2017

MP14

Water levels in the Alston stream where it crosses A38

Dec 2016 - ongoing

MP15

Water levels and flow estimates in the Caton stream near the hamlet of
Caton

Dec 2016 - ongoing

MP17

Water levels and flow estimates in the Lemonford stream

Jan 2017 - ongoing

MP18

Water levels and flow estimates in the Kester Brook

Jan 2017 - ongoing2

MP19

Water levels and flow estimates in the Mead Farm stream

Mar 2017 - ongoing

1. Supplements ongoing compliance monitoring by the quarry under permit EPR/WP3997EP
2. Monitoring location to be upgraded and included in continued baseline monitoring, as described in Section 6.3
3. Monitoring to continue unchanged throughout baseline monitoring period and subsequent development

4.2.6.

Hydraulic testing

Several hydraulic tests were conducted to characterise aquifer properties within the CBLF, comprising:


slug tests, to evaluate hydraulic conductivity in the immediate vicinity of individual boreholes;



a 10-day signal test, to characterise hydraulic connections between the quarry sump and the surrounding
groundwater system; and

falling and rising head tests in the Balland Pit to characterise groundwater-surface water interactions and
provide large-scale estimates of hydraulic conductivity within the CBLF.
Detailed descriptions of the test methods and results are provided in Sections 4.4.4.1, 4.4.7 and 4.5.7.


Whilst pumping tests were also considered, the limitations of this method in karst aquifers have been noted by
various authors, including the Environment Agency (2007), Goldscheider & Drew (2007) and Taylor & Greene
(2014). Ford & Williams (2007) state that “it is evident that small samples, as used in core and pump tests, yield
inadequate estimates of basin-wide hydraulic characteristics” and for this reason, the results of falling and rising
head tests in the Balland Pit, which covers an area of approximately 18,000 m2, are considered to be a more
reliable means of characterising the hydraulic properties of the CBLF.
Whilst a test of this type is useful for quantifying the large-scale behaviour of the CBLF, the publications cited
above also advocate tracer testing as a means of characterising karst systems, through delineation of
groundwater catchments and identification of flow paths between swallow holes and discharge points.

4.2.7.

Tracer testing

The Hydrogeological Impact Assessment (2016) considered that there may be a direct link between the Alston
sinkhole and the NE face conduit. An initial phase of tracer testing, using the optical brightener Photine C, was
carried out at the Alston stream swallow hole in April 2016 (Atkins, 2016). However the applied tracer was not
detected at any of the multiple monitoring locations in this phase of testing and the results were therefore
inconclusive. Consideration was given to a) dilution in the system being too great for the mass of tracer injected
to be observable on the detectors, b) that there was no connection or discharge occurred at locations other
than those monitored, or c) that travel times within the aquifer could be greater than the period over which the
tracer test was conducted. A critique of the tracer test method by Gunn (2016) also suggested several possible
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reasons for the failure to detect tracer, including insufficient monitoring locations, inappropriate selection of
tracer and insufficient mass of tracer due to the potential for adsorption by the buried karst.
In light of these inconclusive results, three further phases of tracer testing were carried out to delineate
groundwater flow paths in the vicinity of the quarry, comprising:


injection of optical brightening agent (OBA) at the Caton stream swallow hole, as part of a preliminary
phase of investigations in December 2019;



injection of rhodamine and fluorescein at the Alston and Caton stream swallow holes in January 2020; and

 injection of sodium fluorescein at the Alston stream swallow hole in March 2020.
Due to overtopping of the Alston stream swallow hole in December 2019, tracer injection during this phase was
limited to the Caton stream swallow hole. For the subsequent phase of tracer testing, in January 2020, water
levels were allowed to subside just below the top of the Alston stream swallow hole prior to injection. In March
2020, the Alston stream swallow hole was once again overtopping, with spot measurements in the Alston
stream immediately upstream of this point indicating a flow rate of approximately 10 l/min. The Alston stream
was partially diverted prior to tracer injection, giving a flow rate of approximately 5 l/min into the swallow hole
and leading to a notable reduction in water levels.
Monitoring with gravity activated carbon fluocapteurs and water samples was carried out prior to injection at
each site to determine background fluorescence, and at regular intervals following injection, for a minimum
period of 10 days. Monitoring locations are described in Table 4-10 and shown in Figure 4-18.
Table 4-10 - Description of tracer testing sites and monitoring
Site ID

Site description

Monitoring regime

I1

Alston stream swallow hole

Jan and Mar 2020: Pre- and post-injection
fluocapteurs upstream of injection point

I2

Caton stream swallow hole

Dec 2019 and Jan 2020: Pre- and post-injection
fluocapteurs upstream of injection point

M1

River Ashburn, downstream of Balland Stream
and SW edge of main CBLF outcrop

Dec 2019: Pre- and post-injection fluocapteurs
Jan and Mar 2020: Pre- and post-injection
fluocapteurs and grab water samples

M2

Discharge from NE face fracture

Jan 2020: Pre- and post-injection fluocapteurs and
grab water samples
Mar 2020: Pre- and post-injection fluocapteurs, grab
water samples and fluorimeter (every 5-mins)

M3

Level 6 holding tank (receives water pumped
from quarry sump and northeast face fracture)

M4A

Dec 2019: Pre- and post-injection fluocapteurs
Jan and Mar 2020: Pre- and post-injection
Flowing conduit in Level 7 of quarry, east of sump fluocapteurs and grab water samples

M4L

Flowing conduit in Level 7 of quarry, next to sump Dec 2019: Pre- and post-injection fluocapteurs
Jan 2020: Pre- and post-injection fluocapteurs and
grab water samples
Mar 2020: Inaccessible due to localised flooding

M4U

V-notch tank capturing flow from SE face conduit

Dec 2019: Pre- and post-injection fluocapteurs
Jan and Mar 2020: Pre- and post-injection
fluocapteurs and grab water samples

M5

Kester Brook, downstream of Goodstone springs

M6

Lemonford stream, below spring discharge

M7

River Lemon, upstream of confluence with
Lemonford stream

Dec 2019: Pre- and post-injection fluocapteurs
Jan 2020: Pre- and post-injection fluocapteurs and
grab water samples
Mar 2020: Pre- and post-injection fluocapteurs, grab
water samples and hourly automated sampling

M8

Quarry discharge, upstream of Balland Stream

M9

Culvert under overburden bunds, upstream of
Balland Stream

M10

Dolbeare stream
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Site ID

Site description

M11

Balland Stream, upstream of Dolbeare stream

M12

River Ashburn, upstream of confluence with
Balland Stream

M13

River Ashburn, downstream of Balland Stream,
within main outcrop of CBLF
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Figure 4-18 - Summary of tracer testing results from tests conducted in December 2019 and March 2020
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Following the January 2020 injection, a single, weak detection of fluorescein was encountered in the River
Ashburn (M1), although fluorescein was not detected during re-analysis of the same January 2020 sample.
Whilst a strong fluorescein detection was recorded at the northeast face fracture (M2), there were no detectable
concentrations in Level 7 of the quarry (M4A and M4L), or in the Level 6 holding tank (M3), which receives
water from both the sump and the northeast face fracture before discharging to the Balland Pit and ultimately,
the Balland Stream. Whilst dilution of the water from the northeast face fracture explains the non-detectable
concentrations at M3, there appears to be no clear mechanism for fluorescein dye to bypass the quarry and
reach the River Ashburn at M1.
Additional monitoring locations (M8-M13) were included between the quarry and M1 for the March 2020 phase
of testing. There were no detections at M1 or at the additional monitoring locations following fluorescein
injection at the Alston stream swallow hole, demonstrating that the earlier, weak detection at M1 was most
likely spurious and derived from a local source in Ashburton. It is notable that excavations associated with a
new housing development are located immediately upstream of M1. Water passing through urban
developments can have elevated background fluorescence from cleaning products input to watercourses from
sewer misconnections and septic tank outfalls, whilst readily available drain trace substances used to establish
urban drainage connections contain sodium fluorescein.
The initial, weak detection at M1 has therefore been omitted from the results presented in Figure 4-18 and
Table 4-11. A detailed description of the tracer test method and results is provided in Appendix E.
Table 4-11 - Summary of the 2019 & 2020 tracer testing results
Date

Tracer

Injection point

Detection sites

Non-detection sites

17/12/19

Uvitex BME optical
brightening agent (OBA)

I2

M5

M1, M2, M3, M4A, M4L, M4U,
M6, M7

8/1/20

Rhodamine WT

I2

M5

M1, M2, M3, M4A, M4L, M4U,
M6, M7

8/1/20

Sodium fluorescein

I1

M2, M5, M6,
M7

M1, M3, M4A, M4L, M4U

9/3/20

Sodium fluorescein

I1

M2

M1, M3, M4A, M4L, M4U, M5,
M6, M7

The results indicate strong connections between the Caton stream swallow hole (I2 in Figure 4-18) and the
Kester Brook (M5 in Figure 4-18), and between the Alston stream swallow hole (I1 in Figure 4-18) and the
northeast face fracture (M2 in Figure 4-18).
Based on the spot measurements of flow, the maximum capacity of the Alston stream swallow hole is between
5 and 10 l/min (7-14 m3/day), although flow was restricted to only 5 l/min during the March 2020 tracer test. The
measured discharge from the northeast face fracture during the test was 460 l/min (665 m3/day), suggesting
that, during wet conditions, the Alston stream swallow hole contributes a relatively small component of total flow
in the northeast face fracture.
The detections of fluorescein in M5, M6 and M7 during January 2020 (≥ 64 fluorescence units), which were at
substantially greater concentrations than the spurious result in M1 (23 fluorescence units), suggest radial flow
from the Alston stream swallow hole around this time. This implied radial flow, linked to groundwater mounding
at the swallow hole, was not apparent in the results of the March 2020 test, when the Alston stream was
partially diverted, leading to a marked reduction in water levels. This suggests that there may be a seasonal
connection between the Alston stream swallow hole and both the Kester Brook and the Lemonford stream to
the east, which occurs only during periods of high flow. However, the capacity of the Alston stream swallow
hole (< 10 l/min) and the relative magnitudes of fluorescence recorded at each detection point suggest that the
contribution of flow to both the Kester Brook and the Lemonford stream is a relatively small component of their
total flow during winter and is non-existent during summer.
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