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3.4.4.

Discussion

3.4.4.1.

Kester, Lemonford and Mead Farm streams

Monitoring points MP17, MP18 and MP19 are located towards the southeast of the CBLF outcrop, on the
Lemonford stream, a tributary of the River Lemon; Mead Farm stream; and Kester Brook, respectively.
Samples at these locations have high concentrations of major ions (most notably calcium and bicarbonate)
and total dissolved solids and are of calcium bicarbonate dominant water type.
Lemonford stream is fed by a spring located on the CBLF outcrop. Kester Brook is fed by the Goodstone
spring, which lies on or close to the boundary of the CBLF and Foxley Tuff. Surface water flow in the Mead
Farm stream monitoring location originates at Spring S13 near Lower Mead Farm, which is also on or close
to the boundary of the CBLF and Foxley Tuff. Spring S13 discharges to Mead Farm and water samples were
collected at MP19a. The water quality of the spring is of calcium bicarbonate/nitrate dominant water type.
The calcium bicarbonate concentration at MP19a is elevated with respect to the springs to the north of the
CBLF outcrop, but not sufficiently so to explain the high concentrations at the Lemonford stream and Kester
Brook monitoring locations. The high levels of total dissolved solids and calcium bicarbonate water type
indicates that a substantial component of the flow at Lemonford stream and Kester Brook has come from the
CBLF.
The low magnesium concentration at MP19a indicates that the high magnesium concentration at the
Lemonford stream monitoring location is likely to originate from the dissolution of MgCO3- type waters within
the CBLF, and not from flow from the Foxley Tuff.
The chloride component of the water in the Kester Brook, Lemonford stream and Mead Farm stream
monitoring locations is likely to originate from the Foxley Tuff and not from the CBLF. This is evidenced by
the Kester Brook, Lemonford stream and Mead Farm stream having chloride concentrations that are similar
in magnitude to Spring S13 at MP19a, with chloride concentrations that exceed those in boreholes within the
CBLF.
The elevated nitrate concentrations at these locations is consistent with runoff and recharge from nearby
agricultural land.

3.4.4.2.

Balland, Alston, Caton and Samastar streams

Monitoring locations MP1, MP13, MP15 and MP16 are located to the north and northeast of the quarry, on
the Balland Stream, Alston stream, Caton stream and adjacent to the A38 slip road (Samastar stream)
respectively. Samples from these locations have lower concentrations of major ions than other locations
within the CBLF outcrop, most notably calcium and bicarbonate. Despite this, most were classified as having
a calcium bicarbonate dominant water type due to low concentrations of other major ions – only MP13 shows
substantial proportions of other ions, including sodium and in some monitoring rounds, chloride.
Measurements of total dissolved solids and electrical conductivity were likewise shown to be lower than
other locations.
MP1, MP13, MP15 and MP16 are fed by a series of springs to the north of the CBLF, which emerge from the
Tavy and Crackington Formations. Five of these springs i.e. S1 and S2 at MP15a, S3 at MP13a, S7 at MP1b
and S8 at MP1c were monitored. Springs S7 and S8 discharge to the Balland Stream. Spring S3 discharges
to Alston stream, and Springs S1 and S2 discharge to the Caton and Samastar streams. The springs are of
calcium/ sodium & potassium – bicarbonate/ chloride dominant water types.
The absolute concentrations within the springs are lower than the concentrations at the Balland Stream,
Caton and Samastar stream monitoring locations. The higher absolute calcium carbonate concentrations at
the Balland Stream, Caton and Samastar stream monitoring locations are likely to be due to dissolution of
the CBLF along surface flow paths.
The monitoring location on the Balland Stream has a higher absolute concentration of calcium and
bicarbonate than the Caton and Samastar streams. This may in part be because the Balland Stream flows in
a culvert beneath the quarry spoil tip, and there is also drainage under the spoil tip which drains to the
Balland Stream, and so seepage from the limestone spoil will be contributing to flow.
The calcium bicarbonate concentration at the Alston stream monitoring location is lower than at the Caton
stream and Samastar stream monitoring locations, which is likely to be due to the shorter surface flow path
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across the CBLF outcrop to Alston stream, but also to the mixed water type of S3, the spring feeding Alston
stream.
The chloride, magnesium, sodium and sulphate components of water in the Balland, Caton and Samastar
stream monitoring locations are likely to originate from the Tavy and Crackington Formations and not from
the CBLF. This is evidenced by the Balland, Caton and Samastar streams having chloride, magnesium,
sodium and sulphate concentrations of a similar magnitude to the concentrations at springs S1, S2, S3, S7
and S8.

3.4.4.3.

Groundwater monitoring boreholes

The available groundwater sampling data show substantially higher concentrations of bicarbonate than were
observed at the surface water monitoring locations, with the exception of the Kestor Brook and Lemonford
stream. These watercourses are likely to be fed by a substantial proportion of groundwater from the
underlying CBLF, although surface runoff and stream bed sediments in the CBLF outcrop are likely to also
contribute bicarbonate.
Elevated sodium concentrations in the deeper part of the Tavy Formation (NW1D) contrast with lower
sodium concentrations in the shallower part of the Tavy Formation (NW1S). NW1D also displays notably
higher concentrations of sulphate than occur in nearby springs and boreholes, including NW1S. This
difference in groundwater chemistry, the different groundwater elevations in boreholes NW1S and NW1D
(Figure 3-35 in Section 3.5.5) and the low hydraulic conductivity values derived from slug tests (Section
3.2.5), suggest that there is limited groundwater flow within this formation. The high concentrations of
bicarbonate in NW1D, despite this borehole being screened within the Tavy Formation, and the upward
hydraulic gradient at this location, suggest that part of the CBLF may be present at depth beneath the base
of the borehole. The presence of rafts of other rock types in the Tavy Formation near the contact with the
CBLF was discussed previously in Section 3.1.3.2, while the presence of CBLF below the Tavy Formation in
some areas was discussed in Section 3.1.4.3.
Elevated sodium concentrations in NW2 lead to a water type that is similar to Alston stream and it is likely
that both are influenced by the chemistry of the underlying Tavy Formation.
The elevated concentrations of sulphate in Q2 may reflect a contribution from the use of materials such as
Portland Cement at the quarry for the production of concrete and concrete blocks. Vehicles are washed with
water from the Balland Pit and that is returned to the Balland Pit. Water from the Balland Pit is also used for
dust suppression, which may lead to elevated sulphate in the surface particulate matter. Surface runoff and
recharge to groundwater beneath the quarry may also have elevated sulphate as a result. Elevated sulphate
also occurs in the discharge from the Balland Pit, which lies to the north of Q2.

3.4.4.4.

Sump, NE conduit and Balland Pit discharge

Monitoring locations MP9 and MP10 both lie within the quarry, at the sump and at the NE face conduit
respectively, while MP2 represents the discharge from the Balland Pit to the adjacent Balland Stream.
Samples at these locations have high concentrations of major ions (most notably calcium), while total
dissolved solids and sulphate concentrations are particularly high in the sump and in the quarry discharge.
The absolute calcium and bicarbonate concentrations are higher than the concentrations at the springs.
Water at MP9 and MP10 comes from the CBLF, hence the calcium bicarbonate dominant water type at
these locations, while the elevated sulphate concentrations measured at MP2 and MP9 are likely to be a
result of quarry processes, with water being recirculating around the upper levels of the quarry for dust
suppression and reaching the monitoring locations via surface runoff or shallow recharge through the base of
the quarry. The lower concentrations of bicarbonate in the sump relative to groundwater monitoring
boreholes in the CBLF probably also reflect a component of surface runoff and shallow recharge through the
base of the quarry, giving less time for recharge water to equilibrate with the limestone.

3.4.4.5.

Flow pathways

The water quality monitoring has not revealed clear and definitive flow pathways between the recharge and
discharge zones of the CBLF. However, the data have led to an improved understanding of likely source
zones for inflows at the monitoring locations and this improved understanding has been used to inform the
water balance in Section 3.6.
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The radial plots of the field parameters can be separated into three distinct groups. The first group includes
the Balland Stream, Alston stream, Caton stream, Samastar stream and the springs to the north of the
CBLF. It is characterised by low TDS and EC and indicates a substantial component of rain water.
The second group, which includes the quarry sump, the quarry discharge, Mead Farm stream, the NE face
conduit, spring S13 and the majority of groundwater monitoring boreholes, has moderate TDS and EC. The
majority of these locations have bicarbonate concentrations of at least 150 mg/l, and they display a signature
that is strongly influenced by dissolution of calcite within the CBLF. The Mead Farm stream and spring S13
nearby are exceptions to this, where elevated nitrate concentrations contribute substantially to measured
TDS. They are likely to receive a lower component of flow from the CBLF and the high nitrate concentrations
probably reflect surface runoff or recharge from agricultural land. The sump, which has an average
bicarbonate concentration of 150 mg/l, shows intermediate nitrate concentrations, which are similar to those
seen in SE1A. This may indicate inflows from the east of the quarry, while the low nitrate concentrations
observed in the NE face suggest that the sump inflows are from the deeper part of the CBLF. It is also
notable that nitrate concentrations in the sump exceed values from nearby monitoring boreholes in the CBLF
but are lower than the values seen near Mead Farm to the south, where arable farming represents the
dominant land use. This suggests that the sump may have a relatively large radius of influence and is
consistent with it receiving diffuse inflows from both agricultural and non-agricultural parts of the catchment.
The third group comprises the Kester Brook, Lemonford stream and boreholes NW1D and NW2. Although
bicarbonate concentrations in this group are similar to Group 2 and have a strong groundwater signature,
Group 3 sites are characterised by higher levels of TDS and EC. As discussed in Section 3.4.4.3, elevated
sodium concentrations in the borehole samples may reflect upward flow from the underlying Tavy Formation.
Relatively high concentrations of most major ions in the surface water samples indicate substantial
contributions from groundwater in the CBLF (calcium and bicarbonate) and Foxley Tuff (chloride) as well as
additional inputs from surface runoff and recharge in an agricultural catchment (nitrate).
Kester Brook and Lemonford stream have higher absolute carbonate concentrations than the NE face. The
waters are supersaturated with respect to calcite. However, the variation of the saturation index for the NE
face is relatively uniform, whereas the saturation index for Kester Brook and Lemonford stream fluctuates,
presumably because of the influence of rainfall and mixing with surface water. The Kester Brook and
Lemonford saturation index peaks are higher than the NE face peaks, which indicates a longer groundwater
flow path through the CBLF for the Lemonford stream and Kester Brook.
Figure 3-31 shows no obvious correlation between the saturation indices and rainfall, although it is
interesting to note that the lowest indices occur in January 2018, following a particularly wet month. It is likely
that in this case, the low saturation indices can be attributed to dilution of shallow groundwater and
groundwater fed streams by rainfall with a relatively low calcium carbonate content. Numerous mechanisms
can lead to oversaturation with respect to calcite, although in each case a reduction in either temperature
(leading to reduced solubility) or volume (leading to an increase in dissolved concentrations) is required to
temporarily raise calcite concentrations above their solubility limit, prior to precipitation occurring. High rates
of evaporation in summer and relatively warm groundwater reaching the near surface in winter may both
lead to oversaturation at the monitoring locations and this may explain why there is no obvious seasonal
trend in Figure 3-31.
Lemonford stream, Kester Brook and Mead Farm have the highest absolute chloride concentrations. Balland
Stream, Caton stream, Alston stream and the NE face conduit do not show the same elevated chloride. The
chloride concentration at the S13 spring is also elevated. The elevated concentration of chloride in
Lemonford stream, Kester Brook and Mead Farm is likely to originate from the Foxley Tuff and surface runoff
from the southeast. The typical concentration of chloride in rainfall is 4.41 mg/l and the typical concentration
in recharge due to evapotranspiration is 13.2 mg/l (BGS, 2004). Lemonford stream, Kester Brook and Mead
Farm have considerably higher chloride concentrations.
The previous Hydrogeological Impact Assessment produced by Atkins (2016) considered that there may be
a direct link between the Alston swallow hole and the NE face conduit, which would have implications for
water management of the proposed extension. To assess this, tracer was injected within the Alston Swallow
Hole, but was not detected at the NE face (Atkins, 2016). Since then the monitoring has shown the Alston
stream to be a calcium and sodium bicarbonate type water with substantial chloride present, whereas the NE
face conduit is a calcium carbonate type water. These findings indicate against there being a direct or rapid
hydraulic connection between the Alston Swallow Hole and the NE face.
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Mead Farm stream has a bicarbonate signature. The absolute concentrations of calcium and bicarbonate are
of a similar magnitude to the concentrations at spring S13. There may be a component of CBLF groundwater
within Mead Farm stream. However, the high chloride concentration in Mead Farm stream and spring S13
suggests that water from the Foxley Tuff strongly influences the chemistry at these locations.

3.5.

Water resource monitoring

3.5.1.

Purpose and monitoring locations

Atkins has undertaken a programme of data collection to inform the overall conceptual model of the site and
develop the water balance described in Section 3.6 of this report. The data obtained during this monitoring
programme comprise:







daily rainfall from three locations (Section 3.5.2);
stream levels at 15-minute intervals and daily flow estimates from six locations (Section 3.5.3);
daily monitoring of flow from the NE face and SE face conduits in the quarry, metering of water pumped
from the quarry sump, level monitoring of the Balland Pit and metering of water discharged to the
Balland Stream (Section 3.5.4);
monitoring of water levels in 14 boreholes at 20-30 second intervals (Section 3.5.5); and
monitoring of water levels within the quarry sump at 20 second intervals, during a signal test to
investigate vertical flow paths within the CBLF (Section 3.5.6).

The borehole locations are shown in Figure 3-12. The other regular monitoring locations are shown in Figure
3-22, which also includes monitoring points used to collect water quality data (Section 3.4). A summary of
the monitoring locations used to inform the water balance is provided in Table 3-14. Methods used to
analyse the raw field data are described in the following sections, including the conversion of stream water
levels to estimates of flow (Section 3.5.3). Photographs showing the monitoring apparatus installed at these
monitoring points are provided in Appendix G.
Table 3-14

Locations used to monitor water resources within the study area

Name

Parameters obtained

MP1

Balland Stream water levels upstream of quarry discharge

MP2

Daily discharge volumes from quarry to Balland Stream

MP7

Daily rainfall in the quarry

MP8

Rainfall at Alston Farm

MP9

Daily discharge volumes from the quarry sump

MP10

Flows from the NE face conduit at 15-minute intervals

MP11

Flows from the SE face conduit at 15-minute intervals

MP12

Water levels in the Balland Pit

MP13

Water levels and flow estimates in the Alston stream at Alston Farm

MP14

Water levels in the Alston stream where it crosses A38

MP15

Water levels and flow estimates in the Caton stream

MP17

Water levels and flow estimates in the Lemonford stream

MP18

Water levels and flow estimates in the Kestor Brook

MP19

Water levels and flow estimates in the Mead Farm stream

In addition to these sites, a Flood Risk Activity permit was obtained from the Environment Agency to install a
radar sensor at Glentor, Ashburton (MP4) over the Balland Stream for continuous measurement of the water
level within the channel. Since clearance of the channel and installation of the sensor in July 2018 the
channel has been mainly dry since installation.
The EA river gauging stations in the River Ashburn (MP5) and the River Lemon (MP6) were also considered
for inclusion in the initial suite of monitoring points. However, as these rivers are fed by much larger
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catchments, measurements in MP1, MP2 and MP4 were deemed more appropriate for constraining the
water balance in the western part of the CBLF, while measurements in MP17 were considered more
appropriate for constraining the water balance in the eastern part of the CBLF.

3.5.2.

Rainfall

The Environment Agency operate a rainfall gauging station (no. 362559) at Bickington, 2 km east of the
quarry and at a similar elevation.
Rainfall has been recorded within the quarry itself since December 2015, although the quarry gauge has
failed on several occasions since then due to electrical faults within the monitoring apparatus, most recently
for a period between August 2017 and February 2018. The gauge, which was previously located in the
workshop area of the quarry, was moved to the weighbridge office in end April 2017, to minimise possible
rain shadow effect from the quarry walls. Despite this, Figure 3-32 shows that rainfall recorded in the quarry
is commonly less than that reported in Bickington. Both the Bickington gauge (79.60 mAOD) and the quarry
rain gauge (102.25 mAOD) are located near the base of the catchment, where rainfall would be expected to
be relatively low.
An additional rain gauge was installed at Alston Farm in October 2017, to provide rainfall data near the
quarry and at a higher elevation (176.17 mAOD), such that the values are more representative of rainfall
across the catchment as a whole. Rainfall at the Alston Farm rain gauge between October 2017 and May
2018 (913 mm) is approximately 12% greater than that recorded in Bickington over the same period (812
mm) and this is consistent with the typical increase in rainfall that occurs with greater elevation.

Figure 3-32.

Rainfall data

3.5.3.

Stream level monitoring and flow estimation

3.5.3.1.

Stage measurements

On the Balland Stream at Linhay Hill Quarry (MP1 on Figure 3-22), and at Glentor, Ashburton (MP4), Flood
Risk Activity permits were obtained from the Environment Agency to install a radar sensor at each location
over the watercourse for continuous measurement of the water level within the well-defined ‘concrete’
channel sections. Photographs of these installations are shown in Appendix G. Extremely short microwave
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impulses are emitted by the Vegapuls WL61 antenna system in the direction of the water within the channel.
These are reﬂected by the water surface and received back again by the antenna system. The time from
emission to reception of the signals is proportional to the level, hence the channel water depth is derived
from the datum measurements made on system set up.
For the other surface water monitoring points on natural channels shown in Figure 3-22, small absolute
pressure and temperature dataloggers were installed in: the Alston stream (MP13); the Alston stream
adjacent to the inlet of a 300 mm diameter pipe under the A38 (MP14); the Caton stream near Caton village
(MP15); the Lemonford stream in Higher Lemonford, Bickington (MP17); the Kestor Brook south of
Goodstone (MP18); and the Mead Farm stream (MP19).
At Alston Farm (MP13), and on the Kestor Brook (MP18 and MP19), the devices were installed within the
base of a perforated plastic pipe stilling well (approximately 40 mm diameter) located at the edge of each
ordinary watercourse channel outside of the channel main flow and secured to the bank. At Caton (MP15)
and Lemonford (MP17) the devices are fixed to permanent features within the channel without a stilling well.
A device measuring atmospheric pressure was installed at Alston Farm for use in converting the measured
absolute pressure to a water level. Prior to its implementation, a Method Statement for this approach was
sent to the Devon County Council Flood Risk Management Team, who agreed that the small monitoring
installations were acceptable, though more permanent installation could require Flood Defence Consents.
Highways England also agreed to monitoring adjacent to the inlet of the pipe under the A38.
Stream water levels are shown in Appendix H. These are plotted alongside rainfall data from the
Environment Agency gauge at Bickington, which covers the full period of stream level monitoring (see
Section 3.5.2).

3.5.3.2.

Flow estimation method

To provide initial flow estimates the Environment Agency’s Conveyance Estimation System (CES)
(Environment Agency, 2004) was used to derive a stage-discharge rating for each watercourse, based on an
assigned unit roughness values for the stream bed and stream banks, which takes vegetation; the ground
surface material; and channel irregularity into account. The CES software assigns upper and lower bounds
to the unit roughness estimate, so that uncertainties in the rating curve are quantified.
Unit roughness values, plus the associated lower and upper roughness values, were assigned to each of the
stream bed and bank components via a set of databases which contain roughness data from various
sources of literature, as specified in the CES Conveyance Manual (Environment Agency, 2004). The range
of unit roughness values covers those expected from natural systems. The databases also contain
numerous photographs to assist in the selection of the roughness parameters. Spot surface velocity
measurements (e.g. using a Valeport Model 801 Electromagnetic Open Channel Flow Meter) and the water
balance for the CBLF (Section 3.6) were used to calibrate initial estimates of roughness. Due to the water
depth in the streams being typically only a few centimetres, the flat type sensor was utilised with velocity
observations made as per the one-point or two-point method of BS ISO 748 2007 (IOS, 2007).
The watercourses monitored generally have high roughness, with beds of concrete (Balland Stream) or earth
or coarse gravel and cobbles with moss or algae growth. Irregularities and occasional obstructions were
encountered at the sites, along with channel banks of blockwork (Balland Stream MP1) or stone or earth with
much seasonal vegetation and debris. At the Balland Stream monitoring points channel control with constant
slope and uniform flow will mainly apply, i.e. a relatively stable stage discharge relation. The flow regime at
the Kestor Brook and Lemonford stream appears more stable than the other natural channels, and it is
recognised as anticipated that at most natural stream locations the true stage-discharge relationship is likely
to vary, due to changes in vegetation and sediment load, and rapid changes in flow, and so additional
calibration or hydraulic structures would be required to reduce uncertainty in the estimation of flow in the
watercourses.
The cross section of each watercourse and the gradient of the channel were measured at each monitoring
location. Within the CES software, the Conveyance Generator takes the assigned roughness values and
uses them, in conjunction with the cross-section geometry, channel gradient and sinuosity, to calculate a
rating curve i.e. depth versus flow. That relationship for the unit roughness values, and lower and upper
roughness values, was used to calculate the flow for the water depth at each monitoring time step for each
stream monitoring point.
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Where short-term anomalies or gaps were present in the flow data (arising from factors such as temporary
blockage of the channel or power outages), linear interpolation was used to infer stream flows during the
period of the anomaly. However the water level data acquired from MP13 at Alston Farm was found to be so
highly variable with sudden changes in levels not wholly consistent with rainfall events that the data is
considered unsuitable for flow estimation.
Water in the Alston stream commonly goes to ground before reaching the pipe under the A38 (MP14), as
shown in Figure G-8. The inlet grill to the pipe regularly collects vegetation debris, which will reduce flow to
the pipe. As such, recorded water levels within the measurement apparatus were found to exceed the soffit
of the adjacent pipe at times, though air is still likely to be entering the pipe such that it will only be partially
full. Therefore it has not been possible to derive reliable flow estimates at MP14, although the water level
data, shown in Appendix H, indicate the frequency at which water reaches the inlet to the pipe under A38.

3.5.3.3.

Flow estimates

A summary of the estimated daily flow volumes from June 2017 to May 2018 is provided in Table 3-15, while
estimated variations in stream flow, including best-estimates, lower and upper bounds throughout the period
of monitoring are presented in Appendix I.
The Balland Stream, the Caton stream and the Kestor Brook are characterised by relatively consistent, low
flows in summer and autumn, with short-lived peaks in winter and early spring in response to the combined
effects of rainfall and wet soils, leading to increased runoff. The Alston stream showed too highly variable
levels to estimate flow but responds to rainfall and has low to no flow in summer. Estimated flows in the
Lemonford stream are more consistent throughout the year, suggesting a greater contribution from
groundwater, particularly during summer. The Mead Farm stream shows both flashy responses to rain
events and sustained flow during the summer, indicating substantial contributions from both surface runoff
and groundwater. Spring S13 (shown in Figure 3-12) may be responsible for much of this groundwater
contribution. The relative contributions of recharge and runoff in the study area is discussed further in
Section 3.6.2.3.
Table 3-15

Estimated stream flow volumes in ML from 1st June 2017 to 31st May 2018

Location

Description

MP1

Balland Stream
upstream of quarry
discharge

569

1,095

267

MP15

Caton stream on
north side of Caton
Lane

221

324

130

MP17

Lemonford stream

283

463

244

MP18

Kestor Brook south
of Goodstone

2,283

4,031

1,830

MP19

Mead Farm stream
at Lower Mead
Farm

114

127

109

3.5.4.

Best estimate Upper bound Lower bound Comment
of flow (CES) (min. CES
(max. CES
roughness)
roughness)
Flow interpolated from
21/10/17 to 14/11/17 due
to power outage in
monitoring system.

Flow interpolated from
18/12/17-24/1/18 due to
channel blockage.

Flow and water level monitoring in the quarry

Groundwater entering the quarry near the sump or via the NE face and SE face conduits is transferred to a
holding tank. The holding tank discharges to the Balland Pit settling pond, which intermittently discharges to
the neighbouring Balland Stream.
Flow monitoring has been undertaken between 10th February 2017 and 31st May 2018 at the NE face conduit
(MP10 in Figure 3-22), and the SE face conduit (MP11). Inflows from each conduit were captured and
directed to weir tanks, manufactured by Flowtech Plastics Ltd. Each tank is fitted with 250 mm deep 28.1 Vnotches and can have up to 50 mm overflow across the width of the tank above the V-notch. Water levels
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were measured using absolute pressure and temperature dataloggers within the weir tanks. These devices
were installed within a stilling well located 2 to 4 times the maximum expected head upstream of the V-notch,
as per guidance in BS ISO 1438:2008 (BSI, 2008). An additional datalogger, installed at Alston Farm,
recorded atmospheric pressure throughout and these data were used to convert total pressure
measurements in the weir tanks to water pressure, before final conversion to water levels.
For the quarry sump, monitoring location MP9, the daily volume pumped to the Balland Pit was metered and
recorded manually between 8th August 2016 and 11th April 2018. A new system became operational on 11th
April 2018, which entails metering of the water pumped from the sump to a holding tank at Level 6. A Level 6
holding pond captures inflows from the NE face and this is also pumped to the Level 6 holding tank and
metered. Finally, water pumped from the Level 6 holding tank to the Balland Pit is also metered.
Discharges from the quarry to the Balland Stream at monitoring location MP2 have been metered and
recorded on a daily basis since 18th December 2015. To assess changes in storage within the Balland Pit,
monitoring location MP12, a Vegapuls WL61 radar sensor was mounted at an elevation of 82.88 mAOD,
approximately 6 m above the average pit water level.
A summary of the current arrangements for monitoring at each of these locations is presented in Table 3-16.
Monitoring of groundwater levels is described in Section 3.5.5, while monitoring of flow in nearby streams is
described in Section 3.5.3.
Table 3-16

Flow and water level monitoring in Linhay Hill Quarry

Location ID

Feature

Monitoring description

MP2

Discharge from the Balland Metering of flow.
Pit to the Balland Stream

MP9

Quarry sump

Metering of water pumped from sump to Level 6 holding tank.
Metering of water pumped (two pumps) from Level 6 holding
pond to Level 6 holding tank. Metering of water pumped (two
pumps) from Level 6 holding tank to Balland Pit.

MP10

NE face conduit

Monitoring by 800 mm deep weir tank: 500 mm from base of
tank to the bottom of the V-notch; 28.1 V- notch with a depth
of 250 mm; and 50 mm clearance above the weir plate.

MP11

SE face conduit

Monitoring by 600 mm deep weir tank: 300 mm from base of
tank to the bottom of the V-notch; 28.1 V- notch with a depth
of 250 mm; and 50 mm clearance above the weir plate.

MP12

Balland Pit

Monitoring of water level by Vegapuls WL61 radar sensor.

Monthly flows within the quarry from February 2017 (when monitoring of the NE face and SE face conduits
commenced) to May 2018 are summarised in Table 3-17.
Table 3-17
Month

Monthly flows within the quarry in ML
Discharge to
Balland Stream
(MP2)

Sump discharge
(MP9)

NE face conduit
(MP10)

SE face conduit
(MP11)

Feb 2017

69

58

3

0

Mar 2017

64

50

10

0

Apr 2017

24

34

5

0

May 2017

24

26

2

0

Jun 2017

20

31

3

0

Jul 2017

14

26

2

0

Aug 2017

25

18

2

0

Sep 2017

14

29

2

0

Oct 2017

32

42

6

0
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Month

Discharge to
Balland Stream
(MP2)

Sump discharge
(MP9)

NE face conduit
(MP10)

SE face conduit
(MP11)

Nov 2017

25

88

5

0

Dec 2017

67

37

13

0

Jan 2018

169

47

23

7

Feb 2018

74

72

11

4

Mar 2018

159

45

21

6

Apr 2018

108

32

16

6

May 2018

36

28

6

0

3.5.5.

Groundwater levels

Groundwater levels have been measured in quarry boreholes Q1, Q2, Q3, Q4, Q5 and Q6, CBLF boreholes
AC3, NW2, NE7, NE9 and SE1A, and Tavy Formation boreholes NW1S and NW1D using dataloggers. Data
collection from Q3-Q6 commenced in late January 2018, following the completion of these boreholes. Data
collection in the other boreholes listed began in October 2017. In each case, data collection at 15-minute
intervals continued until download at the beginning of October 2018.
The highest groundwater levels occurred in March 2018; average values for this month are shown in Figure
3-33. Average values for September 2018, when groundwater levels were at their lowest are shown in Figure
3-34. Hydrographs, showing groundwater level variations throughout the monitoring period are shown in
Figure 3-35.

Figure 3-33 Average groundwater levels in March 2018 and approximate stream levels in the
Kestor Brook
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Figure 3-34 Average groundwater levels in September 2018 and approximate stream levels in the
Kestor Brook
Groundwater level contours are not shown in Figure 3-33 and Figure 3-34, as karst features may lead to
localised and substantial variations in groundwater level, both laterally and vertically. Indeed, there is
evidence to suggest that the boreholes shown are not well connected hydraulically; this is discussed further
below and in Section 3.5.6. However, the available data indicate a general reduction in groundwater levels
around the quarry void and suggest a component of groundwater flow from the northeast.
Current interactions between groundwater in the proposed extension area and the Kestor Brook can be
assessed by inspecting relative water levels in Figures 3-33 to 3-35. The available data from Q1, SEA and
NE4 suggest that groundwater levels near the southern boundary of the proposed extension area are below
those in the Kestor Brook adjacent to the Mead Cross UWS (approximately 105 mAOD) for most of the year.
Groundwater levels in SE1A commonly exceed 105 mAOD during the winter months, although, as shown in
Figure 3-34, the hydraulic gradient along the southern boundary of the extension area remains
predominantly to the west, rather than to the south. It is therefore likely that the current capture zone of the
quarry extends to the east of SE1A.
In the western part of the proposed extension area, groundwater is likely to flow westwards towards the
existing quarry void, while towards the east, a flow divide is likely to exist, beyond which groundwater is likely
to flow eastwards or south-eastwards, towards the Kestor Brook and its tributaries. The maximum observed
groundwater level in NE9 (129.12 mAOD) lies below the adjacent level of the Caton stream (MP15 in Figure
3-22 has a drone surveyed elevation of around 130.2 mAOD) and hence groundwater to the east of the
proposed extension area does not discharge to the Caton stream at present, although the source of the
Caton stream, further to the north, appears to be groundwater fed. As such, it is likely that the majority of
groundwater to the east of the proposed extension area discharges towards the Kestor Brook, downstream
of the Mead Cross UWS.
Observed groundwater levels in SE1A exceed the elevation of the drainage channel at the upstream end of
the wildlife site (approximately 111 mAOD) for only 1% of the time. Although observed groundwater levels in
SE1A commonly exceed the elevation of the Kestor Brook at the downstream end of the wildlife site, the
prevailing hydraulic gradients (as discussed above) suggest that groundwater flow to this area from the
proposed excavation extension is unlikely under current conditions. This assertion is supported by
observations of dry drainage channels in the wildlife site during winter, when the water table is typically
highest, and by the observed vegetation in the wildlife site, which, according to a recent hydro-ecological
assessment (Woodfield Ecology, 2018), is not groundwater dependent. However if north south conduits run
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Figure 3-35.

Groundwater level hydrographs and varying responses to selected recharge events 1-8 (GL = ground level)
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through the proposed extension area, there is the potential for groundwater to flow from the proposed
extension area to the section of the Kestor Brook near the Mead Cross UWS when the water table is high.
Groundwater levels within the Tavy Formation boreholes (NW1D and NW1S) did not change substantially
over the monitoring period, with the exception of the period following development of NW1D on the 9th
August 2018, when airlifting was used to remove water and excess sediment from the borehole (as
described in Section 3.1.6). A slow increase in water levels in NW1D at the end of the monitoring period was
accompanied by a slow and gradual decline in water levels in NW1S and more rapid declines in the other
monitoring boreholes, indicating that full recovery in NW1D had not been achieved by the end of monitoring
on 2nd October. The length of the recovery period in NW1D indicates an extremely low permeability in the
Tavy Formation, as shown by the results of slug testing in Section 3.2.5. This low permeability, and the
presence of artesian conditions in NW1D suggests that historical dewatering from the quarry has not
affected groundwater levels within the Tavy Formation appreciably.
Within the CBLF, seasonal variations in water levels differ notably between nearby boreholes. Levels in NE9
and SE1A fell by more than 10 m over the summer, during a sustained period of dry weather. Over the same
period, water levels in NE7 fell by less than a metre. Although water levels dropped below the base of AC3
(at an elevation of 124.7 mAOD) several times towards the end of the monitoring period, it is apparent that
the decline in water levels in this borehole is substantially less than the drop of nearly 8 m seen in NW2,
around 20 m to the east. Similar discrepancies can be seen between the hydrographs for NE7 and NE9,
which lie only 50 m apart, indicating substantial heterogeneity within the CBLF.
The response of the groundwater system to rainfall provides further insights into the heterogeneity within the
CBLF, as well as the depths of likely flow paths. As shown in Figure 3-36, observed flows within the NE face
conduit respond rapidly to rainfall and decline markedly during dry periods. This is despite nearby
groundwater levels (shown in Figures 3-32 to 3-34) remaining substantially above the base of the conduit,
which extends from 85-86 mAOD to the ground surface, at around 127 mAOD. This provides evidence for
the previous assertion (in Section 3.2.4.2) that rainfall, rather than groundwater seepage, is the main control
on flow at the NE face conduit.

Figure 3-36.

NE face conduit flow vs rainfall/ NE9 & Q2 groundwater levels
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It is also apparent from Figure 3-36 that NE9, in which the screened interval intersects the epikarst (see
Table 3-6), is highly responsive to rainfall. The behaviour of Q2 and Q5, which are screened within the
deeper part of the CBLF only, is markedly different. Despite the top of their screens being closer to the
ground surface than in NE9, their location within the quarry void means that this corresponds to a deeper
part of the CBLF. The responses to rainfall are far less dramatic and are comparable to those seen in
boreholes Q3, Q4 and Q6, which are also screened at a relatively deep level within the CBLF. The response
in Q5 is particularly noteworthy, as this borehole has a strong hydraulic connection to the sump (see Section
3.5.6).
The dampened response to rainfall over a longer period indicates that groundwater flow to the deeper parts
of the CBLF is controlled by piston flow, which represents prolonged drainage from the matrix of the
limestone following rainfall, while recharge to the shallower parts of the formation is controlled by rapid
bypass flow through conduits.
More pronounced responses to rainfall can be seen in Q1. It is notable (from Table 3-6 and Table 3-7) that
the top of the screen in this borehole is higher than any of the others within the quarry. Furthermore,
changes in hammer blows and drilling returns were recorded above 80 mAOD in this borehole (Figure 3-9)
and it is possible that shallow conduits in Q1 allow rainfall to enter the CBLF more easily in this area. Figure
3-9 suggests that these shallow conduits overlie a more massive, lower permeability interval of limestone,
with additional conduits at depth, below 65 mAOD. Overall, it is apparent that the deep and shallow parts of
the CBLF are not well connected hydraulically, a concept that is discussed further in Sections 3.5.6 and 3.7.
Seasonal changes in the response to rainfall in Q1 provide further evidence of a zone of shallow conduits
within this borehole above 80 mAOD, overlying a more massive section of limestone with lower permeability
and lower storage. During summer, when water levels in the borehole lie below the inferred zone of shallow
conduits (but above 65 mAOD, where deeper conduits have been inferred), Q1 responds rapidly to recharge
events (as seen for recharge events 1, 5, 7 and 8 in Figure 3-35), reflecting limited storage in the more
massive limestone. During winter, when water levels exceed 80 mAOD, the response to recharge events in
Q1 is less pronounced (see events 3 and 4 in Figure 3-35), suggesting higher storage at shallower depths
due to the presence of conduits.
Monitoring of private water supply boreholes (see Section 3.2.3) was considered as a way of supplementing
the available groundwater level data, however none of the boreholes were considered suitable following
assessment. The locations of the boreholes are shown in Figure 3-12. BH1 is located within the Chercombe
Bridge Limestone Formation, approximately 0.75 km southwest of the Quarry at Dolbeare. But that well is no
longer used and the land has been redeveloped. BH2 lies 1 km to the southeast of the quarry and to the
south of a topographic divide that separates it from the quarry and the Kester Brook catchment. It lies within
the Gurrington Slate Formation, which has a low transmissivity (Section 3.2.2.2) and as such, BH2 is not
expected to be hydraulically connected to the quarry. BH3 lies within the St Mellion Formation, 2 km to the
north of the quarry and on the other side of the River Lemon. The presence of the River Lemon, on the other
side of a topographic divide, the low permeability St Mellion Formation and the even less permeable Tavy
Formation between the borehole and the quarry means that water levels in this borehole are also unlikely to
provide useful information on the effects of quarry dewatering. Another private supply borehole at Little
Barton, (BH4, Figure 3-12) is located approximately 1 km northwest of the quarry and at a higher elevation.
That well is in the St. Mellion Formation, but is not presently available to monitor.

3.5.6.

Signal test

A signal test was undertaken between 14th May and 28th May 2018. The purpose of the signal test was to
inform the understanding of hydraulic connections within the CBLF. The test involved the temporary
cessation of pumping from the quarry sump for a period of 10 days, followed by the resumption of pumping
on the 24th May. Groundwater levels were monitored within the sump and in quarry boreholes Q1, Q2, Q3,
Q4, Q5 and Q6, CBLF boreholes AC3, NW2, NE7, NE9 and SE1A, and Tavy Formation boreholes NW1S
and NW1D. The groundwater levels were monitored every 20 s. The groundwater level rose by 8 m within
the sump over the 10-day recovery period. Following the resumption of pumping, it took two days for
groundwater to be drawn down to its pre-test levels, although it should be noted that pumping was
interrupted briefly during this two-day period, as shown by the break in slope on the 24th May in the sump
and Q4 datasets.
Figure 3-37 shows that the signal was only detected in quarry boreholes Q4 and Q5, with groundwater level
rises of 4.62 m and 0.88 m, respectively. The cessation of pumping did not induce detectable changes in the
other boreholes, which displayed an overall decline in water levels over the test period.
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Pump Off

Figure 3-37.

Pump On

Signal test hydrographs and NE face flow
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The absence of a response in Q6 (185 m to the east of the sump) is in marked contrast to the clear response
in Q5 (175 m to the northeast of the sump). Q3 is located approximately 150 m to the southwest of the sump
and no signal was detected. The large response in Q4 partly reflects its close proximity to the sump (75 m
away) and also indicates a high degree of connectivity in the intervening CBLF. As shown in Figure 3-12,
both Q4 and Q5 lie to the northeast of the sump.
It is notable that flow from the NE face conduit did not respond to the signal test. Rainfall during the period
when pumping was stopped was low, with a total of 0.6 mm recorded during this period in the quarry rainfall
gauge and 1.6 mm recorded in the gauge at Alston Farm. A small amount of rainfall was recorded at Alston
Farm on the 26th May (2.6 mm) and 27th May (1.8 mm), following the resumption of pumping.
A signal test of this duration has confirmed the heterogeneous nature of flow within the CBLF and provides
an indication of possible flow directions within the deeper part of the aquifer. As stated earlier, there was
limited rainfall during the test to obscure groundwater level responses and that is unlikely to be the case in a
longer duration signal test. While a longer duration test may indicate groundwater flow paths at greater
distance from the quarry, it would rely on groundwater monitoring boreholes intercepting the same network
of conduits as the sump at its present location. Although that is possible, it would not provide information on
the connection between a future sump location and the surrounding CBLF. As such, a longer signal test is
deemed to be of limited value in understanding potential impacts from dewatering of the proposed extension
area.

3.5.7.

Discussion

As discussed in Section 3.2.4, flow from a small number of conduits within the quarry and the absence of
seepage faces in the surrounding network of fractures within the limestone indicates that flow within the
CBLF is controlled by these conduits and that these are distributed unevenly within the formation. The
anisotropic response to the signal test further highlights the uneven distribution of conduits.
The presence of shallow conduits within the quarry and swallow holes demonstrate that conduits exist within
a shallow zone of the limestone, which includes the epikarst. The occurrence of deep water strikes during
drilling within the CBLF, and the subsequent large rise in groundwater levels (Table 3-6, Figure 3-8 and
Figure 3-9), suggests that there is an additional set of conduits at depth, which are not well connected to the
shallow zone. The differing responses of these shallow and deep zones to rainfall, as shown in Figure 3-36,
supports this conceptual model of a two-zone flow system, which is presented in Figure 3-38.

Figure 3-38

Conceptual model of two-zone flow system

When the quarry intercepts a shallow zone conduit, water drains into the quarry, and gradually removes fines
from infilled conduits, instigating groundwater flow. The sump pump itself is well below the epikarst and
dewatering of the deeper conduits intercepted by the sump is unlikely to affect the flow regime within the
epikarst, as indicated by the strong hydraulic connection between the sump and borehole Q5, and the muted
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response of water levels in Q5 to rainfall, which in turn suggests a limited hydraulic connection with the
shallow subsurface. The available data indicate that groundwater from the deep zone dominates inflows to
the quarry, with a substantially smaller component coming from the shallow zone. The evidence for this is
discussed in the water balance in Section 3.6.
As discussed in Section 3.1.7, the NE face conduit intersects the quarry face at an orientation of 030°, while
the presence of nitrate in the sump (Section 3.4.4.5) and its connectivity with borehole Q5 suggest that
deeper inflows from the quarry come from a broadly easterly direction. As discussed in Section 3.4.4.5, the
intermediate nitrate concentrations in the sump (which exceed the values in nearby boreholes, but which are
lower than values seen in agricultural land to the south) suggest a relatively diffuse capture zone, comprising
agricultural and non-agricultural land. The slow response of the deeper zone to rainfall is also consistent with
a diffuse capture zone.
The presence of numerous springs to the north of the CBLF outcrop, the upward hydraulic gradient in the
Tavy Formation, as demonstrated by water levels in boreholes NW1S and NW1D (Figures 3-33 to 3-35) and
the low hydraulic conductivities from slug testing indicate that groundwater flow from the Tavy Formation to
the CBLF is limited. Furthermore, NW1S and NW1D showed no response to the signal test and the recovery
of water levels in NW1D following development of the borehole was extremely slow, as shown in Figure
3-35. The persistent artesian groundwater levels in NW1D provides further evidence that dewatering from
the quarry has not affected the groundwater flow regime in the low permeability formations to the north of the
CBLF.

3.6.

Water balance

3.6.1.

Purpose

In karst systems, there is typically uncertainty over the location and hydraulic significance of conduits,
leading to difficulties in defining groundwater flow paths and predicting the effect on individual receptors.
However, as shown by Streetly (2008), transient water balances can greatly assist in quantifying the overall
scale of effects and provide a basis for developing mitigation measures.
Atkins has developed transient water balances for the CBLF and for the quarry itself, covering a 12-month
period from June 2017 to May 2018.

3.6.2.

Method

3.6.2.1.

Components

The water balance for the CBLF is based on the conceptualised flow diagram presented in Figure 3-18.
Rainfall is the ultimate source of inflows to the catchment of the CBLF, which comprise:
1.
2.
3.
4.
5.

direct recharge to the CBLF outcrop;
surface runoff to streams within the CBLF outcrop;
recharge to other units that crop out within the topographic catchment of the CBLF;
surface runoff to streams or ponds that lie upstream of the CBLF outcrop; and
direct rainfall to the Balland Pit.

Once evapotranspiration and changes in soil moisture have been accounted for, the soil moisture balance
described in Section 3.6.2.2 assigns excess moisture to either recharge or runoff. However, it is notable that
some surface water courses enter the CBLF as swallow holes, a phenomenon that is discussed further in
Section 3.6.2.2, while several springs exist at the northern and southern flanks of the CBLF. As a result,
rainfall entering neighbouring formations as recharge may resurface near the boundary of the CBLF, before
once more recharging the underlying aquifer. Because of this, the results of the water balance are reported
as a combination of recharge and runoff, to avoid double accounting.
Given the relatively low permeability of the surrounding formations (see Section 3.2), it is assumed that
groundwater leaves the CBLF either as baseflow to streams or as water exported by the quarry, with
negligible subsurface flow to other geological units.
As such, outflows from the CBLF comprise:
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1. stream flows within the Kestor Brook, the River Lemon and the Balland Stream, which joins the River
Ashburn at the south-western edge of the CBLF;
2. evapotranspiration from soil and vegetation;
3. evaporation from the Balland Pit; and
4. water used by the quarry for the production of limestone aggregate, ready-mix concrete, speed screed,
black sand, ground limestone and concrete masonry blocks; and
5. evaporation from dust suppression.
Evapotranspiration from soil and vegetation is accounted for within the soil moisture balance (Section
3.6.2.2) and is not shown explicitly within the water balance results (Section 3.6.3), which report the net
contribution of recharge and runoff, once evapotranspiration has been subtracted from rainfall.
Storage changes within the CBLF outcrop comprise changes in storage within the aquifer, changes in soil
moisture and changes in water stored within the Balland Pit.
A separate water balance was developed for the quarry and includes the following inflows:
1.
2.
3.
4.
5.

inflows from the SE face and NE face conduits;
deep groundwater inflows to the sump;
surface runoff to the sump;
surface runoff to the Balland Pit; and
direct rainfall to the Balland Pit.

Outflows from the quarry comprise:
1.
2.
3.
4.

pumped discharge from the Balland Pit to the Balland Stream;
evaporation from the Balland Pit;
infiltration through the base of the Balland Pit;
water used for the production of limestone aggregate, ready-mix concrete, speed screed, black sand,
ground limestone, concrete masonry blocks; and
5. evaporation from dust suppression.
Due to its limited surface area and location, surrounded by near-vertical rock faces within the deepest part of
the quarry, evaporation from the sump has been ignored.
Storage changes in the quarry occur within the Balland Pit and were calculated based on measured changes
in pit water level.
The components of each water balance were applied across the catchment extents shown in Table 3-18,
which were based on surface topography and calculated from a 1x1 m digital terrain model of the study area.
Although flow of groundwater may occur between topographic catchments, there is no feasible way to
quantify these flows in a reliable manner and they are considered to represent a minor component of the
overall water balance.
Table 3-18

Areal extent of features considered in the water balance

Feature
CBLF topographic catchment (including outcrop)

Area (km2)
6.93

CBLF outcrop

3.25

Existing quarry area

0.46

Balland Pit
Lemonford stream at eastern edge of CBLF – topographic catchment

0.02
0.41

within CBLF

0.18

upstream of CBLF

0.23

Kestor Brook at southern edge of CBLF – topographic catchment

2.80

within CBLF

1.44

upstream of CBLF

1.35
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Area (km2)

Feature
Balland Stream at south-western edge of CBLF – topographic catchment*

2.12

within CBLF

1.16

upstream of CBLF

0.96

downstream of MP2

1.99

Quarry topographic catchment

1.60

within CBLF

0.45

upstream of CBLF

1.15

Balland Pit topographic catchment

1.09

Quarry sump topographic catchment

0.51

Balland Pit topographic catchment within quarry footprint

0.04

Quarry sump catchment within quarry footprint

0.42

*The area shown excludes the topographic catchment of the quarry, the footprint of which lies almost entirely within the
original catchment of the Balland Stream

Excavation within the proposed quarry extension will cover a maximum extent of 0.21 km2 (Section 2.3). This
has not been considered explicitly within the current water balance but is discussed in Section 3.7.

3.6.2.2.

Recharge, runoff and evapotranspiration

To estimate recharge within the topographic catchment of the CBLF, a soil moisture balance was set up,
based on the standard FAO method described by Allen et al. (1998) and Rushton et al. (2006). Using this
approach, recharge can only occur when the soil exceeds its field capacity; during drier periods, a soil
moisture deficit (SMD) occurs. The value of SMDi for a given day, i, is calculated based on the following
factors (given in mm):









daily precipitation (P);
the soil moisture deficit from the previous day (SMDi-1);
total available water (TAW), which represents the total amount of water that can be removed from the
soil by transpiration;
readily available water (RAW), which represents the amount of water that transpire from the soil before
transpiration is reduced;
total evaporable water (TEW), which represents the total amount of water that can be removed from the
soil by evaporation;
readily evaporable water (REW), which represents the amount of water that transpire from the soil before
evaporation is reduced;
potential evapotranspiration (ET0), which describes the rate of evapotranspiration that would occur from
well-watered grass; and
actual evapotranspiration (AE), which differs from ET0 when SMD exceeds either RAW or REW.

Rushton et al. (2006) recommend applying
and
to cultivated land only during the summer
months, when there is bare ground following the harvest of crops. These factors have not been applied to
the majority of the study area, which is predominantly grazing pasture. However, in the footprint of the
quarry, where there is no vegetation,
and
have been applied instead of
and
, given the
dominance of evaporation over transpiration in this area.
Daily potential evapotranspiration data for grass (which covers the majority of the CBLF catchment) were
obtained from the Met Office Rainfall and Evapo-transpiration Calculation System (MORECS) for Alston
Farm, which lies close to the centre of the CBLF catchment, while precipitation data from the Alston Farm
rain gauge were applied.
ET0 was converted to AE using:
=
where

.

,

(1)

is a water stress coefficient, given by:
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(2)

=
across the majority of the study area. The value of

is given by (Allen et al. 1998):

= 1000(

)

−

(3)

,

where
is the field capacity of the soil (typically around 0.36 where the soil is clay-rich, as given by Allen
et al. (1998)),
is the wilting point (typically around 0.23 in clay-rich soil (Allen et al. 1998)) and
is the
rooting depth (1 m for grazing pasture (Allen et al. 1998), which is the dominant land use within the study
area). The assumption of clay-rich soils is based on previous site investigations, as described in Section
3.1.1.
RAW is given by (Allen et al. 1998):
= .

(4)

,

where p is the average fraction of
that can be depleted from the root zone before moisture stress
occurs (0.6 for grazing pasture (Allen et al. 1998)).
In the footprint of the quarry,
by (Allen et al. 1998):

and

in Equation (2) were replaced by

= 1000(

)

− 0.5

and

.

is given

(5)

,

where
is the depth of the surface soil layer subject to evaporation (which is typically close to 0.125 m
(Allen et al. 1998)) and
is typically around 10 mm in clayey soils (Allen et al. 1998). To account for
additional evaporation from the soil surface in the absence of vegetation, an additional evaporation
coefficient
is applied to Equation (1), such that:
=
where

.

.

(6)

,

is equal to 1.1 in temperate climates (Rushton et al. 2006).

The value of SMD for each day i was calculated from (Rushton et al. 2006):
=

−

+

+

,

(7)

where
is near surface soil storage, which represents the time-varying component of soil moisture that
remains at shallow depths following rainfall and is daily infiltration, given by (Rushton et al. 2006):
=
where

is surface runoff. If

exceeds

−

,

,

(8)

),

(9)

is given by:
=

where
is the proportion of the increase in
recommend a value of 0.75 in clayey soils).

+

.( −

that becomes near surface storage (Rushton et al (2006)

On days when a negative value of
is given by Equation (7), this excess of water is considered as
recharge to groundwater. Rushton et al. (2006) recommend running the soil moisture balance simulation for
at least one dummy year prior to extracting meaningful data from it, to develop suitable starting values of
. As such, a starting date of 1st January 2016 was used for the current model, with an initial
of zero,
thereby allowing the model to be conditioned by 17 months of data prior to the water balance commencing.
Baseflow indices for the Kester Brook, Lemonford stream and Balland Stream were derived using the
method described by the Institute of Hydrology (1980) and shown in Table 3-19. These indices were used to
estimate the ratio of recharge to surface runoff within the CBLF catchment, based on an area weighted
average for each of the sub-catchments in Table 3-19 (giving an effective baseflow index of 0.78). It is
notable that the highest baseflow indices occur in the Lemonford stream and Kestor Brook. This is consistent
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with the analysis of hydrochemistry in Section 3.4.4.1, which indicates that a substantial component of flow in
these streams has come from the underlying CBLF.
Table 3-19

Baseflow indices for the Balland Stream, Kestor Brook and Lemonford stream

Watercourse

Date range

Baseflow index

Balland Stream

26th Jan 2017 to 30th May 2018

0.69

Kestor Brook

26th

Lemonford stream

21st

Jan 2017 to

30th

May 2018

0.82

Nov 2016 to

30th

May 2018

0.91

Following an initial daily estimate of recharge based on an
value of zero, the indices in Table 3-19 were
used to derive revised values of
in Equation (8) and recharge, using Equation (7). Further iterations were
applied to the daily soil moisture balance until stable values of recharge and runoff were achieved.
Evaporation from the Balland Pit was calculated using the Environment Agency’s empirical factors for
converting MORECS grass PE data (Environment Agency, 2001), shown in Table 3-20.
Table 3-20
Empirical factors for converting grass PE values to open water evaporation
(Environment Agency, 2001)
Month

MORECS grass PE

January

1.43

February

1.14

March

0.92

April

0.95

May

0.91

June

1.02

July

1.24

August

1.37

September

1.47

October

1.99

November

2.29

December

1.95

3.6.2.3.

Stream flows

Stream flow estimates from the Kestor Brook (MP18) and the Lemonford stream (MP17) were used to
estimate outflows from the CBLF for these catchments, as the associated monitoring points lie close to the
edge of the CBLF outcrop. The best-estimates shown in Table 3-15 were implemented in the water balance.
The Balland Stream runs through the urban area of Ashburton as it crosses the edge of the CBLF outcrop.
Much of the stream is culverted and it has proved difficult to identify secure and accessible monitoring points
in this area. Although level gauging equipment was recently installed at MP4, at the time of writing there are
insufficient data from this location to inform the water balance. Outflows from the CBLF via the Balland
Stream have been estimated by summing the best-estimate of flows immediately upstream of the quarry at
MP1 (Table 3-15), metered discharge volumes from the quarry at MP2 (Table 3-17) and recharge and runoff
in the catchment downstream of MP2 (estimated using the method in Section 3.6.2.2 and the catchment
area in Table 3-18).

3.6.2.4.

Quarry flows

Metered inflows to the quarry are summarised in Table 3-17. Direct rainfall to the Balland Pit was calculated
based on its surface area. Infiltration from the Balland Pit to the underlying CBLF was calculated by
accounting for transferred water from the sump, metered discharges to the Balland Stream, abstractions of
water for quarry production processes and dust suppression (Section 3.6.2.5), runoff from the surrounding
topographic catchment and storage changes from monitoring of the pit water levels.
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3.6.2.5.

Quarry water usage

Estimates of water usage for quarry products were obtained from E&JW Glendinning and are shown in Table
3-21.
Table 3-21

Water use for quarry products
Annual production

Added water content

Water use per annum (m3)

Limestone aggregate

740,000 tonnes

0.5%

3,700

Ready-mix concrete

25,000 m3

200 l/m3

5,000

m3

l/m3

Product

Speed screed

1,500

210

315

Black sand

23,000 tonnes

6.5%

1,495

Ground limestone

80,000 tonnes

2.5%

2,000

Concrete masonry blocks

108,000 tonnes

5.5%

5,940

Spraying of water for dust suppression occurs during the summer months on tracks within the quarry. For the
purposes of the water balance, it has been assumed that it is not applied in excess, such that no additional
recharge or surface runoff is induced. The water applied to these tracks is therefore lost to evaporation at the
surface. Open water evaporation rates (see Table 3-20) were applied to the 15,000 m2 of tracks within the
quarry from April to September inclusive, during the 5.5 days per week of quarry operation.

3.6.2.6.

Changes in storage

Changes in water stored within the Balland Pit were calculated based on monitoring of water levels, while
changes in soil moisture were calculated using the soil moisture balance described in Section 3.6.2.2. Since
groundwater levels were not monitoring regularly prior to October 2017, changes in groundwater storage
cannot be calculated directly and this component has been estimated, based on the remaining discrepancy
between inflows and outflows.

3.6.3.

Results

A summary of the CBLF water balance for each month is presented in Table 3-22. Overall, inflows exceed
outflows by approximately 4%. This is consistent with the relatively high rainfall recorded at the Bickington
rainfall gauge over the period of the water balance (1230 mm), which exceeded recorded rainfall for the
previous 12 months (760 mm) by more than 60%. As is commonly the case with water balances in temperate
climates, the largest increases in storage occur during the winter months, where reduced evapotranspiration
leads to relatively high recharge and surface runoff.
Recharge and runoff from rainfall upstream of the CBLF ultimately provide the largest component of inflows
to the CBLF, accounting for 52% of the total. This may reach the outcrop of the CBLF either as groundwater
flow from adjacent formations, or via surface watercourses, which may remain in streams as surface water,
or enter the CBLF itself via the beds of these streams or via swallow holes.
Recharge and runoff from rain falling on the outcrop of the CBLF makes a comparable, although slightly
smaller contribution to inflows, providing 47% of the total, while rain falling directly on the Balland Pit
provides less than 1%.
Surface water courses constitute the dominant outflow mechanism from the CBLF outcrop. As discussed in
Section 3.6.2.1, groundwater flows to neighbouring, low permeability formations are likely to be negligible by
comparison.
The transient water balance for the quarry itself is shown in Table 3-23. Deep inflows of groundwater to the
sump represent the largest single component of inflows, providing 44% of the total, with smaller contributions
from surface runoff (38%) and the shallow conduits in the NE and SE faces (15%). Direct rainfall to the
Balland Pit accounts for roughly 3% of inflows to the quarry.
Pumped discharges to the Balland Stream account for 86% of outflows from the quarry, with infiltration from
the base of the Balland Pit to the CBLF contributing a further 10% of outflows. Evaporation from the Balland
Pit, evaporation from dust suppression and embodied water leaving the quarry in various manufactured
products each account for less than 3% of quarry outflows.
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Inflows to the quarry exceed outflows by approximately 1.5% over the period of the water balance. This is
comparable to the ratio of inflows to outflows for the CBLF as a whole. This suggests that the quarry’s effect
on the water balance of the CBLF is minimal, an assertion supported by the fact that the quarry lies within
the topographic catchment of the Balland Stream and returns the majority of inflows to this watercourse.
Comparison of the two water balances suggests that inflows to the quarry are equivalent in magnitude to
17% of inflows to the CBLF as a whole. The contribution of shallow groundwater inflows is equivalent to
2.5% of the total for the CBLF, with inflows of deeper groundwater equivalent to 7.4% of CBLF inflows.
Table 3-22

Transient water balance for the CBLF

Month

Inflows (ML)

Outflows (ML)

CBLF Balland
Other
Total
recharge
Pit
formation
+ runoff rainfall recharge +
runoff

Streams Balland Quarry Dust Total
Pit ET products supp.
evap.

Change
in
storage
(ML)

Jun 2017

0

2

0

2

119

2

2

1

124

-121

Jul 2017

0

2

0

2

97

2

2

1

103

-101

Aug 2017

0

2

0

2

103

2

2

1

108

-106

Sep 2017

31

2

35

68

133

2

2

1

138

-69

Oct 2017

140

1

155

296

265

1

2

0

268

28

Nov 2017

124

1

138

263

212

1

2

0

215

48

Dec 2017

425

3

471

899

498

1

2

0

501

399

Jan 2018

639

4

701

1344

974

1

2

0

976

368

Feb 2018

192

1

211

404

483

1

1

0

485

-81

Mar 2018

595

5

657

1257

970

1

2

0

973

284

Apr 2018

308

3

340

651

809

1

2

1

812

-162

May 2018

36

1

40

76

364

2

2

1

368

-291

2488

28

2747

5263

5028

15

18

6

5068

195

Total

Note: All numbers have been rounded to the nearest ML, leading to apparent discrepancies between totals and the sum
of their components.
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Table 3-23

Transient water balance for the Linhay Hill Quarry

Month

Inflows (ML)

Outflows (ML)

Shallow
GW

Deep
GW

Runoff to
sump

Runoff to
Balland Pit

Balland Pit
rainfall

Total

Jun 2017

3

31

0

0

2

37

20

2

6

Jul 2017

2

26

0

0

2

29

14

2

Aug 2017

2

18

0

0

2

22

25

Sep 2017

2

27

1

2

2

35

Oct 2017

6

37

6

12

1

Nov 2017

5

83

5

11

Dec 2017

13

20

18

Jan 2018

30

18

Feb 2018

15

Mar 2018
Apr 2018
May 2018
Total

Pumped
Pit Balland Quarry
to Balland evap. Pit to products
Stream
CBLF

Change in
Balland Pit
storage (ML)

Dust
supp.
evap.

Total

2

1

31

6

8

2

1

27

2

2

0

2

1

29

-8

14

2

16

2

1

34

1

62

32

1

30

2

0

64

-2

1

105

25

1

75

2

0

102

3

38

3

91

67

1

14

2

0

84

7

28

59

4

139

169

1

-27

2

0

144

-5

64

8

18

1

106

74

1

32

1

0

107

-2

27

20

25

53

5

130

159

1

-31

2

0

130

0

22

19

13

28

3

84

108

1

-43

2

1

69

15

6

26

1

3

1

38

36

2

3

2

1

43

-5

132

389

107

224

28

879

742

15

83

18

6

866

13

% of total
(quarry)

15.0%

44.2%

12.1%

25.5%

3.1%

100.0%

85.8%

1.8%

9.6%

2.1%

0.7%

100.0%

100.0%

% of total
(CBLF)

2.5%

7.4%

2.0%

4.3%

0.5%

16.7%

14.6%

0.3%

1.6%

0.4%

0.1%

17.1%

6.6%

Note: All flows have been rounded to the nearest ML, leading to apparent discrepancies between totals and the sum of their components.
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3.7.

Discussion

3.7.1.

Potential effects from deepening of the existing quarry

The proposed deepening of the existing quarry will bring the quarry base to a maximum depth of 0 mAOD,
consistent with the maximum depth of the extension area (Table 2-1). In both areas, these deeper
excavations are likely to occur either within or below the deep zone of groundwater flow, shown in Figure 338 and effects are likely to be diffuse in nature. Although numerous studies describe an overall reduction in
permeability with depth in both karstic limestone and more broadly in all aquifer types, it is notable that the
quarry has intercepted a deep zone of permeable conduits.
Based on a sump elevation of 36.5 mAOD (Section 3.1.7) and the groundwater levels shown in Figures 3-33
to 3-35, the quarry currently dewaters to a depth of approximately 80 m below the pre-existing water table,
discharging a total of 521 ML of groundwater per year. If it is conservatively assumed that the deeper parts
of the CBLF are equally as permeable as the sections already intersected by the quarry, groundwater inflows
may increase by approximately 46% at the maximum excavation depth of 0 mAOD. This would lead to an
increase in annual groundwater inflows of 238 ML (650 m3/day), compared for example to the 742 ML (2032
m3/day) pumped to the Balland Stream between June 2017 and May 2018.
As stated in Section 3.5.7, it is likely that deeper inflows of groundwater to the quarry currently come from a
broadly easterly direction. It is likely that the majority of this water comes from the catchment of the Kestor
Brook and an increase in abstractions from deepening of the quarry would be likely to affect the flow of
groundwater towards that watercourse.
The Kestor Brook lies within the broader catchment of the River Lemon. As stated in Section 3.2.3,
groundwater and surface water are available for abstractions all year round from the River Lemon catchment
(Environment Agency, 2012). The water balance in Section 3.6 indicates that only 24 ML per year
(equivalent to 66 m3/day) can be assigned to consumptive use however (from products manufactured by the
quarry and evaporation of dust suppression water), and the majority of inflows are transferred to the Balland
Stream. Assuming the demand for quarry products continues at its current rate and the footprint of the
quarry is unchanged as a result of quarry deepening, then the rate of consumptive water use is likely to
remain at a similar level. However, as discussed in Section 5, effects to nearby water resources could be
minimised by diverting the additional water entering the quarry towards the Kestor Brook.

3.7.2.

Potential effects from the proposed extension

3.7.2.1.

Potential effects on water resources

The existing quarry has intercepted a small number of shallow, sediment-filled conduits, some of which have
subsequently discharged groundwater to the quarry void. The rapid response of flow within these conduits to
rainfall indicates that they are well-connected to the surface. Although these conduits account for a small
component of the quarry water balance and a smaller component of the water balance for the CBLF as a
whole (Section 3.6.3), there is the potential for these discharges to affect flow in nearby surface water
courses, which are connected to the shallow groundwater system by infiltration or exfiltration through the
stream beds, or via swallow holes.
Lowering of groundwater levels is likely to reduce water saturation in parts of the CBLF and potentially, in the
overlying superficial deposits. If desaturation of the superficial deposits, or of the CBLF matrix or narrow
fractures occurs, this is likely to reduce permeability locally. Although flow within these features is likely to be
very slow at present, this lowering of permeability would reduce it further. This in turn may lead to redirecting
of flow towards more permeable parts of the subsurface, such as shallow channels and conduits within the
CBLF. Where the capillary fringe lies close to the surface, it may also increase the proportion of rainfall that
goes to surface runoff, as opposed to infiltration into the soil. These impacts are expected to be relatively
minor, for the following reasons:




The water content of the soil is not strongly dependent on the saturation of underlying layers (e.g. Fetter
(2001)) and standard recharge models (e.g. Allen et al. 1998; Rushton et al. 2006) typically omit the
depth to groundwater when assessing infiltration and runoff.
In areas where desaturation of the subsurface occurs, the routing of water towards more permeable
parts of the subsurface would be offset by the overall reduction in permeability as a result of
desaturation.
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The majority of storage losses are anticipated within the future capture zone of the proposed extension
area. If present, the aforementioned phenomenon would increase the rate of surface runoff, throughflow
or shallow groundwater flow towards the quarry void, where the water would be stored, prior to controlled
discharge to nearby surface water courses (see Section 5).

According to the Environment Agency’s Catchment Data Explorer, the quarry currently sits within the
catchment of the River Ashburn and it is clear that the quarry lies within the topographic catchment of the
Balland Stream, a tributary of the Ashburn. Therefore it is probable that the quarry already intercepts some
baseflow and runoff to the Balland Stream. Combined runoff and shallow groundwater inflows to the quarry
are estimated to be 462 ML from June 2017 to May 2018 (Section 3.6.3), while 830 ML are likely to have
been returned to the Balland Stream over the same period, either as pumped discharges or via infiltration to
the CBLF from the base of the Balland Pit.
As discussed in Section 3.5.7, the deep zone is not well connected to the shallow subsurface and effects
from dewatering of the deeper zone near the base of the quarry are likely to be diffuse. To further
understand these potential effects, monitoring of flow in larger watercourses, which drain a larger portion of
the CBLF, will be required. Further details of this baseline monitoring are provided in Section 4.
As stated in Section 3.5.7, it is likely that deeper inflows of groundwater to the quarry come from a broadly
easterly direction. A substantial component of this water is likely to come from the catchment of the Kestor
Brook and its tributaries. As the proposed extension would represent an easterly expansion of the quarry, it
is probable that additional inflows would also come from the Kestor Brook catchment. As discussed in
Section 3.5.5, groundwater beneath the proposed extension area itself is likely to flow towards the existing
quarry under current conditions, while further to the east, there is likely to be a flow divide, with groundwater
expected to discharge to the Kestor Brook substantially downstream from the Mead Cross UWS. Dewatering
of the proposed extension area therefore has the potential to affect flows in this part of the Kestor Brook,
rather than near the wildlife site. The relative levels of the Caton stream at MP15 and nearby groundwater in
NE9 (as discussed in Section 3.5.5) indicate that groundwater does not discharge to the lower reaches of the
Caton stream, in the vicinity of the proposed extension area. However, the source of the Caton stream,
further to the north, is fed by groundwater from the St Mellion Formation, and hence there remains a
possibility of effects on flow in this watercourse as a result. Given the absence of groundwater level data in
the vicinity of the Samastar stream, the potential for baseflow along its course is unknown, though similar to
the Caton stream its source is fed by groundwater from the St Mellion Formation / Crackington Formation.
Hence although it is relatively distant from the proposed extension area, there is also the possibility that flow
effects in the Samastar stream may occur, though from its elevation and borehole data at the A38 off slip it is
considered unlikely it is fed by groundwater from the limestone near the A38 off slip.
Following the completion of Stage 4 of the proposed extension, approximately 40 years after works
commence (Table 2-1), the quarry will cover an area of 0.21 km2, representing a 46% increase in its areal
extent. Based on the conservative assumptions stated in Section 3.7.1, total inflows to the deepened quarry
within its current extent would reach a maximum of 1,117 ML per year (879 ML per year from the current
void, plus 238 ML per year from the proposed deepening). Assuming the water balance is representative of
typical conditions within the CBLF and assuming similar climatic conditions in the future, annual inflows to
the quarry may increase by a further 514 ML due to the proposed extension (46% of 1,117 ML). For
comparison, this is equivalent to approximately 23% of estimated flows in the Kestor Brook at the edge of the
CBLF over the period of the water balance (2,283 ML, as shown in Table 3-15). Although for water
temporarily intercepted by the quarry, it is envisaged that if necessary a similar volume could be returned to
the Kestor Brook and its tributaries, as discussed in Section 5.
Assuming the majority of inflows are transferred to the Kestor Brook catchment, the overall effect of the
quarry on nearby water features is expected to be minimal, with the only consumptive use of water coming
from manufacturing of products at the quarry and evaporation from dust suppression. Assuming that the
demand for quarry products continues at its current rate and the footprint of the quarry increases by around
46%, consumptive water use for the quarry is estimated to increase by approximately 3 ML per year
(equivalent to around 8 m3/day) as a result of increased evaporation from dust suppression. This maximum
value would occur at the end of Stage 4 (Table 2-1) of the proposed works, around 40 years into the
proposed programme of works. As stated in Section 3.2.3, groundwater and surface water are available for
abstractions all year round from the River Lemon catchment (Environment Agency, 2012), which includes
the Kestor Brook.
During periods of high flow, the Alston stream currently runs through land proposed for bunds to the east of
the quarry extension. As discussed in Section 2.3, it will be necessary to divert the Alston stream drainage
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over a short section around the north west corner base of the bunds, before allowing it to flow southwards
through its existing channel to the Kestor Brook. This has the potential to locally change infiltration to the
shallow subsurface and develop additional pathways for shallow groundwater flow, with potential effects for
ground stability, as discussed in Section 3.1.5.2. Proposed mitigation measures to minimise the potential for
effects are presented in Section 5.
Following restoration, it is envisaged that water in the quarry would have a discharge route to the Balland
Stream from a level of approximately 96-97 mAOD (Table 2-1) with storage above that level. The water level
in the quarry and discharge rate would be controlled to provide flood risk attenuation to Ashburton. Around
the quarry perimeter, the lowest recorded elevation is 102.16 mAOD, at a point west of the south-west
corner of the Balland Pit, whereas the Balland Stream exits the quarry’s block storage area at an elevation of
95.13 mAOD. The envisaged water level in the post-restoration void is close to, or slightly exceeds, late
summer groundwater levels at the southern end of the proposed extension area (see SE1A in Figure 3-34),
although it is below groundwater levels at the end of the winter recharge season (Figure 3-33). It is also
substantially above the base of the NE face and SE face conduits. As such, inflows to the quarry are likely to
be substantially reduced following restoration, leading to a much lower likelihood of effects to the nearby
groundwater and surface system. Although higher water levels in the post-restoration void could reduce
quarry inflows further, a level greater than 102 mAOD would exceed the elevation of the rock buttress
between the Balland Pit and the Balland Stream. When the lake discharge control structure is agreed with
the flood authorities it is envisaged that will also aim to ensure the long-term effect on groundwater flows to
the Kestor Brook is minimal.
The overall aim of surface water management post-restoration would be to maintain a similar water balance
within the study area to the present day and provide flood attenuation for downstream areas as required. The
current water balance (based on 2017-2018 climatic data) suggests that the Balland Pit receives more water
from direct rainfall than it loses from evaporation. It is anticipated that evaporation from a larger lake postrestoration will be offset by increases in direct rainfall to this feature, although the precise relationship
between these factors will depend on future weather patterns. Furthermore, water losses from the quarry
due to exported products and evaporation from dust suppression will no longer occur.
Envisaged water levels in the post-restoration lake would lie within the range of observed groundwater level
fluctuations at the southern edge of the proposed extension area, in SE1A. Although the removal of the
unsaturated zone geology in this area would provide a rapid pathway for rainfall to reach the lake surface
and hence, the adjacent water table, the maximum potential lake level of 102 mAOD would be substantially
below the maximum winter levels observed in SE1A (Figure 3-35) and below the level of the Kestor Brook
immediately to the south (approximately 105 mAOD). As such, the rapid transport of rainfall to the lake is not
expected to lead to more rapid hydrograph responses in the Kestor Brook. To the east of the proposed
extension area, the envisaged lake level would contribute to groundwater levels that are similar to present
day values and hence, the hydrograph of the Kestor Brook is likely to return to its current state.
In the event that conduits connect the post-restoration void to the Kestor Brook substantially downstream,
where its level drops below 102 mAOD, reduced hydraulic gradients during winter time (compared to present
day values) would limit the intensity of peak flows, despite the presence of a rapid pathway for rainfall to
reach the water table. This would be consistent with the quarry’s objective of lowering flood risk. In summer
time, although the removal of the unsaturated zone above the lake would reduce storage and allow rainfall
events to reach the lake surface more rapidly, the greater storage capacity of the lake void (with an effective
specific yield of 100%) relative to that of the CBLF (according to Fetter (2001), limestone typically has a
specific yield of close to 14%) would minimise changes in water level that may result and reduce the
likelihood of responses in the Kestor Brook occurring more rapidly than they do at present.

3.7.2.2.

Potential water quality effects

Monitoring of water chemistry within the study area suggests that water discharged from the quarry is similar
in quality to nearby surface water bodies. The quarry sump, the Kestor Brook and the Lemonford stream
have a signature typical of groundwater boreholes within the CBLF. Assuming standard procedures are
followed to prevent the release of contaminants from on-site activities, there is little foreseeable effect on
future water quality.

3.7.3.

Appraisal method

The Science Report SC040020/SR1 (Environment Agency, 2007) outlines a fourteen-step methodology for
hydrogeological impact appraisal, with that methodology iterated as necessary until the required level of
confidence is achieved. But for the management of potential hydrogeological impacts in karst the Science
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Report notes: “Because of the difficulties in the reliable prediction of the hydrogeological impacts of
groundwater abstraction from karst aquifers, it may not be possible to use the 14 steps of the main HIA
methodology. An alternative approach to the management of such impacts is required, which can be
described as ‘monitor and mitigate’. This can be summarised in terms of eight steps, which is effectively a
revised HIA methodology for karst”.
The CBLF has been described previously by the BGS as typical of buried karst (BGS, 2018c) and the
hydrogeological conceptual model is of a highly heterogeneous groundwater flow system with localised and
discrete flow pathways through a system of conduits. This conceptualisation is based on the following
evidence:








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

The heterogeneity present within the CBLF means that commonly used analytical and numerical methods
are unsuitable for predicting quantitative effects of the dewatering during quarry extension.
The ‘monitor and mitigate’ approach is the eight steps listed below. The Science Report SC040020/SR1
emphasises that “It is not intended that the eight steps described here should compete or clash with the 14
steps of the main HIA methodology. Rather, they represent a recognition that in the case of karst aquifers,
the predictive elements of the HIA methodology (in particular Steps 4 and 9) may not be feasible, for the
reasons laid out in this appendix. The default approach should always be to follow the main HIA
methodology, but if the problems posed by the karstic nature of the aquifer are just too great, then these
eight steps are an alternative approach. They should be treated in exactly the same way as for the main HIA
methodology, that is: iteratively; not prescriptively but with flexibility based on professional judgement, as
part of a tiered risk-based approach”.
The eight steps are as follows:









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.

Steps K1 and K2 are reported in this chapter. Steps K3 and K4 are presented in Section 4. Preliminary
mitigation measures to address K5 are discussed in Section 5. The results from baseline monitoring will be
used to develop appropriate trigger levels (K6), which it is expected would be agreed in consultation with the
Dartmoor National Park Planning Authority and the Environment Agency, as outlined in the Environment
Agency’s letters dated 2nd August 2016 (Environment Agency, 2016a) and 8th September 2016 (Environment
Agency, 2016b).
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4.

Sensitive sites and baseline
monitoring

4.1.

Sensitive sites

Based on the potential effects described in Section 3.7.1 and 3.7.2, the following sensitive sites have been
identified:
1. The Kestor Brook, to the south and southeast of the proposed extension area. The conceptual model
suggests that the majority of inflows to the quarry are from the east and, from Figures 3-16, 3-18 and 320, it is apparent that much of the quarry extension will intersect the catchment of the Kester Brook and
its tributary, the Alston stream. Given the proposal includes construction of overburden bunds to the east
of the proposed quarry extension (as shown in Appendix A), the quality of surface runoff and recharge in
these catchments may also be affected, though the bund materials will be natural soils existing at Alston
Farm and the bunds will have underdrainage. The construction of the bunds would also be subject to
regulation under a Mining Waste Permit with water discharge activity.
2. The Mead Cross UWS, located approximately 100 m south of the proposed extension area, to the south
of the A38 (see Figure 4-1). The Environment Agency has suggested that groundwater flows to this site
may be at risk from the proposed extension (Environment Agency, 2016a). As discussed in Section
3.3.2.2, the Alston stream crosses under the A38 during periods of very high flow, although drainage
channels within the wildlife site are dry for the majority of the year. The absence of surface water in this
location for most of the year, even during winter (Figure 3-21) when water tables are typically highest,
may indicate that ecosystems at the wildlife site are not groundwater dependent. This is supported by
comparing water levels in SE1A and the elevation of the drainage channel in the wildlife site, which
indicates that groundwater from the proposed extension area may only discharge to the wildlife site on
occasions following heavy winter rainfall (see Section 3.5.5). If shallow conduits are intersected in the
southern part of the proposed extension area and flow into the quarry extension, then that may affect
groundwater flow to the wildlife site during extended wet winters. Changes to surface runoff and drainage
around the overburden bunds to the east and south of the extension area may also affect the frequency
and magnitude of surface water flow in the wildlife site, although during the bund construction that will be
regulated under an environmental permit for a water discharge activity.
3. The Caton stream, to the east of the proposed extension area. As discussed in Section 3.7.2.1, the lower
section of this watercourse, near the proposed extension area, is not groundwater fed, although it is
possible that dewatering may lead to effects further to the north, where there is greater potential for
groundwater inflows to occur under current conditions.
4. The Samastar stream, to the east of the Caton stream. The contribution of groundwater along this
watercourse downstream from its source is unknown and although the Samastar stream is relatively
distant from the proposed extension area, dewatering may lead to effects on flow.
5. The Balland Stream to the northwest of the proposed extension area. The north-western part of the
proposed extension area lies close to one of the tributaries of the Balland Stream, which is fed by springs
S6 and S8. It is possible that, if shallow conduits are intersected in the northern part of the proposed
extension area and they flow to the quarry, baseflow to this part of the Balland Stream may be affected.
6. Private water supplies (PWSs) to the north and north west of the proposed extension area, including
springs S3 and S9, borehole BH4 and unknown water supply U2 in Figure 3-13. In particular the supplies
S3 and borehole BH4 lie close to the proposed extension area’s northern boundary and may be affected
if groundwater levels are drawn down in the Tavy Formation.
7. The River Lemon, where it crosses the CBLF. The Environment Agency has indicated that this part of the
watercourse is potentially at risk from changes in groundwater flow associated with the proposed
extension (Environment Agency, 2016a). Although the intersection of the River Lemon with the CBLF
represents a small proportion of the river’s course to that point, it is possible that diffuse effects from
dewatering at depth within a deeper and extended quarry may lead to a slight reduction in baseflow.
8. The Lemonford stream, to the northeast of the proposed extension area. The catchment of this stream
lies almost entirely within the CBLF and it is closer to the proposed extension area than the River Lemon
to the northeast. As such, there is a greater likelihood of flow being affected in the Lemonford stream
than in the larger River Lemon, as a result of diffuse effects from dewatering at depth within a deeper or
expanded quarry.
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4.2.

Locations and scope of baseline monitoring

The locations for baseline monitoring have been chosen to assess possible effects to the sensitive sites
listed in Section 4.1. These are shown in Figure 4-1 and listed in Table 4-1, which also summarises the
monitoring parameters for each location.
Table 4-1

Proposed locations for baseline monitoring and monitoring parameters

ID

Description

Parameters

Associated
sensitive sites

Rationale

ML1

Kestor Brook, at the
south-eastern edge of
the CBLF

Water levels (to
estimate flow)
and quality

Kestor Brook.

Allows potential changes in flow
and quality within the catchment
upstream of this point to be
identified.

ML2

The Kestor Brook,
adjacent to proposed
extension area

Water levels (to
estimate flow)
and quality.

Kestor Brook.

Helps to constrain, within the
Kestor Brook, the location of any
impacts on flow and quality.

ML3

Alston stream, to the
northeast of proposed
extension area

Water levels (to
estimate flow)
and quality

ML4

Alston stream, at the
south-eastern edge of
the extension area

Water levels (to
estimate flow)
and quality

Kestor Brook and Incremental changes in flow and
Mead Cross UWS. quality between these points will
help to assess the effect of quarry
The Kestor Brook inflows and changes in surface
runoff.
and Mead Cross
UWS.

ML5

Alston stream, where it Water levels (to
crosses the A38 during estimate flow)
high flows via a 300
and quality.
mm pipe

The Kestor Brook
and Mead Cross
UWS.

Facilitates assessment of inflows
to the Mead Cross Unconfirmed
Wildlife site and Kestor Brook. No
known suitable monitoring
locations downstream of this point.

ML6

Caton stream, to the
east of the extension
area

Water levels (to
estimate flow
and quality).

Caton stream.

Allows potential changes in flow
and quality within the catchment
upstream of this point to be
identified.

ML7

Samastar stream, to
the east of the
extension area

Water levels (to
estimate flow
and quality).

Samastar stream.

Allows potential changes in flow
and quality within the catchment
upstream of this point to be
identified.

ML8

Balland Stream,
adjacent to the quarry
and upstream of the
quarry discharge

Water levels (to
estimate flow)
and quality.

Balland Stream in
the vicinity of the
proposed
extension area.

Allows potential changes in flow
and quality within the Balland
Stream to be identified.

ML9

Boreholes NW1S and
NW1D

Water levels in
PWSs BH4, S3, S9
boreholes NW1S and U2 in the low
and NW1D.
permeability Tavy
and St Mellion
formations to the
north of proposed
extension area.

Will provide early warning of
potential changes in groundwater
level in low permeability
formations to the north, where
there are several PWSs.

ML10 Lemonford stream near Water levels (to
the eastern edge of the estimate flow)
CBLF

Lemonford stream

Provides information on far-field
effects to groundwater; Lemonford
stream has a large component of
baseflow.

ML11 River Lemon at the EA Water levels
river gauging station at
Bickington

River Lemon, as it
crosses the CBLF.

To check for potential effects to
the River Lemon, where a PWS
(RS1) has been identified.

ML12 Rainfall

Rainfall gauge at
Alston Farm

Provides context for observed
changes in surface water and
groundwater.
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Figure 4-1

Proposed baseline monitoring locations
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Monitoring of flow in the Kestor Brook should continue at the south-eastern edge of the CBLF (ML1 in Figure
4-1), because data from this location are likely to show the cumulative effects of changes in flow within the
catchment upstream of this point. While the available data suggest that impacts on flow within the Kestor
Brook are most likely to occur downstream of the Mead Cross UWS, baseline monitoring of the Kestor Brook
just downstream (at ML2 in Figure 4-1) will further inform that interpretation.
Continued monitoring of water levels in the Alston stream upstream of the quarry near Alston Farm (ML3)
and downstream of the quarry near the A38 is also included in order to understand incremental changes in
flow between these points, due to quarry inflows or changes in surface runoff. This will assist in quantifying
effects on the Kestor Brook and the Mead Cross Unconfirmed Wildlife site to the south. A defined channel
exists as far as ML4 in Figure 4-1 and it is envisaged that flow monitoring occurs at this location. Additional
water level monitoring should be conducted at ML5, where the Alston stream crosses the A38 during periods
of high flow, via a 300 mm diameter pipe. This would provide further information on inflows to the Mead
Cross Unconfirmed Wildlife site in particular. The Alston stream diverges into several small channels to the
south of the A38, which are dry for most of the year, and this precludes regular monitoring of water levels
within the wildlife site itself.
The bunds to the south and east of the extension will be regulated under a Mining Waste Permit with water
discharge activity, with attenuated surface water discharge envisaged to be towards the Alston stream and
so potentially onwards to the Kestor Brook. Therefore, water quality monitoring is planned at locations ML1,
ML2 and ML3 sufficient to provide a baseline for risk assessment for the water discharge from the
overburden bunds. Analysis for major ions and field parameters is envisaged at the locations selected for
water quality monitoring, to further the understanding of temporal variations and potential for effects following
the quarry extension.
Although there is considered to be limited potential for effects on flow within the Caton and Samastar
streams, monitoring of flows at ML6 and ML7 is proposed to check for effects.
Monitoring of water levels in the Balland Stream adjacent to the quarry (ML8), and upstream of the quarry
discharge point will continue, to characterise the baseline conditions prior to the extension. Monitoring of
water levels at this location could be used to assess the cumulative effects of deepening or expansion of the
quarry on the Balland Stream catchment upstream of this point. Monitoring of water quality at this location
could provide additional information on changes in the relative contributions of baseflow and surface runoff
due to the proposed expansion.
As discussed in Section 3.5.7, the available data indicate that groundwater levels to the north of the CBLF
have not been affected by historical dewatering of the quarry and that these formations are not well
connected to the CBLF. Boreholes NW1D and NW1S lie 150 m to the north of the existing quarry, within the
low permeability Tavy Formation, and approximately 100 m from the proposed extension area at its closest
point. Measurement of water levels in these boreholes (shown as ML9 in Figure 4-1) will continue during the
baseline monitoring period. This will allow future groundwater effects to the north of the CBLF to be identified
at an early stage, before effects occur in more distal private water supplies in the Tavy and St Mellion
formations (BH4, S3, S9 or U2).
Given the uncertainties associated with groundwater flow paths in highly karstic aquifers, monitoring of water
levels and flow will continue in the Lemonford stream at the eastern edge of the CBLF (ML10), to assess
possible effects on baseflow within the catchment upstream of this point.
A small section of the River Lemon also intersects the outcrop of the CBLF and is likely to receive a
component of baseflow from the aquifer. The Environment Agency has recommended that data from the
River Lemon in this section is considered as part of the baseline monitoring programme (Environment
Agency, 2016a) and river level data from the EA gauging station in Bickington (ML11) which is from February
1995, will continue to be obtained on an ongoing basis. This will inform the assessment of future effects to
PWS RS1, which abstracts from the River Lemon nearby.
To provide context to these measurements, rainfall gauging in the north of Alston Farm (ML12) will continue
throughout the period of baseline monitoring. This will assist in determining whether changes in flow and
water level within the catchment are primarily driven by climatic or anthropogenic factors, including those
arising from the proposed quarry extension. The quarry’s rainfall gauge and EA rainfall gauging station at
Bickington provide a contingency as a source of local rainfall data.
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It is envisaged that at least 3 years of baseline monitoring data will be collected at these locations, as
outlined in the Environment Agency’s letters dated 2nd August 2016 (Environment Agency, 2016a) and 8th
September 2016 (Environment Agency, 2016b). The final duration of baseline monitoring will be confirmed in
discussions with the Environment Agency and will depend in part on the variability of flows and data
measured during the monitoring period.
Atkins recommends that daily monitoring of rainfall, 15-minute automated monitoring of water levels and
regular monitoring of water quality is carried of these parameters throughout the monitoring period to further
the understanding of temporal variations and potential for effects following the quarry extension.

4.3.

Other locations

As shown in Figure 3-13, several PWSs lie within the study area, although Atkins considers that the
proposed extension does not pose a risk to water resources at these locations and therefore it is not
necessary to include them in the baseline monitoring programme. The rationale for this is given below.
The PWSs at spring S9 and unknown source U2 lie within the low permeability St Mellion Formation, more
than 800 m to the northwest of the proposed extension area. They are separated from the extension area by
the Tavy Formation, which has also been shown to have a low permeability (Sections 3.2.2.2 and 3.2.5), with
a limited hydraulic connection to the CBLF (Section 3.5.7). Monitoring of groundwater levels within the Tavy
Formation at NW1S and NW1D has shown no discernible effects from historical dewatering of the existing
quarry. However as a precaution, these boreholes represent suitable monitoring locations for identifying
future effects to groundwater in the Tavy Formation at an early stage.
The private supply borehole at Little Barton (BH4 in Figure 3-13) lies just over 400 m north of the proposed
extension area and intersects the low permeability St Mellion Formation. Given that historical dewatering of
the quarry has not affected groundwater levels in NW1D and N1WS, approximately 150 m north of the
existing quarry boundary, Atkins does not recommend baseline monitoring of the Little Barton borehole or
the PWSs at U2 and S9, which lie more than 800 m to the northwest of the quarry. In the event that water
levels in NW1S and NW1D are shown to be affected by dewatering from the proposed extension, the
monitoring programme will be reviewed to incorporate monitoring for potential effects to these PWS
locations.
PWS borehole BH2 and spring S20 lie outside of the topographic catchment of the quarry, within the
Gurrington Slate Formation, which has a relatively low transmissivity (Section 3.2.2.2). Although the
proposed extension area lies within the topographic catchment of S19, this spring also lies within the
Gurrington Slate Formation, nearly 1 km from the outcrop of the CBLF. As such, Atkins considers that the
proposed quarry extension does not pose a risk to these PWSs.
Springs S14, S15, S17 and S18, along with BH3 and PWS U1, lie to the north of the extension area’s
topographic catchment, within the low permeability St Mellion Formation. They are also separated from the
extension area by the low permeability Tavy Formation, which is not well connected hydraulically to the
CBLF (Section 3.5.7). Spring S16 lies to the northwest of the St Mellion Formation, in a separate outcrop of
the Tavy Formation. Based on the extremely low likelihood of a hydraulic connection between these features
and the proposed extension, baseline monitoring at these locations is not considered necessary.
PWS W1 intersects the Rora Mudstone Formation, nearly 1 km north of the outcrop of the CBLF at its
closest point. The low permeability of the Rora Mudstone and the Crackington Formation to the south
(Section 3.2.2.1) and the location of W1 on a ridge on the other side of the River Lemon, make a hydraulic
connection between the proposed extension area and this PWS extremely unlikely.
Three private water supplies near Dolbeare (The Barn spring (S21 on Figure 3-12), Dolbeare Farm spring
(S22) and the Buckland View borehole (BH1)) that were identified in the original HIA (Atkins, 2016) are no
longer used, following redevelopment of the land and a transition to mains water supply.
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5.

Envisaged mitigation measures

The quarry already discharges water to the Balland Stream, in order to mitigate effects to flow from
dewatering activities within the Balland Stream catchment, and that will continue during operation of the
quarry under its environmental permit and post restoration via overflow at a controlled level and flow rate
from the flooded quarry void.
In the event that the proposed extension is shown to reduce flow in other surface water features, then it may
be necessary to use discharges from the quarry to mitigate that effect. Based on the discussion in Sections
3.7.1 and 3.7.2.1, the Kestor Brook catchment is the most likely to be affected so a discharge to either that
watercourse or its tributaries could be required. The most suitable discharge point would be decided based
on the location of observed effects, from data collected during the baseline monitoring period and
subsequently, following the commencement of the quarry deepening and extension. However the pipe under
the A38 at MP14 (in Figure 3-22) is the most feasible direct way to transport water beneath the A38 itself and
towards the Kestor Brook to the south, though flow would reach the Kestor Brook upstream of the southeastern edge of the limestone. Examples of viable alternative routes which could be used for water to reach
groundwater in the Kestor Brook are the Alston stream upstream of MP14, or via the Caton stream.
Should the proposed development lead to an unacceptable increase in surface water flows, such as from the
overburden bunds, then it could be necessary to attenuate those flows and that is considered in the Flood
Risk Assessment. This would also apply to if there is an increase in surface water flows induced by
desaturation of the shallow subsurface, as discussed in Section 3.7.2.1. It is proposed that the drainage
features around the overburden bund area are lined with low permeability material, to prevent the addition of
storm event surface water runoff to the shallow subsurface along those new linear drainage routes. That may
be accomplished by utilising a grass lined channel formed over a low permeability geomembrane. As
discussed in the Land Stability Assessment, this will prevent the development of new flow paths within the
shallow subsurface and mitigate subsidence risks.
In the event that water levels in NW1S and NW1D are shown to be affected by the proposed extension, then
the monitoring programme will be reviewed to incorporate monitoring for potential effects to the locations
BH4, S9 and U2 PWS locations. If practicable that would include monitoring of the PWS locations BH4, S9
and U2, subject to the consent of the PWS owners. A range of suitable mitigation measures will also be
defined at that time, in consultation with the owners of these water supplies. These measures would come
into effect in the event that dewatering-related impacts are identified from monitoring for effects at the PWS
locations and may include:








Compensation for increased pumping costs, should borehole water levels be shown to have declined.
Provision of additional pumping infrastructure, should a decline in water levels preclude the use of
existing equipment.
Provision of additional storage facilities, to mitigate against a seasonal water shortage from these
supplies.
Deepening of abstraction boreholes, to increase the available drawdown and hence, potential yields from
these sources.
Drilling and installation of a new borehole.
Provision of a temporary suitable water supply.
Connection to mains supply.

The final choice of mitigation measure would depend on the nature of the identified effect, the likely
effectiveness of the mitigation strategy, its cost effectiveness and feasibility, and the views of the PWS owner
and other relevant stakeholders.
Following restoration, it is envisaged the water in the quarry will have the outflow level and discharge rate
controlled to provide attenuation to Ashburton. Around the quarry the lowest elevation is around 102.16
mAOD at a point west of the south west corner of the Balland Pit, whereas the Balland Stream exits the
quarry’s block storage area at an elevation of 95.13mOD, and the level of the springs and Kestor Brook at
Goodstone is estimated to be 95 to 97mAOD. When the lake discharge control structure is agreed with the
flood authorities it is envisaged that control will also aim to ensure the long-term effect on groundwater flows
to the Kestor Brook are minimal.
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6.

Development of trigger levels

Science Report SC040020/SR1 (Environment Agency, 2007) states that: “the decision on how to set trigger
levels will need to be taken on a case-by-case basis, in discussion with the Environment Agency”. In the
case of karst groundwater systems, the guidance (Environment Agency, 2007) presents three possible
approaches for setting trigger levels:
1. Comparison with data from a control site, that shows similar behaviour over time to pre-development
monitoring locations and that will not itself be affected by the development. However, the guidance points
out that this approach may not be appropriate in karst systems, given the level of uncertainty over the
exact extent of dewatering impacts. Due the limited extent of the CBLF and the aforementioned
uncertainty regarding the distribution of conduits, it is considered that the use of a control site is unlikely
to be appropriate for the proposed extension.
2. Comparison of monitoring data with outputs from a predictive model. However, the guidance notes
that “Where conduit flow is present, most analytical equations and conventional groundwater modelling
strategies are inappropriate and, if they are used, predictions of impacts will be highly uncertain”. As
such, it is considered that this approach is unsuitable for the reliable identification of dewatering impacts.
3. Identification of impacts through statistical analysis, based on comparison of pre- and postdevelopment time series. A minimum of three years of pre-development data is recommended, in order
to develop an understanding of natural inter-annual variability, driven by seasonal changes in effective
rainfall.
Due to the levels of uncertainty associated with the first two approaches, it is considered that for potential
effects from the proposed extension of Linhay Hill Quarry, the use of statistical analysis is the most
appropriate method for setting trigger levels. As stated in the Environment Agency’s guidance, the “statistical
behaviour of historical monitoring data needs to be understood, so that realistic decisions can be made when
setting trigger level” (Environment Agency, 2007). As such, a final decision on the most appropriate
statistical method for each monitoring location will be taken towards the end of the baseline monitoring
period, in conjunction with the Environment Agency. However, based on the nature of monitoring data
collected in the study area to date, the following preliminary approach is described:








For groundwater levels in NW1D and NW1S, the baseline dataset would be used to generate seasonal
water level duration curves for winter (January to March inclusive), spring (April to June inclusive),
summer (July to September inclusive) and autumn (October to December inclusive). These periods have
been defined based on water level variations observed in the available monitoring data to date, from
October 2017 to September 2018. In addition, and as described by the Environment Agency’s guidance
on assessing impacts from dewatering (Environment Agency, 2007), the baseline data would be used to
develop an empirical relationship between climatic parameters (e.g. rainfall or recharge as estimated
using the method described in Section 3.6.2) and groundwater levels, to assist in determining whether
climatic or anthropogenic factors are the most likely cause of a detected effect. This empirical
relationship, and acceptable deviations from it following the commencement of the proposed extension
works, would be agreed with the Environment Agency prior to the completion of baseline monitoring.
As described in the Environment Agency’s ‘Water situation’ reports (Environment Agency, 2018), the
lowest 28% of groundwater levels are considered to be ‘below normal’ (or ‘notably/exceptionally low’). An
initial trigger level would be based on two consecutive months where average water levels lie below the
28th percentile of the corresponding water level duration curves and where the relationship between
climatic parameters and groundwater levels deviates from that derived during the baseline monitoring
period.
For surface water flows, a similar approach would be taken, using seasonal flow duration curves to
generate initial trigger levels. To differentiate between low flows caused by prolonged dry periods and
impacts linked to quarry dewatering, the breach of a trigger level would also require baseflow indices
(using the method described by the Institute of Hydrology (1980)) to be below their normal level for that
season, as defined by baseline monitoring. During dry conditions, baseflow would be expected to
contribute a larger component of flow, and a reduction in the baseflow index could indicate interception
of baseflow from quarry dewatering.
Following the start of the quarry extension, months in which total recorded rainfall lies below the range of
monthly values for that season during baseline monitoring would not be considered. For the purposes of
analysis, months on either side of this period would be considered as consecutive.
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The breach of initial trigger levels would require an assessment of the hydrogeological effects, to identify
the most likely causal factors. Depending on the level of confidence in these causal factors, the
investigation may propose further data collection to resolve uncertainties. This is line with current
guidance, although the further data collection and analysis should be completed at the earliest
opportunity to evaluate the magnitude of the potential effects and minimise the potential for adverse
effects to receptors.
If the proposed quarry extension is found to be the most likely cause of the breach of a trigger level,
suitable mitigation measures should be enacted as soon as is reasonably practicable. The likely cause of
the breach and mitigation measures would be agreed in consultation with the Mineral Planning Authority
and the Environment Agency. A preliminary set of mitigation measures has been provided in Section 5,
based on the current understanding of the study area. These mitigation measures should be refined
based on the baseline monitoring data and the nature of the breach in a trigger level.
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7.

Summary

7.1.

Work completed

Following submission of the planning application for the proposed extension to Linhay Hill Quarry and receipt
of comments on the accompanying Environmental Statement from statutory consultees and other parties,
E&JW Glendinning Ltd. utilising Atkins Ltd. has undertaken an additional program of data collection on the
hydrogeology, hydrochemistry and hydrology of the site and its surrounds. This has been supplemented by
further ground investigations and additional geological and hydrogeological desk study work.
The data collection and monitoring programme mainly comprised the following components:









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

7.2.

Summary of findings

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












The CBLF lies within the catchments of the River Ashburn and the River Lemon. The South Devon
Catchment Abstraction Management Strategy (CAMS) (Environment Agency, 2012) states that there is
‘water available’ (surface water and groundwater) in the Ashburn catchment during the spring, autumn
and winter (Q30, Q50 and Q70) periods. In the summer (Q95), water is not available for licencing in the
Ashburn catchment. Water is available in the River Lemon catchment all year round (Q30 to Q95)
(Environment Agency, 2012).
The CBLF is a buried karst aquifer, with sediment-filled sinkholes and swallow holes near the land
surface, with underlying vertical conduits and a conduit system developed at depth, possibly including
caves.
Groundwater flow within the CBLF is primarily controlled by a limited number of conduits, with limited
flow occurring within the matrix and accompanying network of fractures.
The conduits lie within two zones: a shallow zone, which responds rapidly to rainfall; and a deep zone,
which shows a more muted response to rainfall. The data suggest that these two zones are not well
connected hydraulically.
Historical dewatering of the quarry has not affected groundwater levels discernibly within the Tavy
Formation to the north and a deep borehole within this formation has been artesian throughout most of
the monitoring period. The response of boreholes in this formation to slug testing, rainfall events and
dewatering from well development shows that the Tavy Formation has a low permeability and is not well
connected hydraulically to the quarry.
The majority of inflows to the quarry are from the deep zone of the CBLF and the data suggest a
relatively diffuse capture zone to the east.
Inflows for June 2017 to May 2018 to the quarry are equivalent in magnitude to 17% of total inflows to
the CBLF, with flow from the shallow zone equivalent to 2.5% of CBLF inflows and deeper inflows
equivalent to 7.4%.
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The existing quarry lies within the topographic catchment of the Balland Stream. Combined runoff and
shallow groundwater inflows to the quarry are estimated to be 462 ML from June 2017 to May 2018,
while 830 ML are estimated to have been returned to the Balland Stream over the same period, either as
pumped discharges or via infiltration to the CBLF from the base of the Balland Pit.
Based on the water balance and a conservative set of assumptions, the proposed deepening of the void
may increase annual groundwater inflows to the quarry by up to 250 ML.
Assuming the water balance is representative of typical conditions within the CBLF and assuming similar
climatic conditions in the future, annual inflows to the quarry may increase by the end of Stage 4
approximately 40 years hence, by a further 514 ML due to the proposed extension, based on a similarly
conservative set of assumptions. For comparison this is equivalent to approximately 23% of estimated
flows in the Kestor Brook at the edge of the CBLF over the period of the water balance. Although for
water temporarily intercepted by the quarry, it is envisaged that if necessary a similar volume could be
returned to the Kestor Brook or its tributaries, as discussed in Section 7.3.

7.3.

Recommendations

The assessment of potential effects from the proposed quarry extension has been carried out using the
eight-step approach recommended in the Environment Agency’s Science Report SC040020/SR1
‘Hydrogeological impact appraisal for dewatering abstraction’ (Environment Agency, 2007) for karst aquifers,
where the extreme heterogeneity of the groundwater system means that future effects cannot be quantified
in the normal way. As stated in the Environment Agency’s report (Environment Agency, 2007): “Where
conduit flow is present, most analytical equations and conventional groundwater modelling strategies are
inappropriate and, if they are used, predictions of impacts will be highly uncertain.”
Instead, this approach focuses on monitoring and mitigation, via the following eight steps:









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

The outputs from steps K1 and K2 are described above. The sensitive sites identified in step K3 for
preliminary monitoring are:







The Kestor Brook, to the south and southeast of the proposed extension area.
The Mead Cross Unconfirmed Wildlife site to the south of the A38 from the proposed extension area.
The Balland Stream to the northwest of the proposed extension area.
Private water supplies (PWSs) to the north of the proposed extension area, including springs S3 and S9,
borehole BH4 and unknown water supply U2 in Figure 3-13.
The Lemonford stream at the eastern edge of the CBLF.
The River Lemon, where it crosses the CBLF.

As outlined in the Environment Agency’s letters dated 2nd August 2016 (Environment Agency, 2016a) and 8th
September 2016 (Environment Agency, 2016b), at least 3 years of baseline monitoring data will need to be
collected. It is proposed that baseline monitoring is carried out at the following locations, in fulfilment of step
K4:




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

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








Discharges from the quarry to a surface watercourse that is shown to be affected by the proposed
extension. Such discharges would be controlled by Environmental Permit in the same way as current
discharges to the Balland Stream.
Storage and attenuation of excess flows in watercourses if induced by changes in surface runoff
associated with the proposed extension which are above those envisaged by the Flood Risk
Assessment.
In the event that groundwater levels in monitoring boreholes NW1S and NW1D (shown in Figure 3-12)
are affected by the proposed extension, baseline monitoring of private water supplies to the north of the
site (BH4, S9 and U2 in Figure 3-13) could be required. A range of possible mitigation measures have
been described in Section 5 and suitable mitigation measures would be determined in consultation with
the owners of these water supplies at that time, which would come into effect in the event that effects are
identified following the additional monitoring.
To prevent the addition of storm event surface water runoff to the shallow subsurface along new linear
drainage routes, it is planned that new drainage features to be installed around the overburden bunds
will be lined with low permeability material.

The overall aim of surface water management post-restoration would be to maintain a similar water balance
within the local area to the present day and provide flood attenuation for downstream areas as required. It is
anticipated that evaporation from a larger lake post-restoration will be offset by increases in direct rainfall to
that feature, although the precise relationship between those factors will depend on future weather patterns.
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