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ABSTRACT
Quarry operators are required by local planning authorities to demonstrate no negative impact on the surrounding
environment. In the White Peaks area of Derbyshire where high purity limestone is both a valuable mineral resource
and Principal aquifer, the potential impacts of sub-water table quarrying on water resources become especially
relevant.
Natural England are concerned about the potential impact of dewatering at Dove Holes Quarry on nearby alkaline
fens, a qualifying feature of the Derbyshire Dales Special Area of Conservation. They have challenged CEMEX, the
operators of Dove Holes Quarry, to demonstrate that operations at the quarry are not negatively impacting Monk’s
Dale fen located 5km to the southeast.
CEMEX has reviewed the hydrogeological conceptual model of the fen at approximately 5-year intervals. The original
model, supported by subsequent reviews, effectively rules out an impact on Monk’s Dale fen because of the separation
between the ‘regional’ water table at Dove Holes Quarry and the perched water table draining locally to the fen.
The results of the latest and most detailed review are presented in this paper. With agreement from Natural England,
CEMEX has been monitoring Monk’s Dale fen since 2006. Monitoring the changes in the ephemeral Monk’s Dale
stream, spring water quality, spring flows and fen piezometry has been complimented by tracer tests and geological
mapping to confirm the source of water feeding Monk’s Dale fen.
This study has confirmed the presence of an upper aquifer associated with a volcanic sequence. Groundwater issues
from the upper aquifer at valley-side springs. Water is then conveyed from the upper aquifer to the fen in the valley
bottom either through faults or via tufa deposits. The connection between the valley side and valley bottom springs
that feed the fen is demonstrated by hydrochemical analyses and tracer testing. A review of fen piezometry, stream
wetting profile and spring flows reveals a stable water-balance for the fen. The study shows that the upper aquifer
does not have to be extensive in order to supply valley-side springs and Monk’s Dale fen with water all year around.
Individual spring catchments are of the order of 0.1-0.2km2. Interaction with the quarry dewatering system is ruled
out due to the vertical separation between aquifers and the very small catchment area of springs draining to the fen.
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INTRODUCTION
The valley of the River Wye and its tributary Monk’s
Dale stream are part of the Peak District Dales Special
Area of Conservation (SAC) (Figure 1). Woo Dale fen and
Monk’s Dale fen (Figure 2) are typical of the alkaline fen
habitat that forms a qualifying feature of the SAC. Monk’s
Dale is located 2km to the southeast of Dove Holes
Quarry at its closest point and Monk’s Dale fen is located
5km from the quarry (Figure 3). The alkaline fen
supports a number of ecologically important wetland
habitats including the particularly important M10b
Pinguiculo-Caricetum dioica mire community (Rodwell,
1992; JNCC, 2017). The habitat is rare in Derbyshire and
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supports county rare plant species. The connection
between the alkaline fens of Derbyshire and very specific
hydrogeological conditions was described in the Natural
England Area Profile:
“(Basic) Flushes are very unusual in the White peak
due to the pervious quality of the limestone. They only
occur where volcanic layers prevent further downward
percolation of water, forcing it to the surface on the
dalesides. They often develop close to the rivers running
along the base of the dales, usually as quite small
features….”. (Natural England, 1993-1998):
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Figure 1. Location plan showing the Study Area, a section (not all) of the Derbyshire Dales SAC, and regional surface drainage. The
White Peak corresponds to the area of Dinantian rocks shown in blue.

116

A.J. Gallagher, C.M. Pointer, A.E. Saich and C.P. Broadbent

Until the work described herein was completed, the
prevailing conceptual hydrogeological model for Monk’s
Dale fen was essentially described by the excerpt from
the Natural England Area Profile quoted above.
The sub-water table development of Dove Holes
Quarry, which works the Chee Tor Limestone Member,
and the associated dewatering (that commenced in the
1980s), was and continues to be viewed by Natural
England as a potential threat to the water balance of the
alkaline fens. The quarry is permitted to discharge up to
5,200m3/day (to the surface water environment) and up
to 489m3/day are abstracted for use in various processing
operations.
As part of an application to Derbyshire County Council
in 2003 to revise the development scheme for Dove
Holes Quarry, CEMEX UK Operations Limited (CEMEX)
was required to demonstrate that there would be no
deleterious effect on Monk’s Dale fen as a result of
dewatering. Monitoring of springs in Monk’s Dale was
initially undertaken by CEMEX on a voluntary basis in
order to provide supporting information to facilitate
assessment of the application.
Following lengthy
discussions with Natural England, the monitoring was
later formalised and taken forward as part of the Review
of Old Mineral Permission (RoMP), which was approved
in September 2014.
This paper presents a critical review of the Monk’s
Dale conceptual hydrogeological model adopted from
the Natural England Area Profile (Natural England, 19931998) by CEMEX (Wardell Armstrong, 2005) and updated
six years later by CEMEX (Wardell Armstrong, 2011). The
review draws on 10 years of data collection and more
recent investigations including detailed geological
mapping and tracer tests.

GEOLOGY
Geological setting
The geology of the White Peaks of the north central
United Kingdom is characterised by an elevated Lower
Carboniferous carbonate platform known as the
‘Derbyshire Dome’ or ‘Derbyshire High’, from which the
area takes its name, and which forms the centre of an
eroded, regional anticline (Stephenson et al., 2003 and
Waters et al., 2007) (Figure 2). The carbonate sequence
was deposited in shallow seas on the northern edge of
the Wales–Brabant High during the Late Dinantian
(Visean) stage of the Carboniferous period. The area was
subjected to multiple episodes of uplift and submergence
leading to sub-aerial erosion and the development of
karst surfaces.
During this time when shallow seas dominated,
volcanism was temporarily associated with minor phases
of isostatic uplift (Macdonald et al., 1984). The Millers
Dale lavas were not associated with high level magma
chambers, but isolated mantle pockets that exploited
structural weaknesses to rise through a relatively thin
crust (Macdonald et al., 1984 and Waters et al., 2007).
Alternating sandstones and mudstones were deposited
during the Namurian and Westphalian stages of the
Carboniferous before a period of uplift and erosion in the
late Carboniferous–early Permian. As a result the
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Millstone Grit and Pennine Coal Measures Groups were
completely eroded within the central part of the
Derbyshire Dome to expose the Dinantian limestones
and volcanics that comprise the Carboniferous Limestone
aquifer of the White Peaks (Aitkenhead et al., 1985).
Local geology
The following is a summary from Aitkenhead et al.
(1985) unless otherwise stated. Monk’s Dale and the
surrounding area are underlain by the Carboniferous Bee
Low Limestone Formation of the Peak Limestone Group
(Figure 2). The Bee Low Limestone Formation is
subdivided by the Lower Miller’s Dale Lava Member
(LMDLM). The Miller’s Dale Limestone Member (MDLM)
and the Chee Tor Limestone Member (CTLM) are located
above and below the lava, respectively (Table 1 and
Figure 2). The CTLM is extracted at Dove Holes Quarry.
The Bee Low Limestone is overlain by the Monsal Dale
Limestone Formation (MDLF) which contains the Upper
Miller’s Dale Lava (UMDL). Both the UMDL and the
LMDLM actually comprise a series of multiple flows.
Gaps in volcanism and local inundation led to the
deposition of thin discontinuous limestones within the
lava sequences. Although not extensive, evidence of
limestones within the LMDLM was observed within the
Study Area.
The Bee Low Limestone Formation contains thirty to
forty clay layers, the alteration products of widely
dispersed volcanic ash, known locally as ‘wayboards’.
The wayboards, which vary from a few centimetres to
approximately 2m thick and commonly rest on
palaeokarst surfaces, occur at the base of both the UMDL
and LMDLM (Aitkenhead et al., 1985). The wayboards
and lavas are important from a hydrogeological point of
view because they can support extensive perched water
tables (Edmunds, 1971 and Gunn, 1998).
Borehole logs available on the British Geological
Survey (BGS) GeoIndex confirm the presence of perched
water tables within the LMDLM close to the Study Area.
Exceptionally thick ash deposits (e.g. 2.1 - 2.7m thick)
were recorded in boreholes SK17SW72 and SK17SW81,
respectively, at the contact between the LMDLM and the
underlying CTLM. Most geological logs from boreholes
that penetrate the LMDLM lava record a water level at or
just above this basal ash layer and many of the borehole
logs contain a record of lost or broken core at the contact
between the ash layer and the underlying limestone.
Field exposures of lava are limited and ash layers tend
to be hidden at outcrop by vegetation or are squeezed
out, although where altered by groundwater, the ash
layer may be observed as yellow-brown at surface.
The Bee Low Limestone Formation is the target for
several quarry operations in the area around Buxton. The
Chee Tor Limestone Member is very pure (>98.5%
CaCO3) and the Millers Dale Limestone Member has high
to very high purity (>97% CaCO3; Gatliff, 1982). The
lower CTLM limestone is worked at Dove Holes Quarry.
In the western area of the quarry a thin (less than 5m
thick) exposure of the LMDLM was encountered
consisting of a greenish-grey clay (CEMEX, 2012). The
LMDLM thins to the north and is absent in the northern
part of the quarry, in this area the MDLM and CTLM are
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Figure 2. Simplified regional geology and the Study Area. The Lower Miller’s Dale Lava Member (LMDLM) is shown in light pink. The
approximate axis of the Wormhill Syncline is indicated. Dove Holes Quarry is close to the north western margin of the syncline and Monk’s
Dale fen to the south eastern margin. The local extent of the Derbyshire Dales SAC and Woo Dale Alkaline fen are also shown. EABH
denotes an Environment Agency borehole. The study area defined by a red line represents approximately the area shown in Figure 4.
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Table 1. Lower Carboniferous
geological succession in the
Monk’s Dale area, with volcanic
sequences highlighted.

collectively referred to as the Bee Low Limestone
Formation (Figure 2).
Quaternary deposits
Valley sides are characterised by limestone scree
deposits and valley bottoms by coarse gravels and
boulders, with the local exception of accumulations of
sandier deposits associated with alkaline fens. Tufa, a
precipitated carbonate deposit, is widespread within
valleys formed in more karstified limestones of the MDLF
and the MDLM (Banks et al., 2009). The two types of tufa
deposition, spring-line and fluviatile (barrage model),
have been described by Pedley (1990 and 1993);
Pentecost (1999) and Taylor et al. (1994).
The Derbyshire Dome remained ice free during the
most recent (Devensian) glaciation and till deposits,
which can be found sporadically at higher elevations, are
believed to be a legacy of the Mid Pleistocene Anglian
glaciation (Banks et al., 2012)
Geological structure
The White Peaks area has experienced several phases
of deformation. East-west compression during the Late
Carboniferous (Hercynian) orogeny is responsible for
most of the structure observed today such as the
Wormhill Syncline that dominates the geological structure
of the Study Area (Figure 2). The Carboniferous structure
is superimposed on the more recent Derbyshire Dome
that defines the larger scale outcrop pattern (Aitkenhead
et al., 1985). The axis of the Wormhill Syncline is
orientated approximately 130° and plunges gently in the
same direction.
A number of faults were mapped by the BGS
(Aitkenhead et al., 1985) within 1km of Monk’s Dale fen,
most of which are orientated either parallel or orthogonal
to the axis of the Wormhill Syncline. Recent mapping by
the authors suggests that some hydrogeologically
significant faults were not identified by the BGS mapping
team.
Mineralisation
The Carboniferous Limestone is extensively
mineralised, the intensity of mineralisation being greatest
towards the eastern side of the Derbyshire Dome. Most
important of the ores is galena, although sphalerite also
119

occurs mainly in the south-east of the area; fluorite, barite
and calcite are important gangue minerals. Copper ores
associated with lead and zinc are also found in isolated
centres of mineralisation around Ecton in the west of the
region. The main ore deposits occur in 'rakes', which are
fissure fillings often 5m or more wide, following the main
east-west structural trend along lines of pre-existing faults
and joints (Edmunds, 1971).

HYDROLOGY AND HYDROGEOLOGY
Hydrology
Dry valleys are a characteristic feature of the White
Peak. Only two valleys, the Dove and the Wye, maintain
perennial flow across the limestone (Figure 1). The
headwaters of both rivers rise in the Namurian sediments
west of Buxton and flow south and east across the
limestone. Water courses within limestone terrain
accumulate and lose significant flows as they interact
with the karst environment.
Figure 3 shows the Monk’s Dale stream in mid to high
flow in July 2016. Monitoring locations S1 and S2 are
highlighted upstream and downstream of Monk’s Dale
fen, respectively. The stream can dry out to the south of
the fen although the input of water from springs and the
tufa to the west, indicated in Figure 3 by the white arrow,
maintain perennially moist conditions. In all but the
driest of years water is present in the pond located where
the lava outcrop intersects the stream. Interestingly Gunn
(2015) suggests that groundwater perching above the
LMDLM could maintain flows within the River Wye
downstream of Monk’s Dale.
Regional Hydrogeology
The Carboniferous Limestone aquifer of the
Derbyshire Dome (Abesser and Smedley, 2008; Banks
and Lowe, 2006; Banks, 2007 Banks et al., 2012;
Brassington, 2007; Edmunds 1971; Gunn 1998; and 2015;
and Gunn et al., 2006), is classified as a Principal aquifer
(Allen et al., 1997). The Derbyshire Derwent Catchment
Abstraction Management Strategy (Environment Agency,
2013) provides an account of water availability in the
Wye and Lathkill Groundwater Management Units and
gives special mention to the water dependent alkaline
fens of the Wye Valley, which are associated with
perched aquifers (Natural England, 1993-1998). Edmunds
(1971) recognises the importance of perched volcanic
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limestone aquifer from northwest to southeast
converging on the Rivers Wye and Dove. Dove Holes
Quarry is located close to the north-western edge of this
aquifer and the surface water divide between the Goyt
and Wye river systems that drain to the northwest and
southeast respectively. The Monk’s Dale valley extends
north from the River Wye and is located 2km east of
Dove Holes at its closest point (where it is known locally
as Dam Dale, Figure 2). The monitoring of groundwater
levels at Dove Holes Quarry suggests an easterly to
north-easterly flow direction when groundwater levels
are low, but a general south-easterly flow during periods
of higher groundwater levels (CEMEX, 2012). The change
in flow direction may be indicative of the proximity to a
groundwater divide, but there are a number of factors
that could influence groundwater flow: a nearby railway
tunnel, the topographic influence of the nearby Dam
Dale valley and the influence of geological structure, i.e.
the south-easterly plunging Wormhill Syncline.
Observation of karst flow directions (Gunn, 1998)
support the picture of south-easterly flow. However,
Gunn (1998) notes that historical mining and associated
drainage networks has the greatest single influence on
groundwater flow in the northern and eastern parts of the
Derbyshire Dome.
Figure 3. Monk’s Dale fen looking south. Monk’s Dale stream
flows through the centre of the picture. The M10b mire community
flora are circled in red, springs issue to the fen from the west bank
(white arrow) and monitoring locations S1 (foreground) and S2
(background) are marked with yellow arrows.

aquifers to the hydrogeology of the Derbyshire Dome.
Aquifers referred to by Edmunds and other authors as
‘perched’ are present in Monk’s Dale where they appear
closely associated with a clay wayboard at the base of the
LMDLM. For the purpose of this paper these perched
aquifers are referred to herein as the ‘upper aquifer’ to
distinguish them locally from a deeper regional aquifer
that interacts directly with the Monk’s Dale stream and
from water contained within tufa deposits.
The Carboniferous Limestone aquifer of the
Derbyshire Dome is distinguished from other
Carboniferous karst of the UK by the depth of basement
and the surround of less permeable strata that in
combination result in ‘ponded karst’ (Gunn, 1998).
Regional hydrogeology is shaped by this setting and the
interplay of karst, geological structure and mining.
Gunn (1998) summarises the main natural influences
on groundwater flow as follows: The removal of
impermeable cover, which from the early Pleistocene
onwards has allowed episodic but extensive conduit
development; geological structure whereby groundwater
moves along the strike of preferential bedding planes and
is concentrated by fold structures; vertical discontinuities,
the primary function of which is to link cave levels rather
than facilitate lateral flow; lateral discontinuities, the most
influential of which are clay wayboards and lavas that
interrupt vertical movement of percolating water and
concentrate recharge at their margins; and finally,
limestone lithology, the more massive and fine grained
the more susceptible the limestone is to dissolution.
Edmunds (1971) cautiously presents groundwater
contours for the Derbyshire Dome which reflect the
drainage network showing groundwater flow in the

Karst
The extensive but largely dry drainage network is
indicative of a mature karst landscape (Gunn 2015; Banks
(personal communication, 2016), where groundwater
both discharges through conduits to the river network
and flows below dry valleys in localised and regional
flow systems.
Dolines and sink-holes provide the obvious
expression of a modern day karst system that has evolved
during the Late Pleistocene (1-2Ma) after the Namurian
sediments were removed (Ford et al., 1983).
Contemporaneous dissolution is indicated by infilled
palaeokarst at subaerially exposed surfaces (MacDonald
et al., 1984), which, as noted above are often associated
with volcanic ash deposits. The presence of karst
immediately below volcanic sequences has also been
attributed to stratigraphically controlled ‘inception
horizons’ (Lowe and Gunn, 1997 and Banks et al., 2009),
where a permeability contrast created the environment
for the genesis of karst in ancient groundwater flow
systems.
Hydrochemistry
Edmonds (1971) reported on the hydrochemistry of
the Derbyshire Dome with particular emphasis on the
trace element hydrochemistry as an aid to mineral
prospecting. Abesser and Smedley (2008) revisited the
work by Edmunds and complemented it with a more
extensive survey. The remainder of this section is taken
directly from that report unless indicated otherwise.
“The natural baseline chemistry of the groundwater in
the Derbyshire Dome is largely controlled by differences
in bedrock lithology and by the extensive mineralisation
that occurs in the area. The latter is responsible for the
increased concentrations of trace elements including F,
Ba, Ni, Pb, Zn, Mo and U in the groundwaters.”
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“The influence of bedrock lithology on the
groundwater composition is obvious from the dominance
of Ca-Mg-HCO3 waters, reflecting the prevalence of
limestone. Low concentrations of magnesium ions are
found in perched waters”, as observed in the Wormhill
Syncline, (Edmunds, 1971, Figure 2) “and indicative of
short residence times”. However, Edmunds (1971) notes
that perched waters tend to be a hybrid of limestone and
lava affected water and as such the limestone
characteristics tend to mask the influence of the volcanic
sequence on hydrochemistry. Christopher (1975)
demonstrated the use of potassium-sodium ratios as
indicators of residence time. As discussed later in this
paper, it is possible to identify distinct hydrochemical
groups of springs using magnesium, potassium and
sodium ratios.

focussed on the valley-side and valley-floor springs west
of the fen. Fen water levels, stream levels and stream
water quality have been monitored. Monitoring and
sample locations most relevant to this paper are shown
in Figure 4.
Routine monitoring has comprised:
•

A visual record of the location of the stream head as
it moves up and down the valley along the seasonal
reach to create ‘wetting and drying profiles’;

•

hydrochemical sampling and measurement of
hydrochemical field parameters at a wide range of
valleyside and valley bottom springs;

•

sampling and water level measurements at the
Environment Agency (EA) borehole located at the
head of Monk’s Dale valley, (Figure 3), although a
blockage prevents monitoring and sampling during
the summer when the groundwater level falls below
the blockage level;

•

manual and automatic flow measurements at spring
Sp15, which is equipped with a v-notch weir,
pressure transducer and data logger;

INVESTIGATIONS AND DATA COLLECTION
Routine water monitoring
CEMEX and Wardell Armstrong (WA) have undertaken
monitoring at Monk’s Dale approximately every two
weeks between April 2006 and April 2010 and
approximately monthly since May 2010. Monitoring has

Figure 4. The geology of the Study
Area as mapped by Aitkenhead et al.
(1985) with monitoring locations and
surface elevations. Note that the
LMDLM outcrop was re-mapped by the
authors (Figure 12).
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•

manual water levels in piezometers (P1, P4 and P5),
piezometers P4 and P5 are located at the northern
and southern edge of Monk’s Dale fen, respectively;

•

stream water levels at monitoring points S1 and S2;
and,

•

water quality sampling at monitoring point S1.

thickness of geological units (10’s of metres) and the
inherent inaccuracies involved in field mapping.
Consequently, LiDAR data were considered sufficiently
accurate to determine the elevation of geological
observations and the remainder of the springs, (Figure 4).

In addition, daily rainfall is recorded at Dove Holes
Quarry using a tipping bucket rain-gauge.
Tracer test
In addition to the routine water monitoring described,
a rudimentary tracer test was undertaken on the springs
located west of the fen at 225-240mAOD that issue from
below the mapped base of the LMDLM (a point that will
be discussed in the following section) and sink into the
tufa that is widespread across the valley-side. The test
was undertaken by the authors to establish whether there
was a connection between the valley-side springs and the
‘12-group’ of springs (Springs Sp12(a-f), though only
SP12 is shown on Figure 4), located in the valley-floor at
210mAOD, and by inference the fen.
A salt solution (1.6 kg of salt in 22 litres of water) was
added to flows from springs Sp15 and Sp16. Electrical
Conductivity (EC), temperature and depth were
monitored at spring Sp12c.

Geological mapping and geo-referencing
Detailed geological mapping was key to this study. In
the absence of solid outcrop, geological mapping relied
heavily on observations of field brash (geological debris
at surface), breaks in slope, changes in vegetation and
soil type and the relationship with surface drainage.
Approximately 90 locations were visited within an area of
three square kilometres.
To critically review the Monk’s Dale conceptual
hydrogeological model adopted from the Natural
England Area Profile (Natural England, 1993-1998) by
CEMEX (Wardell Armstrong, 2005) and updated six years
later by CEMEX (Wardell Armstrong, 2011), the authors
required confidence in the elevation of geological
observations and spring locations. A survey with
theodolite and staff was attempted by CEMEX but was
greatly hindered by vegetation and the steepness of the
slopes. However, a few spring locations at lower
elevations were surveyed (Table 2).
Geo-referencing of the geological observations was
made possible during this study by a combination of
hand-held GPS and publically available LiDAR data
(Environment Agency, 2016), technologies that offer a
great advantage over older mapping methods. The LiDAR
data is accurate to +/- 0.15m in the vertical, meaning that
the biggest vertical error would result from inaccuracy in
the eastings and northings, especially at higher elevations
where the terrain is steepest. Elevations extracted from
LiDAR were cross-checked with the surveyed locations.
The comparison highlights the difficulty in obtainin
representative and reproducible elevations in remote,
steep and vegetated terrain. However, the average
difference is not significant when compared to the

Table 2. Elevation survey cross check using the absolute differences
between LiDAR and theodolite data.

MONITORING RESULTS
Monitoring the migration of stream-head
Monk’s Dale stream is ephemeral meaning that the
stream source is at higher elevations (e.g. 250m AOD)
during winter and reduces during summer to an elevation
of approximately 200m AOD. The emergence and
submergence of Monk’s Dale stream was recorded on
each monitoring round. During winter the stream flows
in Peter Dale north of the EA borehole and an area of tuff
mapped by the BGS (Figures 2 and 4). In late summer the
stream is usually dry as far south as the fen and in
extremely dry summers the stream will dry out south of
a flat, typically saturated area underlain by the LMDLM
and referred to as the ‘Pond’ (Figure 5).
Headwater profiles are shown in Figure 5, the blue
hatching representing flowing sections of the stream and
white sections are indicative of a dry stream bed. The
stream wets up primarily as a result of point inputs from
springs, although the stream bed visibly wets as a result
of diffuse input between springs Sp25 and Sp4.
Conversely the stream typically loses water to the
underlying aquifer in summer between Springs Sp25 and
Sp4 as the water table falls. Certain springs flow all yearround and provide a perennial source of water to the
stream e.g. Sp4, Sp15 and Sp31a.
Hydrochemistry
Magnesium-potassium-sodium ratios were plotted on a
ternary diagram to examine the hydrochemical
differences between springs (Figure 6). Two distinct
groups are clearly visible. Group One includes springs
Sp2, Sp4, Sp5, Sp12, Sp14, Sp15, Sp16, Sp18 and Sp32
and is distinguished by relatively high potassium, high
sodium and low magnesium (Mg <3mg/L). Group Two
springs, Sp23, Sp23a, Sp24, Sp26, Sp31 and Sp31a are
located upstream of the fen and are distinguished by
relatively low potassium, low sodium and high
magnesium (Mg>3mg/L). The EA borehole and stream
monitoring point S1 overlap the two groups, presumably
because of upstream mixing.
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Figure 5. Monk’s Dale valley 2015-2016 stream-head survey results. The table is approximately scaled over two kilometres of the valley with
springs projected onto a line that follows the valley floor (flowing from left to right).

The elevation of a spring is not a controlling factor on
its hydrochemistry as might be expected if one group
corresponded to a perched water table. Springs Sp2, Sp4
and the ‘12-group’ of springs are close to the valley floor.
The ‘12-group’ of springs that comprises six springs that
issue directly to the fen on the western bank of Monk’s
Dale are represented by analytical results for springs
Sp12c and Sp12d in Figure 6. This collection of valley
floor springs is part of the same hydrochemical group
(Group One) that includes springs associated with the
lava high up on the valley-side.
Springs Sp2 and Sp4 issue a short distance upstream of
the fen, 2-3m above the streambed, in an apparently
similar setting to spring Sp23 that is located on the
opposite side of Monk’s Dale stream, but which falls in a
different hydrochemical group.

Hydrochemical ratios may be read from a ternary
diagram. The ratio of magnesium to sodium is
approximately 1:1 for Group Two springs but closer to
1:4 for Group One springs. The potassium to sodium
ratio is approximately 1:10 for Group Two springs and
1:5 for Group One springs. These three elements were
selected because of the insight they provide as indicators
of groundwater residence time (Edmunds, 1971 and
Christopher, 1975). Magnesium concentrations increase
with residence time (as does the magnesium to sodium
ratio) because incongruent carbonate reactions release
proportionally more magnesium into groundwater
(Edmunds and Brewerton, 1997). Potassium is more
strongly adsorbed by clay minerals than sodium,
therefore, the greater the groundwater residence time,
the less potassium in the system and the lower the ratio
of potassium to sodium ratio (Christopher, 1975).

Figure 6. Ternary diagram showing relative concentrations of magnesium, potassium and sodium sampled at various springs, the EA
borehole (EABH) and Monk’s Dale stream (S1) between 2006 and 2016. Group One springs are shown in green and Group Two in blue.
The EABH and S1 are shown in orange. (See Figure 4 for spring and sampling locations.)
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Spring Sp15 Flow
Hydrograph analysis
A number of springs issue approximately 25m above
the fen on the western bank of Monk’s Dale (Figure 4).
Springs Sp14, Sp15, Sp16, Sp17 and Sp18 all form springbrooks that drain towards the fen and the ‘12-group’ of
springs in the valley floor. Spring Sp15 flows all year and
has the highest flow rate of these elevated western bank
springs. Flow is measured at spring Sp15 using a v-notch
weir equipped with a pressure transducer (Figure 7).
Flow over the v-notch is measured every monitoring
round and the level data from the pressure transducer is
converted to a continuous record of flow (Figure 8) using
a level-discharge relationship.
The v-notch has been operational since May 2012 and
the discharge calculated from the pressure transducer
data generally matches measured flow very closely.
There have, however, been some periods of time when
the clay lining has failed and the v-notch has leaked or
the pressure transducer has failed, for example in July
and December 2015, and April 2016, when the data does
not match (Figure 8).
Figure 8 shows the flow-record for spring Sp15 and 5day average rainfall for the hydrometric years September
2014 to September 2016. This is a hydrometrically
interesting period due to the very dry summer and
autumn in 2015, the wet winter of 2015-16 (December
2015 was the wettest on record) and the heavy rain in
June 2016. The following observations can be made:
•

flow in spring Sp15 is maintained year round;

•

the increase in spring-flow is dramatic and almost
instantaneous in response to winter rainfall; however,

•

there is generally a very subdued and delayed
response to summer rainfall.

The springs ‘flashy’ response to winter rains suggests
rapid flow through wider aperture fractures and conduits.
The subdued and delayed response to summer rainfall
suggests a reduction in recharge due to higher
evaporation and an increase in the soil moisture deficit,
and the continued flow during summer indicates
drainage from storage.

Figure 7. Spring Sp15 v-notch weir and transducer.

Catchment area calculation
For a given time period the catchment area of a spring
may be estimated from its discharge rate and an estimate
of the rate of recharge. Initially rainfall recharge will
create an increase in aquifer storage and the water table
will rise. This increase in groundwater pressure upcatchment will lead to an increase in flow at the spring.
With time the hydraulic gradient will reduce and the
water table will fall close to a long term minimum as the
pulse of recharge flushes through the system.
The rate of this rise and recession of the water table
are dependent on the timing and intensity of rainfall and
the antecedent conditions in the soil zone and aquifer.
The calculation of catchment area should take account of
this. On an annual basis the majority of winter recharge
has left the system and a new recharge season begins in
late summer or early autumn when groundwater levels
are at a minimum. In flashy or small catchments, shorter
‘event-based’ time periods could also be used.

Figure 8. Spring flow at spring Sp15 and 5-day average rainfall at Dove Holes Quarry; September 2014 to September 2016.
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The calculation was applied to the spring Sp15 data as
follows:
Catchment area =

Spring discharge
Catchment recharge

Where:
Spring discharge = Flow rate at spring Sp15 for a given
time period (L3.T-1)
Catchment recharge = Met Office Rainfall and Evapotranspiration Calculation System (MORECS) 30-year
average estimate of recharge derived from rainfall and
actual evaporation for the Buxton area (L1.T-1)
Catchment area = The area of land surface upstream
of the spring contributing to flow (L2)

Applying the approach above to the annual flow data
available (2013-2016), the calculated catchment area is
0.07km2. However, this is an underestimate due to gaps
in spring Sp15 flow data. A smaller time period can be
applied to overcome this issue and provide an upperestimate of catchment area. Although not completely
accurate, because recharge will not exactly equal
discharge, a month by month area calculation for the
4-year period yields a mean average catchment area of
0.21km2 (range: 0.001-3.77km2 for months with effective
rainfall). This reduces to an average catchment area of
0.09km2 (range: 0.003-0.82km2) if catchment recharge is
calculated from a combination of the Dove Holes Quarry
rain gauge and MORECS actual evaporation data.
Monthly calculations almost certainly produce an overestimate because catchment areas calculated during
periods of low recharge are very sensitive to changes in
spring flow, e.g. higher flows in summer months can
yield large apparent catchment areas.
The approach above over-simplifies catchment
dynamics in karst terrain where the catchment shape is
likely to be irregular and smaller than calculated with
recharge focussed locally rather than evenly distributed.
However, given the generally subdued response to
summer rainfall at spring Sp15, the spring appears to
derive water from infiltration through the unsaturated
zone rather than bypassing it. On this basis recharge is
relatively evenly distributed and an average catchment
area in the region of 0.1km2 to 0.2km2 is considered to be
valid, albeit slightly over estimated.

Fen piezometry
Piezometers P4 and P5 are located 90m apart upstream
and downstream of the fen respectively (Figure 4) and
adjacent to stream monitoring points S1 and S2. Tenyears of monitoring (Figure 9) show that groundwater
levels in Monk’s Dale fen are always above the adjacent
stream water level (stage). While the hydraulic gradient is
always towards the stream from the respective
piezometer, there is also a 1m head gradient between
piezometers P4 and P5 indicating the potential for a
component of flow within the sands and gravels of the
fen oblique to the stream.
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There is a general pattern of winter peaks and summer
lows in both fen and stream water levels. Notable
exceptions coincided with heavy summer rainfall in July
2007, June to August 2012, May 2015 and June 2016. The
fen water level is more responsive than the stream to
these events. There is virtually no run-off in the limestone
terrain during summer months and the only significant
input to the fen is from springs.
Missing data relates to periods when the water level
has fallen below the base of piezometers or below the
streambed. The time-series for piezometer P4, which is
upstream of spring inflows to the fen, contains the most
missing data: there were 30 occasions over ten years
when it was not possible to record a water level,
compared to 13 at piezometer P5, 15 at S1 and 14 at S2.
Piezometer P4 has been silting up steadily and this may
have contributed to the increase in frequency of ‘nil
returns’. However, judging by adjacent measurements it
appears that many of the data gaps are above the
piezometer’s base and coincide with periods when the
stream was dry at S1. The implication being that the ‘12group’ of springs = maintain water levels in the fen (P5)
when the regional water level falls below the level of the
stream (S1), (Figure 4).
When considered with the stream head information
presented in Figure 5, where in October 2015 the stream
was dry at S1 (upstream of the ‘12-group’ of springs), but
wet at S2 (downstream of the ‘12-group’ of springs), the
relative dryness at P4 (upstream) compared to P5
(downstream) provides further evidence of the role that
the valley-side springs such as Sp15 play in maintaining
water levels in, and groundwater flow through the fen.
The 10-year record of water levels provides an
excellent data set against which to study the potential
impacts of dewatering. The range in water levels has not
changed significantly since 2006, albeit there was a threeyear period, 2012 to 2014, when maximum water levels
in the fen were higher than at any other time in the
monitoring period.
The long-term stability of the fen water balance is
confirmed through observation of the hydraulic gradient
between the fen and the stream at monitoring locations
P5 and S2 (Figure 10). It seems reasonable to assume that
any decrease in groundwater input to the fen would lead
to a decrease or reversal in the hydraulic gradient and
that the stream would begin to dominate the water
balance of the fen. By comparing selected years from the
start and end of the monitoring period, Figure 10 shows
the consistency in the relationship between the hydraulic
gradient and stream stage. The hydraulic gradient
typically reduces during winter or following heavy
rainfall events as the stream rises. Although the analysis
does not consider antecedent conditions or groundwater
storage, it demonstrates that water flux through the fen is
similar now to what it was in 2006.
Valley-side tracer test
The results presented so far confirm the resilience of
the fen water balance and its dependence on inputs from
valley-side springs. Headwater surveys (Figure 5) show
that although flow is maintained year-round at spring Sp4
it is not sufficient to sustain stream flow downstream to
the fen. Spring Sp15 also flows all year round and is

Geological controls on the hydrology of an alkaline fen: Evidence from groundwater monitoring, tracer tests and field mapping

Figure 9. Water elevations in fen piezometers (P4 and P5) and at adjacent stream monitoring locations S1 and S2 shown
against 5-day average rainfall. Piezometer P4 has been progressively silting-up, the basal elevation is shown for comparison
with P4 water levels. The small horizontal bars indicate periods when P4 dried out but the fen (at P5) and stream (at S2) did
not. The arrows indicate significant summer rainfall events that interrupted the summer recession.

Figure 10. The hydraulic gradient between fen Piezometer P5 and the stream at S2 plotted against stream stage at S2 for
hydrometric years between 2006 and 2016.
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located a short distance up the valley-side west of spring
Sp12. The sodium, potassium and magnesium ratios of
springs Sp15 and Sp12 (in fact all of the ’12-group’ of
springs that border the fen) are also very similar (Figure
6) suggesting that there is a connection between Sp15
and Sp12 that maintains water levels within the fen.
The tracer test undertaken on the 11th November 2011
involved releasing a salt solution into spring Sp15 at
09:11 and Sp16 at 09:15. The result suggests a possible
breakthrough at spring Sp12c at 10:45 with a peak at
12:15 (Figure 11). Whilst the response observed is less
than the natural variations in EC recorded at spring Sp12c
over a longer period, the shape of the curve is indicative
of a breakthrough curve; a steep rise followed by a more
gradual recession.
The breakthrough indicates a Darcy velocity of
554m/d and a hydraulic conductivity (K) of 1,832m/d
suggesting fissures link the valley-side springs and spring
Sp12c. However, mass balance analysis indicated that
only a relatively small percentage of the NaCl tracer
added to Sp15 and Sp16 was recovered at Sp12c. Of the
1.6kg NaCl added only 38g was recovered at Sp12c. This
represents 2.4% of the combined mass added to Sp15 and
Sp16 suggesting alternative discharge routes for the
valley side stream-sinks.
More recent tracer testing by Professor John Gunn
using fluorescent dyes sodium fluorescein and
rhodamine WT has confirmed a connection between
spring Sp15 and the ‘12-group’ of Springs, albeit with
slower Darcy velocities (Gunn, personal communication,
2016).

RESULTS OF GEOLOGICAL MAPPING
The conceptual model described by the Natural England
Area Profile (Natural England, 1993-1998) and originally
adopted by CEMEX and Wardell Armstrong describes a
‘perched’ aquifer draining from the lava sequence
towards the fen. There are two fundamental problems
with this interpretation: when plotted on the geological
map (British Geological Survey, 1978); the valley-side
springs (e.g. Sp15) west of the fen are located below the
base of the LMDLM; and, the bedrock geology between
the lava and the valley floor is permeable.
The primary aim of field mapping was to establish the
base of the volcanic sequence. Also identified were
geological structures, primary joint orientations, tufa and
karst. The field observations can be split into three
regions, the Northern, Central and Southern areas (Figure
12).
Northern area
North of Monk’s Dale Cave (MDC) is an area of mapped
faults where Monk’s Dale stream changes direction to
flow south past the fen (Figure 12). The stream
commonly dries out upstream of this area. One fault in
particular is likely to link valley-side springs (Sp32a –
Sp32d) that flow all year around and springs closer to the
valley floor (Sp2 and Sp4). Both are in the Group One
collection of springs with very similar hydrochemistries.
The same fault can be traced across the stream through
the area of Sp23.

Figure 11. Graph showing the salt tracer breakthrough at spring Sp12c.
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Figure 12. The results of the geological mapping, which allow the hydrogeological setting of Monk’s Dale fen to be described by three distinct
areas.

The association between springs and the volcanic
sequence is clearest in the area around springs Sp32aSp32d. Lava boulders are strewn across the ground. A
number of the springs can be observed issuing directly
below an outcrop of lava. However, the spring-brooks
that form are short-lived. Infiltration occurs very rapidly
across an apron of dark soil and hummocky tufa.
Central area
In places the tufa can be observed above the present-day
spring line overlapping the LMDLM. The lower contact of
the lava has been inferred by a concave break in slope
(Figure 12) and constrained by field brash observed in
badger sets and within the roots of fallen trees. Springs
that issue from this apron of land at the base of the lava
include Sp14, Sp15 and Sp16, which are crucial for the
supply of water to Monk’s Dale fen.
The upper contact of the lava is clearly visible on the
western slope at four prominent outcrops each 1-2m in
height (Figure 12 convex break in slope, and Figure 13).
These outcrops fix the upper contact at an elevation of
approximately 260 to 265m AOD, 5-10m below that
mapped by the BGS (Figure 4). A maximum thickness of
lava (30m) puts the base of lava approximately 230 to
235mAOD very close to Sp15 and Sp16 (Figure 12).
One of the prominent lava outcrops is faulted against
limestone at the entrance to MDC (Figure 12). To the

north of the cave the limestone is down-thrown. The
fault, which was not mapped by the British Geological
Survey (1978), has an orientation of approximately 040°
parallel to the stream to the east. Recent tracer tests by
Professor John Gunn proved a very fast connection
between MDC and the ‘12-group’ of springs at the fen
(Gunn, personal communication, 2016).
Southern area
A second fault is inferred by the authors from a combination
of map evidence (British Geological Survey, 1978) and
field observations to pass just west of spring Sp18
through the fen at an orientation of approximately 040°:
•

south of Monk’s Dale a mineralised fault is orientated
towards the fen (a fault in Monk’s Dale could be an
extension of this fault);

•

the apparent thickening of the lava mapped in this
area (Figures 4 and 12) is not explained by a change
in the dip of the lava (and is likely to be due to
displacement of the lava);

•

the upper lava outcrop southwest of the fen (up
slope and west of spring Sp18 and Sp19) is at a lower
than expected elevation (presumably because it is
displaced by the fault); and,

•

the margins of a fault zone can be observed in
buttresses on the opposite side of the stream (Figure
12, ‘fault with shearing’ located in the central area).
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Figure 13. A typical outcrop of the LMDLM lava close to its upper contact with the overlying MDLM limestone.

Figure 14 shows the prominent karst features observed
below the LMDLM between spring Sp19 and the fen and
south of the inferred fault described above (Figure 12).
This may be the palaeokarst horizon described by Banks
et al. (2009) at the base of the LMDLM. The karst is
exposed near the valley floor by the fault. Elsewhere in
the valley north of the inferred fault the same horizon
would be at higher elevations where it is likely to
coincide with valley-side springs (e.g. spring Sp15) or be
hidden behind tufa. The karst shown in Figure 14 is
presumably dry because groundwater is intercepted by
an overlying clay wayboard, e.g. to issue at spring Sp19.

shows that the LMDLM is actually up to 10m lower than
the outcrop mapped by the BGS. The base of the lava is
associated with both dry and flowing karst, (refer to
Figure 14 and spring Sp15), respectively.

DISCUSSION
The results of the hydrochemical sampling, the tracer
testing and the geological mapping suggest that there are
two principal pathways from the upper aquifer to the fen;
•

groundwater captured at the base of the volcanic
sequence will drain via faults before discharging to
the valley floor; and,

•

water issuing from valley-side springs flows overland
and then sinks into tufa before re-emerging in the
valley floor.

Summary of field mapping
With reference to Figure 12, three sub-areas are defined:
Northern, Central and Southern. The Central area
contains the majority of springs, tufa and the fen, it is also
located between two conspicuous bends in Monk’s Dale
Valley that appear to be related to cross-cutting faults.
A comparison of the outcrop pattern mapped by
Aitkenhead (1985), with the breaks in slope and
limestone outcrop mapped by the authors, (Figure 12),
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These processes are reviewed in the context of the
conceptual model, implications for the fen water balance
and aquifer stream interaction in the following
discussion.
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Figure 14. Photos of vertical karst in the limestone outcrop (left hand side) and tubules with apertures of approximately 50 to 150mm (right
hand side) located immediately east of spring Sp18.

Implications of geological observations for the
conceptual model
The original conceptual model explained the presence
of alkaline fens by the presence of lavas and low
permeability volcanic ash deposits. The ash deposits
caused water perching above them in the lava sequence
to discharge to the alkaline fens. In the case of Monk’s
Dale, the original conceptual model was a simplification.
According to BGS mapping the base of the LMDLM was
35m above the fen and 10m above the highest spring.
Field mapping supported by improved georeferencing technology and the use of a digital terrain
model has established that the lower contact of the lava
is up to 10m lower than previously mapped and
therefore close to the upper spring-line. The presence of
volcanic ash deposits is indicated by the dark clay-rich
soils observed below the lava and in borehole records
from the wider area. However, borehole records, the
literature and field mapping also identify karst at the base
of the LMDLM lava. The karst appears, locally at least, to
be under-draining an upper aquifer that forms within the
LMDLM and focussing discharge near the centre of the
Wormhill Syncline.

made up of a chaotic network of flow paths. The fact that
so much water sinks from spring brooks into the tufa
demonstrates its ability to store and conduct water. The
tufa is, therefore, a permeable storage medium that
covers much of the lower slopes and moderates the
connection between the upper aquifer and the fen.
Figure 15 illustrates the hydrological conditions west
of the fen where an upper aquifer associated with the
LMDLM and perched on a basal clay wayboard drains via
karst and tufa to the fen and eventually the stream. The
regional aquifer is approximately 25m below the base of
the upper aquifer and interacts directly with the stream as
the water table rises and falls seasonally.

Faulting, indicated in plan view in Figure 12, serves to
link the upper aquifer and the valley floor or regional
aquifer in certain locations: probable connections include
spring Sp32 and Sp2/Sp4, Sp17 and the fen, and MDC
and the fen (the latter connection was proved in recent
tracer tests, Gunn personal communication, 2016). But
there is also a pathway between the upper aquifer and
the fen through a secondary aquifer, the tufa.
The lower slopes west of the fen are covered in tufa
that has formed from the degassing of carbon dioxide
and the precipitation of calcium carbonate from oversaturated groundwater. This process has been ongoing
since before the last ice age (Banks et al., 2012) and
presumably ever since the springs have been discharging.
Calcium carbonate cement itself is very poorly
permeable but fragments of tufa show that the tufa is

Figure 15. Schematic showing the relationship between the upper
and regional aquifers. The upper aquifer, which sits within the
LMDLM on the basal clay wayboard and potentially interacts with
underlying karst, issues at the valley side approximately 25m above
Monk’s Dale fen. The tufa forms an intermediate permeable blanket
across the lower slopes, moderating the connection between the
upper aquifer and the fen.
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The fen water balance and catchment area
A rudimentary tracer test and basic hydrochemical
analysis have demonstrated a connection between valleyside springs, the valley floor springs (e.g. Sp4 and the ‘12group’ of springs) and the stream. It is clear from the fen
piezometry and the hydrochemistry that the upper
aquifer and springs associated with the volcanic
sequence are critical to the maintenance of the fen water
balance.
What is also clear is that the water balance of the fen
has not been impacted by dewatering at Dove Holes
Quarry during the 10 year study. The very small
groundwater catchment estimated for spring Sp15
supports this observation. The Quarry is 5km away and
the average catchment size for the spring was calculated
conservatively to be 0.1-0.2km2, depending on the data
used to calculate recharge.
The annual average discharge from spring Sp15 is
approximately 1l/s. Even if each of the five springs (Sp14,
Sp15, Sp16, Sp17 and Sp18) that issue from the upper
aquifer west of the fen flowed at the same rate, i.e. 5l/s
total discharge, then the maximum combined
groundwater catchment would be approximately 1km2.
However, all of the valley side springs associated with the
upper aquifer dry out in the summer months, except
Sp15. The ‘summer’ catchment of the fen is, therefore,
likely to be much closer to 0.2km2 than 1km2.
Calculating the size and extent of the fen’s
groundwater catchment and developing a detailed water
balance requires further work, specifically:
•

calculating the groundwater flux through the fen.
For example, flow accretion in the stream could be
measured adjacent to the fen and corrected for
overland flow;

•

defining the catchment shape. This will never be
known with certainty but it may be constrained by a
more detailed understanding of the geological
structure.

•

determining the relative contributions from different
groundwater sources. This is a function of the nature
of the aquifer - stream interaction and the fen water
balance. Further hydrochemical analysis and tracer
testing may be required to better define flow paths
through the fen and groundwater residence times.

the volcanic sequence (the upper aquifer) have a
different hydrochemical signature to valley floor springs
associated with the regional aquifer. The basic
hydrochemical analysis presented indicates that
groundwater in the upper aquifer associated with the
volcanic sequence has a relatively short residence time.
Furthermore, spring flow and MORECS climate data show
the spring catchments are less than 0.2km2.
The persistence of drainage from one of the upper
aquifer springs, spring Sp15, is somewhat at odds with
the small catchment area and short residence times
indicated by this study. While Monk’s Dale stream may
stop flowing up and downstream of the fen, water levels
within the fen are sustained by the upper aquifer. Indeed,
a major reason for the fen habitat is the source of
groundwater storage that drains steadily during summer
months. Flows from spring Sp15 demonstrate that the
upper aquifer has significant storage locally. Tracer test
work (Gunn, unpublished) indicates that there is also a
component of storage in the valley side tufa.
Perched aquifers associated with volcanic sequences
provide important water resources for ecological habitats
and may also serve an important role in sustaining
groundwater resources in the wider aquifer through
delayed and perennial drainage and through their
influence on groundwater and surface water interaction.
Although dewatering started at Dove Holes Quarry
before monitoring commenced at Monk’s Dale, an
integrated programme of hydrogeological monitoring
implemented by CEMEX has demonstrated that a stable
hydrological system prevails at the fen. The monitoring
has also generated a very solid baseline and hydrological
insight against which future quarry plans can be judged.
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CONCLUSIONS
A variety of techniques have been used to monitor and
improve our understanding of the hydrogeology of
Monk’s Dale fen. Detailed geological mapping using
modern geo-referencing methods was required to
complement and inform the hydrochemical surveys that
had previously distinguished two groups of springs. The
mapping placed the base of the volcanic sequence
significantly lower than that mapped by the BGS and
identified faults, karst and tufa, all of which are important
components of the local groundwater system.
As early as 1971 Edmunds identified a perched
volcanic aquifer in the area around Wormhill. This study
has shown that springs issuing from close to the base of
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