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Abstract: Despite having limited cave development, the UK Permian, Jurassic and Cretaceous carbonates have standard karst
features — caves, stream sinks, dolines, springs, dry valleys, and solutional networks of fissures and conduits extending multiple
kilometres. This paper provides a new discussion and comparison of these karst aquifers, demonstrating that significant karst
features are widespread. Tracer tests in the Chalk and Jurassic limestones demonstrate flows of thousands of metres per day from
the surface to a spring or abstraction over many kilometres, comparable to results from karst aquifers with substantial cave
systems, such as the UK Carboniferous limestones. They are less vulnerable in terms of having less cave development and a
lower proportion of rapid point recharge, with greater attenuation via flow through smaller voids. However, the combination of
long-distance transport via karstic networks and long-term storage of contaminants in smaller voids may make contaminant
management particularly challenging. Karst development and the proportion of rapid recharge vary substantially at different
spatial scales. Therefore, better groundwater conceptual models incorporating karst data at the local catchment scale, together
with further investigations (tracer tests, borehole studies, water balance) are needed. Groundwater management and protection
require the use of methods appropriate to the karstic nature of these aquifers.

Supplementary material: A table detailing indicators of karst in the 17 different areas of the Chalk, Jurassic and Permian
limestones of England, and a map showing the locations of these areas are available at https:/doi.org/10.6084/m9.figshare.c.

8551882
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Karst occurs in all soluble rocks and produces particular geomorpho-
logical features and aquifer characteristics (Ford and Williams 2007).
Karst aquifers are those in which permeability is enhanced by the
solutional enlargement of primary fractures, stratigraphical discon-
tinuities, and faults to form networks of solutional fissures and
conduits (Ford and Williams 2007; Worthington and Ford 2009). The
term ‘conduit’ is used here for solutional voids (often circular or
elliptical in shape), which are termed ‘caves’ when large enough to
enter. The term ‘karst network’ is used to describe subsurface
solutional networks made up of some combination of fissures,
conduits and caves. Karst aquifers have rapid groundwater flow, long
distance pollutant transport, extreme heterogeneity, and high vulner-
ability to pollution (Kacaroglu 1999; Gunn 2007). They are complex
aquifers with triple porosity in which the three components (rock
matrix, unmodified fractures, and solutional conduits/fissures) have
substantially different flow velocities and storage properties
(Worthington 1999).

Groundwater management and protection of karst aquifers is
particularly challenging because karstic conduit networks are
complex (Atkinson 1977; Perrin and Luetscher 2008; Gunn
2017), making catchment delineation difficult (Gunn 2007;
Environment Agency 2019; Maurice and Ascott 2021; Maurice
et al. 2023a). Adjacent springs can have different groundwater
catchment areas (e.g. Atkinson 1977); flow paths can change
dramatically under high and low groundwater level conditions
(Ravbar 2013), groundwater flow can move across topographical
catchments (Le Mesnil ef al. 2020a, b), and there can be preferential
flow in different parts of the geological sequence (Maurice and
Guilford 2011; Marsili et al. 2023). Groundwater modelling is
especially challenging in karst (Jeannin ez al. 2021).

Karst is extensive in the UK and comprises carbonate, gypsum
and salt (Fig. 1a), with the focus of'this paper on the carbonate karst.

Karst can occur on different scales reflected by the size of the
surface and subsurface solutional features. The UK carbonate karst
aquifers are particularly informative as they are developed in diverse
lithologies and geomorphological settings and thus display a wide
range of karst types (Atkinson and Smart 1981). The highly karstic
Paleozoic Carboniferous-aged limestones form major cave systems
and large-scale, well-developed karst features in England, Wales
and Northern Ireland (Waltham ez al. 1997). In contrast, the younger
Permian, Jurassic and Cretaceous carbonates form karst aquifers in
which caves are usually poorly developed, and surface karst features
are smaller. Although karst in these aquifers has long been
documented (e.g. Harold 1937), they are often not considered
karstic in hydrogeological studies. This may be due to a lack of karst
data and conceptual understanding.

Hydrogeological evidence for karst and data on karst features in
the Cretaceous, Jurassic and Permian carbonate rocks in England
were collated. The outcrops were divided into 17 areas, their
distribution primarily based on geology, but also geomorphology
and location. The Upper Cretaceous Chalk outcrop was divided into
nine areas, the diverse Jurassic limestones into six areas, whilst the
Permian dolomitic limestones were divided into the northern and
southern part of the outcrop (Table 1, Fig. 1b). Karst reports,
produced by the British Geological Survey, provide information for
hydrogeologists and other interested parties on known stream sinks,
dolines, caves/conduits, and springs, and include maps showing the
distribution of karst features (Maurice ef al. 2020, 2022a, b, c,
2023b, ¢, d, 2024a, b; Matthewson et al. 2021, 2022). They also
present information on tracer tests, and other hydrogeological
evidence of karst. Karst data were collated by desk study using
information from geological maps and survey data, published
reports, papers and other academic studies, and more informal
‘grey’ literature from the caving community, together with
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Fig. 1. (a) Distribution of karst in England, Scotland and Wales. (b) Karst areas for the Cretaceous Chalk (green), the Jurassic (orange) and Permian (blue)
carbonates of England. Source: contains OS data © Crown copyright and database rights 2026.

information from water companies, regulators and other third parties
through knowledge exchange. The distribution of data reflects
where studies have been undertaken, therefore areas where karst
features are absent may reflect a lack of field survey data or relevant
hydrogeological studies, rather than actual lack of karst features.
This paper summarizes the main findings from this work, providing
an overview of the Chalk, Jurassic and Permian carbonate karst,
compares them, and considers the implications for groundwater
management and protection. The focus is on UK karst aquifers, but
the principles are relevant to all karst aquifers, especially those with
limited cave development.

Karst in the Upper Cretaceous Chalk aquifer

The English Chalk is perhaps the ‘type’ example of a karstic
carbonate aquifer with limited cave development. Karst features and
rapid karstic flow have long been documented (Richards and
Brincker 1908; Harold 1937). Several studies discuss the evidence
for Chalk karst in England (Edmonds 1983, 2008a; MacDonald
et al. 1998; Maurice et al. 2006, 2023a; Farrant et al. 2023; Foley
and Worthington 2023). Karst is also well documented in Chalk in
France (El Janyani et al. 2014; Ballesteros et al. 2020), and in
Northern Ireland where it is confined by Paleogene basalts and has
much higher cementation (Barnes 1999). Here, the karst character-
istics of the different areas of the English Chalk are outlined.

Chalk—Paleogene-dominated karst areas of southern
England

In southern England, high densities of stream sinks are recorded
where runoff from the overlying low permeability Paleogene

Reading Formation clay sinks into the Chalk. This predominantly
occurs in the C4 (Maurice et al. 2020), C5 (Maurice et al. 2023b),
C6 (Mathewson et al. 2021), C7 (Maurice et al. 2022b), and C8
areas (see Fig. 1b for area locations). These areas therefore have a
common karst setting and are considered together. Examples of
high densities of stream sinks in the Chilterns to the NW of
London (C4 area) are shown in Figure 2a. Most stream sinks are
small, often ephemeral features but some provide substantial flows
(>10 157" to the aquifer. The largest stream sink complex at Water
End in Hertfordshire [NGR 523097 204340] has inflows of up to
10001s~! before overflowing (Walsh and Ockenden 1982).
Streams feeding Chalk karst stream sinks often have flashy
responses to rainfall (in part due to field drains) and following
significant precipitation they collectively contribute substantially
to aquifer recharge. Rapid recharge has also been observed
through large and rapid borehole groundwater level responses to
precipitation (Lee et al. 2006).

Short karst caves have occasionally been explored beneath stream
sinks, but most have been exposed by coastal erosion, notably along
the Sussex and Kent coasts (C6 and C7 areas). At 354 m, Beachy
Head Cave [NGR 557807 095266] is the longest known Chalk cave
in England (Farrant ef al. 2021; Reeve 2021). Short caves have also
been intersected in quarries and adits across the outcrop. Throughout
the five areas solutional fissures and conduits are apparent in borehole
image logs, quarries and outcrops (e.g. Fig. 2b). Many caves and
smaller conduits/fissures are developed on stratigraphical discon-
tinuities, in particular sheet flints, marl seams and hardgrounds
(Farrant et al. 2021, 2023) and locally joints and faults. Together they
form integrated stratigraphically guided conduit networks.

Dolines are locally present, especially associated with stream
sinks and in areas with a thin, permeable cover. The greatest
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Table 1. Karst areas in the Chalk, Jurassic and Permian aquifers of England

Area

Aquifer

Region

Report reference

Cl1
C2
C3
C4
Cs
Co
C7
C8
C9
J1
12
13
J4
J5
J6
Pl
P2

Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Cretaceous Chalk Group
Upper Jurassic Corallian Group
Middle Jurassic Inferior Oolite Group

Middle Jurassic Great & Inferior Oolite groups

Upper Jurassic Portland and Purbeck groups
Upper Jurassic Corallian Group

Lower Jurassic Lias Group*

Upper Permian Zechstein Group

Upper Permian Zechstein Group

Yorkshire Wolds

Lincolnshire Wolds

East Anglia

Chilterns, Berkshire & Marlborough Downs
Wessex Basin (Hampshire)

North Downs

South Downs

Dorset

Isle of Wight

North York Moors

Central England (Lincolnshire)
Southern England (Cotswolds-Dorset)
Southern England

Southern England

SW England

Northern Permian outcrop

Southern Permian outcrop

In progress

Maurice et al. (2023c¢)
Maurice et al. (2020)
Maurice et al. (2023b)
Mathewson et al. (2021)
Maurice et al. (2022b)

Maurice et al. (2022c¢)
Maurice et al. (2022a)
Mathewson et al. (2022)
Maurice et al. (2023d)

Maurice et al. (2024a)
Maurice et al. (2024b)

*The Lower Jurassic Lias Group outcrop within the general area shown on the map.

densities occur on the Dorset heathlands in the southwestern
part of the Chalk outcrop (C8 area). Here large suffosion dolines
occur usually associated with permeable sandy deposits overly-
ing the Chalk; the largest being Culpeppers Dish [NGR 381410
092550] with a diameter of 86 m and a depth of 21 m (Sperling
et al. 1977; Waltham et al. 1997). Other areas with significant
concentrations of dolines include Burnham Beeches near Slough
(Fig. 2a) and parts of Hertfordshire in the Chilterns (C4 area).
However, most surface depressions on the Chalk are old chalk
pits, dug for agricultural purposes to improve clay-rich acidic
soils. Buried dolines, sometimes known as dissolution pipes,
infilled with clay, sand and gravel are almost ubiquitous beneath
the Clay-with-Flints and river terrace deposits. These can be up to
~10m deep and several metres across, but with no surface
expression. In some areas, they coalesce to form very irregular
rockhead prone to subsidence (Lamont-Black and Mortimore
1999).

These areas also have many large springs with flows of
>1001s~!, indicating concentrated karstic flow. The largest are
the Bedhampton and Havant springs (C7 area), with a discharge
of more than 1000 1 s~!. They have been designated as among the
globally Most Important Karst Aquifer Springs (MIKAS, https:/
mikasproject.org/mikas-list/, accessed 2025). Chalk streams
often display winterbourne behaviour, with reactivation of
ephemeral springs a long way upstream of perennial
springs (Whitaker et al. 1910; Allen and Crane 2019). Streams
can also have complex flow accretion profiles with dry sections
downstream of sink points, and karst estavelles (Hopson et al.
2006; Allen and Crane 2019; see discussion in Maurice et al.
2023b).

Where tracer tests have been conducted from stream sinks,
they have commonly demonstrated very rapid groundwater flows
of thousands of metres per day over distances of thousands of
metres to springs and borehole abstractions (e.g. Harold 1937;
Atkinson and Smith 1974; Banks et al. 1995; Maurice et al.
2006; Matthews et al. 2024). No tracer tests have been
conducted from karst features in Dorset (C8 area), but a tracer
test from a borehole to a spring indicated a groundwater velocity
of ~100 m/day over ~400 m (Alexander 1981; Macdonald ez al.
1998). Recently, work on nitrate responses to precipitation in a
Dorset catchment also suggested groundwater velocities of
~100 m/day (Worthington 2024). Overall, these five Chalk
areas (C4, C5, C6, C7 and C8) have strong evidence for karst.

The East Anglia karst

In the East Anglia C3 area (Maurice et al. 2023¢), the Paleogene is
present only in the southernmost part of the area, where high
densities of stream sinks are present, and karst is similar to that
described for the Chalk of southern England above. Much of the
area is impacted by glaciation and the Chalk outcrop is largely
covered by extensive low permeability till deposits which limit
recharge where they are thick. Small diffuse stream sinks or
streams with losing reaches commonly occur along the boundary
between low permeability till deposits and the Chalk. These are
typically less well developed than sinks at the edge of the
Paleogene outcrop but significantly influence recharge. Under
high discharge conditions, these immature sinks are often
overwhelmed, and water continues via ephemeral overflow
channels to the main rivers.

Despite the extensive till deposits, there is a surprising amount
of evidence for karst in the C3 area. There are caves and conduits
exposed in coastal cliffs, widespread palacokarst, some dolines,
and some spring flows >200 1 s~!. Pumping tests demonstrate
high transmissivities (frequently >1000 m?/day, occasionally
>10 000 m?/day); and tracer tests demonstrate rapid flows of 14 to
> 3800 m/day over distances ranging from 44 to 1650 m, with
tracer recoveries varying from 0.05 to 100% (Ward et al. 1998).

The Isle of Wight

The Isle of Wight (C9 area, Maurice et al. 2022¢) has the least
evidence of karst. Although the Paleogene is present, the steep
dip and local topography is such that drainage from the Paleogene
outcrop does not flow onto the Chalk. Therefore, the high
densities of stream sinks seen along this geological boundary in
other areas of southern England do not occur. Only two stream
sinks occur on the Isle of Wight where, owing to the steep dip,
drainage from the topographically higher Lower Cretaceous strata
flows onto the Chalk. There are some signs of karstic processes in
some of the coastal caves, but marine erosion is likely to be the
main factor responsible for their large dimensions. There are a
few dolines and dissolution pipes, small conduits have been
observed in quarries and borehole records, and a pumping test
transmissivity of >1000 m?/day has been observed. These
suggest some subsurface conduit networks are likely to be
present.
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Fig. 2. Karst in the Chalk: (a) High
density of stream sinks (red circles)
along the Chalk—Paleogene contact
in the Chiltern Hills, southern
England. (b) Karst conduits in the

The northern England Chalk karst

In northern England (C1 Yorkshire and C2 Lincolnshire) the
geological setting is different due to glaciation and the absence of
Paleogene deposits. Consequently, the classic Chalk—Paleogene
margin stream sinks are absent, with only occasional stream sinks
present where rivers cross the Chalk outcrop or where there is
localized runoff from till deposits. Nevertheless, there is
considerable evidence for extensive karst networks. For
example, pumping tests demonstrate extremely high transmis-
sivities in Yorkshire, sometimes >10 000 m?/day (Allen et al.
1997; and see further discussion in Farrant ef al. 2016). Tracer
tests from boreholes in Yorkshire have proven rapid groundwater
flows of hundreds of metres per day over several kilometres
(Ward and Williams 1997) and thousands of metres per day over
several hundred metres (Skilton and Wheeler 1989), and
unsaturated zone tracer tests have demonstrated rapid bypass
recharge over vertical distances of 12-38 m (Allshorn er al.
2007). In Lincolnshire, a tracer test from a soakaway to a borehole
3.2 km away demonstrated flows of ~1000 m/day (Robertson
et al. 1966). Caves and conduits are commonly exposed in
Yorkshire coastal cliffs. Whilst the larger caves are due to marine
erosion, smaller stratigraphically-guided cave sized relict con-
duits are visible (Fig. 2¢). The cliffs also expose substantial karst
dissolution pipes (Fig. 2c).

Chalk karst summary

The Chalk is a karst aquifer with some small-scale cave
development, point recharge via stream sinks and riverbeds, rapid
groundwater flow, and subsurface karst networks transporting

Chalk, associated with inception
horizons and a fault (Newhaven,
South Downs, C7 area, southern
England). (¢) Caves, fissures and
dissolution pipes in the Chalk at
Flamborough Head, Yorkshire,
northern England. Source: (a)
contains BGS Geology 50 K data ©
UKRI 2025. Contains OS data ©
Crown copyright and database
rights 2026. OS AC0000824781.
(b) BGS © UKRI 2020. (c) BGS
image P006786 © UKRI 1976.

groundwater and contaminants over many kilometres and in
sometimes unexpected directions. Geological inception horizons
(hardgrounds, flints and marl seams) exert a major influence on the
locations of fissure/conduit flow paths (Allen ef al. 1997; Farrant
et al. 2021, 2023). Whilst the Chalk is highly vulnerable due to its
karstic nature, high matrix porosity and fracture density result in
more storage and contaminant attenuation than many karst aquifers
(Maurice et al. 2023a). This is indicated by the typically high
baseflows of Chalk-fed rivers (Marsh et al. 2000).

The proportion of point recharge and rapid groundwater flow is
smaller than in karst aquifers with larger-scale cave development.
This was illustrated in a comparative study of 15 karst springs across
Europe (Maréchal et al. 2021). The UK Bedhampton and Havant
Chalk springs (located in Hampshire, in the C7 karst area) have very
strong indicators of karst in terms of rapid flow and connectivity to
stream sinks; with tracer tests demonstrating flows of ~2-12 km/
day over distances of up to 5.8 km, and high tracer recoveries of up
to 70% (Atkinson and Smith 1974; Price 1979). High levels of
coliforms and turbidity at the springs following rainfall are
comparable to the more classical limestone karst springs from
other countries (Maréchal ef al. 2021). However, most classifica-
tions based on spring flow characteristics indicate a lower level of
karstification at Bedhampton and Havant than at the other European
springs (Maréchal et al. 2021). The widely used Mangin (1975)
method puts the Bedhampton and Havant springs in the least karstic
category, and the discharge has a substantially lower coefficient of
variation (0.24 compared to ~0.8—1 for most of the limestone
springs, Maréchal e al. 2021). This suggests that although rapid
karstic flow occurs to the springs, they are also fed from a large
volume of groundwater with a much longer residence time.
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Jurassic karst aquifers

The Jurassic outcrop in England is lithologically diverse, with
interbedded limestones and mudstones in the Lias Group (Blue Lias
Formation), oolitic limestones in the Middle Jurassic Inferior and
Great Oolite group (including the Lincolnshire Limestone
Formation), and limestones in the Upper Jurassic Corallian,
Portland and Purbeck groups. Fracture density and porosity vary
significantly, with many of the oolitic limestones having significant
matrix porosity. This diversity results in considerable hydrogeo-
logical variability.

The northern England Corallian karst

Karst is most extensive in the Upper Jurassic Coralline Oolite
Formation in northern England (Report J1, Maurice et al. 2022a).
Rivers crossing the Jurassic limestone outcrop sink (Fig. 3a), with
some sinks taking flows of hundreds of litres per second, notably on
the River Dove, Hutton Beck, and River Derwent (Foley 2006; Dale
and Thomas 2015). These feed large springs (sometimes
>7001s71), with rapid flow responses and turbidity following
precipitation. Significant caves include the 4 km long Excalibur Pot
[NGR 471050 487810] karst system (Fig. 3b, c) which takes water
from Hutton Beck, and the 436 m long Kirkdale Cave (Dale and
Thomas 2015) [NGR 467800 485500]. Tracer velocities estimated
from two tests between the Hutton Beck sinks and the spring were

4.5 and 12 km/day (Waters-Marsh 1984; York Caving Club 2014).
Further east, in the Derwent valley, tracer tests between sinks and
abstraction boreholes and springs also indicated very rapid flows of
up to 13 km/day, and over distances of up to 7 km (Foley et al.
2012).

The Lincolnshire Jurassic karst

In the Lincolnshire area (Report J2, Mathewson et al. 2022), karst
is principally developed in the Lincolnshire Limestone Formation
(Inferior Oolite Group), with some karst in the Great Oolite Group.
There are no known caves, but there is much evidence for karst,
notably in the Witham, West Glen and East Glen catchments
(Fig. 4a, b) where tracer testing and karst mapping has been
conducted (Booker 1977). Solutional conduits with scallops
indicating past karstic flows can be observed in quarries
(Fig. 4c, d). LIDAR data and field surveys indicate locally high
densities of dolines and stream sinks, particularly around the
margins of low permeability till deposits (Booker 1977). Some
stream sinks have significant flows, e.g. the Easton Wood stream
sink [NGR 496800 325900] (Fig. 4¢), which can take up to
300 1s~! (Atkinson and Farrant 2015). Several large springs are
present (hundreds of litres per second), notably the major artesian
spring at Bourne [NGR 509500 324900]. Here, tracer testing
revealed very rapid groundwater flows of up to 10 km/day and over
distances of up to 11.9 km, spanning different topographical
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Fig. 3. Karst in the J1 area,
Yorkshire, northern England: (a)
Stream and river sinks (from
Maurice et al. 2022a). (b)
Flowstone formations in a vadose
stream canyon, developed within
Upper Jurassic Corallian Group
limestones, Excalibur Pot, Hutten
Beck. (¢) ‘Chert alley’, part of the
same karst system. Source: (a)
Contains BGS Geology 50 K data
© UKRI 2025. Contains OS data ©
Crown copyright and database
rights 2026. OS AC0000824781.
(b) Photo by John Dale. (c) Photo
by Gary Douthwaite.
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(a)

® ~ Swallow holes mapped by
Booker (1977)

Rivers

Kellaways and Oxford Clay
formations

- Great Oolite Group

- Lincolnshire Limestone
Formation

Northampton Sand and
- Grantham formations

- Lias Group

()

Fig. 4. Karst features in the J2 Lincolnshire area of central England. (a) High densities of ‘Swallow holes’ mapped by Booker (1977), which included both
stream sinks and surface depressions. (b) Tracer test connections showing complex conduit networks with divergent and convergent flow based on tests
conducted by Ian Booker, Emma King, and Tim Atkinson. Inset shows approximate location of the J2 karst area. (¢, d) Solutional fissures/conduits at
Medwells Quarry, Clipsham with scallops indicating past turbulent water flow. (e) Easton Wood stream sink, Lincolnshire, 1977. Source: from Mathewson
et al. (2022). Photos by Tim Atkinson. Contains BGS Geology 50 K data © UKRI 2025. Contains OS data © Crown copyright and database rights 2026.

OS AC0000824781.

catchments (Fig. 4b). Tracer recoveries of up to 98.6% were
recorded (Booker 1977; King 1994; Atkinson and Farrant 2015),
but in some tests recoveries were low and, in most tests, there was
substantial breakthrough curve tailing (sometimes for up to 100 or
200 days), indicating attenuation in the aquifer via dispersion and
diffusion. The rapid tracer velocities and frequent high

transmissivities (>1000 m?/day, and in some places over
>10 000 m?/day) suggest well-developed and complex karstic
conduit networks, with divergent and convergent flows. Along the
eastern outcrop margin, artesian flows occur within the confined
aquifer, including Bourne springs and the ‘wild bores’ at Aslackby
with flows of ~401s~! (Barton and Perkins 1994).
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Southern England Oolitic limestone karst

Karst features are also developed in the limestones of the Great and
Inferior Oolite groups of the Cotswold Hills, extending south of
Bath into Somerset and Dorset (Report J3, Maurice e al. 2023d).
Here, karst feature distributions are greatly influenced by the
variable lithology, with low permeability mudstones interspersed
with well fractured oolitic and bioclastic limestones with significant
matrix porosity. Whilst few dissolutional caves are known, stream
sinks, dolines and large springs are locally common. Stream and
river sink records are shown in Figure 5a. Some of the rivers, have
substantial losses where they cross onto the limestones, sometimes
via discrete ‘swallow holes’, and are also fed by large springs (some
>100 1s7!) which discharge at the base of the limestone aquifers
and/or are associated with faults (Bricker ef al. 2014). Many rivers
display classic karstic winterbourne behaviour, with the seasonal
head migrating suddenly up or downstream over distances of
hundreds or thousands of metres. Moreover, the aquifer is
characterized by rapid responses to rainfall, and responses to
pumping over distances of many kilometres (Rushton et al. 1992;
Allen et al. 1997; Bricker et al. 2014).

Tracer tests provide additional evidence of karstic groundwater
flow. Twenty-nine separate connections, mostly from stream
sinks, have been demonstrated (Fig. 5b), with very rapid flows of
up to 10 km/day (based on first arrival of tracer), and over
distances of up to 5 km (Smart 1977). Tracer recoveries range from
5 to 95%, and tracer continued to be discharged for long periods,
indicating attenuation and slower tracer transport. For example,
tracer was discharged at one site for 51 days (Smart 1977).
Boreholes with high yields of ~100-300 1s~! are also indicative
of well-developed solutional networks (Rushton ez al. 1992).
Although pumping tests indicate some transmissivities >1000 m?/
day, many boreholes have lower transmissivity which is thought to
be due to the low saturated thickness of the aquifer (Allen et al.
1997).

The longest known karst cave in the (J3) region is the 145 m
long Cloford Quarry Cave [NGR 371680 144530], which is
formed along the unconformity between the classically karstic
Carboniferous Clifton Down Limestone Formation and the
Inferior Oolite Group (Drew and Smith 1972). This cave
formed by water rising from the Carboniferous limestones up
into the Inferior Oolite where it dispersed into a network of
smaller conduits. The other known cave is the 46 m long
Walditch Cave [NGR 348543 092159] near Bridport (Fig. 5c),
again in the Inferior Oolite Group (Poole 1988). Most conduit
development appears to be on a smaller scale, as seen in rock
exposures which commonly dissect solutional fissures and
conduits. This is probably due to the high fracture density
allowing many flow paths to be enlarged to a small degree rather
than a small number of large cave networks, with the high matrix
porosity creating a classic triple porosity aquifer (matrix, fracture
and conduit).

The Portland and Purbeck Group karst

More extensive caves are known in the Portland and Purbeck Group
limestones (J4 area, Fig. 1b), especially on the Isle of Portland (Ford
and Hooper 1964; Churcher et al. 1970; Cooper et al. 1995;
O’Connor and Graham 2017). Maps and photographs are available
on the Portland Caving website (https:/sites.google.com/view/the-
caves-of-portland/home, accessed October 2025). Many of these are
mass-movement caves but relict phreatic conduit systems are also
present, including Sandy Hole [NGR 367990 071245] with over a
kilometre of relict phreatic passage. Inland, about 30 stream sinks,
some springs and several small caves have been documented in the
Portland and Purbeck Group limestones in the Vale of Wardour near

Salisbury (Sparrow 1975, 1977; Bristow 1995; Clark and Waters
2002; Hopson et al. 2006).

Other southern England Jurassic karst

Karst is known from the Corallian Group limestones of southern
England (J5 area, Fig. 1b). There are stream sinks at the boundary
between the low permeability Kimmeridge Clay Formation and the
Stanford Formation of the Corallian Group around Cumnor Hill to
the west of Oxford (Laverty 1983).

In the Bristol-Bath—Mendip Hills area, small caves, stream sinks
and large springs are associated with limestones in the Blue Lias
Formation and the Langport Member (‘White Lias’), in particular
associated with the littoral facies around the Mendip Hills (the J6
area, Fig. 1b). There is one notable cave, Welsh’s Green Swallet
near Wells [NGR 355052 147688] which is 412 m long and 35 m
deep (Mendip Cave Registry, https:/www.mcra.org.uk/registry/
sitedetails.php?id=267, accessed October 2025). There are also
stream sinks associated with the boundary of the Charmouth
Mudstone Formation and the underlying Langport Member/Blue
Lias Formation limestones. Many stream sinks occur along this
contact between the Mendip Hills and Bath.

Summary

Overall, the Jurassic karst aquifers of England all have localized
point recharge via stream sinks, rapid groundwater flow, and large
springs. The degree and style of karst development is strongly
influenced by the lithology and fracture density, which dictates the
degree of fracture porosity, and the number of potential stratigra-
phical karst inception horizons.

Permian karst aquifers

Permian rocks crop out in a narrow band in northern England
(Fig. 1b) and comprise interbedded evaporites (gypsum/anhydrite),
and dolostones/dolomitic limestones (Cadeby and Brotherton
formations, formerly known as the Magnesian Limestone) of the
Zechstein Group. The evaporite karst is well documented with
substantial sinkhole development and severe engineering hazards
(Cooper 1998, 2020; Farrant and Cooper 2008). By contrast,
hydrogeological information on karst in the carbonate Permian
dolomite aquifers (henceforth termed ‘Permian carbonates’) is less
well documented. Nevertheless, karst caves have been reported in
the speleological literature (Gibson ez al. 1976), and the carbonates
are karstic (Murphy and Lowe 2021). Karst is documented in two
reports covering the northern (P1) and southern (P2) outcrops
(Fig. 1b; Maurice ef al. 2024a, b). Although there is evidence for
karst in both areas, there is more information for the southern part of
the outcrop (Fig. 6a).

The distribution of karst features in the Permian carbonates is
influenced by two geological factors: (1) the presence of evaporites
which are interdigitated with the carbonates causing collapse of the
limestones into underlying gypsum Kkarst, as well as hydrogeo-
logical connectivity between the gypsum and carbonate aquifers,
and (2) the superficial deposit thickness and composition, which
vary greatly. Thicker low permeability superficial deposits limit
modern day Kkarstic recharge, whilst extensive glacial and
fluvioglacial deposits can obscure karst features developed prior
to glaciation.

All the known caves in Permian carbonates are dry and represent
relict karstic development. The greatest concentration of caves is in
the Creswell Crags gorge, with Robin Hood’s Cave being the
longest at 290 m [NGR 453410 374190]. These are unambiguously
karstic caves with obvious dissolutional passages several metres
across (Fig. 6b, ¢), demonstrating that substantial cave-sized conduit


https://sites.google.com/view/the-caves-of-portland/home
https://sites.google.com/view/the-caves-of-portland/home
https://sites.google.com/view/the-caves-of-portland/home
https://www.mcra.org.uk/registry/sitedetails.php?id&equals;267
https://www.mcra.org.uk/registry/sitedetails.php?id&equals;267
https://www.mcra.org.uk/registry/sitedetails.php?id&equals;267
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Fig. 5. Karst in the J3 area of southern England. (a) Stream and river sinks. (b) Tracer connections demonstrated by Smart (1977) in the Cotswold Hills
north of Bath. Inset shows approximate location of the J3 area. (¢) Walditch Cave in the Inferior Oolite Group of southern England. Source: from Maurice
et al. (2023d); photo by Peter Glanvill. Contains BGS Geology 50 K data © UKRI 2025. Contains OS data © Crown copyright and database rights 2026.
OS AC000082478]1.
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Fig. 6. (a) Compilation of karst features and indicators in the carbonates of the P2 area. (b) Carbonate karst cave entrance in the Cresswell Gorge. (¢) Karst
phreatic passage in Herne Hill cave. (d) Large karst sink into the Cadeby Formation on the River Skell near Ripon. Source: (a) from Maurice et al. (2024b).
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photo by Tony Waltham. (c) Photo by Pete Ryder. (d) BGS image P236561.

development can occur in the Permian carbonates. It is therefore
possible that short hydrologically active conduits of comparable
size occur within the aquifer. Some mass-movement ‘gull’ caves
occur where steep sided valleys cross the outcrop, for example at
Pleasley Vale [NGR 452000 364900]. Some of these can be hard to
distinguish from dissolutional caves.

Stream sinks are locally present, notably in the P2 southern
outcrop area along the River Skell (Murphy and Lowe 2021;
Fig. 6d), and in Wadworth Woods near Doncaster (Higgins 2018);
and in the P1 northern Permian limestone outcrop area along the
River Skerne and its tributaries SE of Durham (Burgess 1970;
Cairney and Hamill 1977; JBA 2017; Palumbo-Roe et al. 2019).
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Some of these stream sinks take substantial flows: for example, in
dry weather the entire River Skell sinks into its bed [NGR 428470
469132], and the Woodham Burn tributary of the Skerne was
reported to lose 501s™! (Burgess 1970). Geological settings
conducive to stream sink development may include areas of
runoff on low permeability superficial deposits or from interbedded
mudstones within the Zechstein Group that sink upon reaching the
karstic strata.

There is little information on purely carbonate dolines and
dissolution pipes. There are reports of a few dolines east of Leeds in
the Cadeby Formation below the gypsiferous strata (Murphy 2000,
2003) including dissolution pipes in a quarry at Micklefield [NGR
444130 433671] (Kendall and Wroot 1924). Most known dolines
occur in strata above the gypsum-rich Edlington Formation due to
dissolution of underlying gypsum, although the solubility of the
carbonates may also be a contributing factor (Cooper 1998).
Collapse and subsidence related to the gypsum has hydrogeological
implications because there is hydrological connectivity between the
strata influencing water flow and quality (Cooper et al. 2013).
Although there are many springs recorded in the Permian
carbonates, there is little information on their discharge, and it is
unclear whether/where there are large karstic discharge points.
Larger springs are likely to include contributions from the gypsum.
There are a small number of springs with reported discharges of a
few tens of litres per second. A survey of 138 springs on the Permian
outcrop in the East Midlands in 1977 (Cradock-Hartop and Steel
1979) showed that most had small flows, with only four with flows
of >5 1 57! and the largest with a flow of 72 1 s~!. In the north of the
outcrop, much of the carbonate outflow may occur through
submarine springs that discharge under the North Sea (Younger
1995).

There is further hydrogeological evidence for karst in the Permian
carbonates. In the southern P2 outcrop area, rapid groundwater
velocities of 13 to 242 m/day were estimated from slug tests at the
Leeds University Farm (Medici ef al. 2019a), and modelling the
wider area suggested very rapid flows of 9000 m/day (Medici et al.
2019b). Medici et al. (2019b) recommend that the low effective
porosities (2.8 x 10~#) determined from borehole hydrogeophysical
field studies (and supported by visual evidence of karst from quarry
scanline surveys) should be used for modelling the UK Permian
limestone aquifer. They suggest that this will enable more reliable
estimates of contaminant transport velocities and aquifer vulner-
ability, which are underestimated with higher effective porosities
that do not reflect the karstic nature of the aquifer.

Other evidence of karst comes from an artificial recharge
infiltration experiment at a quarry in an excavation 100 m x
50mx 10 m deep at Thrislington in the northern P1 area [NGR
432150 532580]. An infiltration rate of 12-171s™' was easily
achieved and demonstrated rapid flow through an unsaturated zone of

Table 2. Broad outcrop-scale comparisons between UK carbonate aquifers

30-35 m to a nearby monitoring borehole (Wardrop et al. 2012).
Additionally, some major inflows have been encountered during
tunnel construction. For example, flows >1001s~! at Annersley
(north of Nottingham) in the P2 southern outcrop area (Lamplugh
et al. 1914), and during construction of the Roker sewer tunnel (near
Sunderland in the P1 northern outcrop area) where there were inflows
of 8 157! despite extensive mitigations to prevent water ingress
(Davis and Horswill 2002). Some boreholes have high yield/high
transmissivity (Allen et al. 1997), also suggesting karstic flows.

Overall, there is substantial evidence that the Permian carbonate
aquifers contain karstic networks of conduits and fissures, but the
hydrogeology is particularly complex as it is strongly influenced by
the gypsum karst, and variability in superficial cover.

Discussion
Comparison of karst aquifers

The evidence presented demonstrates that the Chalk, Jurassic and
Permian carbonates contain all the classical karst features; but how
do they compare to each other, and to the well-known karst of the
Carboniferous limestones which occur in England, Wales, and
Northern Ireland and have extensive cave development (Waltham
et al. 1997)? There are many different ways to classify karst aquifers
and assess the degree of karstification (Hakoun er al 2020;
Maréchal et al. 2021). In the past, it was proposed that UK
karstification increases from Cretaceous- (Chalk), to Permian-, to
Jurassic-, to Carboniferous-aged carbonates (Atkinson and Smart
1981). Whilst this is broadly reflected by the more recent work, it
depends on the spatial scale, and on which karst factor is considered.

Considering the scale of karstification at the country scale, one
striking observation is the similarity in groundwater velocities that
can be obtained from tracer tests conducted in the different
carbonate aquifers (Table 2). Tracer velocities in the Carboniferous
limestones are well known to be very rapid, commonly exceeding
1000 m/day (e.g. Atkinson et al. 1973; Atkinson 1977; Smart et al.
1991; Maurice and Guilford 2011). Whilst there are no data for the
Permian, there have been many tracer tests with groundwater
velocities exceeding 1000 m/day (exceptionally > 10 000 m/day)
over distances of several kilometres (sometimes> 10 km) in the
Chalk (e.g. Harold 1937; Banks et al. 1995; Maurice et al. 2006;
Matthews et al. 2024) and the Jurassic limestones (e.g. Booker
1977; Smart 1977; King 1994; Foley et al. 2012; Atkinson and
Farrant 2015).

Karst networks in all these aquifers can develop over scales of
kilometres, but the proportion of rapid groundwater flow is likely to
differ, which is reflected by the differences in caves and stream sinks
(Table 2). The Carboniferous limestones are clearly the most karstic
in terms of cave development with many caves >1 km in length.

Parameter Aquifer

Scale of karst development

Groundwater velocities (tracer tests)

Chalk

Permian limestones
Carboniferous limestones
Jurassic limestones

Cave development (length)

Chalk

Permian limestones
Carboniferous limestones
Jurassic limestones

Stream sinks (flows)

Chalk

Permian limestones

Carboniferous limestones
Jurassic limestones

>1000 m/day over distances of 1 to >10 km
>1000 m/day over distances of 1 to >10 km
>1000 m/day over distances of 1 to >10 km
? (no data)

Frequent> 1 km

Occasional > 1 km

Occasional > 100 m; none known > 1000 m
Occasional > 100 m; none known > 1000 m
Frequent> 100 157"
Sometimes > 100 1 s~
Occasionally > 100 1's
Smaller (none known>1001s7")

—1
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Large stream/river sinks recharging hundreds (sometimes thou-
sands) of litres per second are also common. Although there may be
some areas where subsurface conduit development is more limited
(Gunn 2015), particularly in areas dominated by autogenic
recharge, in general, there is a much higher proportion of rapid
point recharge in the Carboniferous limestones compared to the
younger carbonates. The possible exception is the Jurassic Corallian
Group limestones in the North York Moors (J1 area), where there is
more cave development and rapid point recharge.

As in all karst, the UK karst aquifers have triple porosity
comprising a rock matrix, an unmodified fracture network, and a
solutional conduit/fissure component. One notable difference
between the UK karst aquifers is the bedrock matrix porosity
which is much higher in the younger carbonates than the
Carboniferous limestones (Allen e al. 1997). This has important
implications for storage of groundwater and for contaminants that
can enter the matrix via diffusion (Barker and Foster 1981).

The higher degree of cave development and the larger amount of
point recharge via stream/river sinks in the Carboniferous
limestones suggest that they are more vulnerable to pollution in
terms of the potential for rapid transfer of pollutants from the
surface, and for rapid contaminant transport through the aquifer to
discharge points. The Chalk, Jurassic and Permian carbonates are
less vulnerable in these respects, but with higher potential for
contaminant attenuation through dispersion and diffusion, con-
tamination may be more likely to persist for long periods (as
observed in the Chalk Hertfordshire bromate plume, Cook ef al.
2012). The combination of long-distance (scale of multiple
kilometres) contaminant transport via karstic networks, and
long-term storage of contaminants in the smaller voids may
make contaminant management more challenging in these types of
karst aquifer.

Whilst there are a few large relict caves >100 m long in the
Permian carbonates, and some local stream sink development, much
of the carbonate karst appears to be related to the interdigitated
gypsum karst. At the national scale, and considering caves and
stream sinks, the Carboniferous-aged limestones are clearly the
most karstic, and the Jurassic limestones more Karstic than the Chalk
and Permian limestones which are themselves hard to differentiate
(Table 2).

(a) (b)

However, considering karst at a regional scale, there is a lot of
variation (Fig. 7, Table 3, with further details provided in
Supplementary Material). For example, in the Chalk, there are
areas with few stream sinks and areas with well-developed stream
sinks. Across England, karst in the Jurassic limestones is highly
variable, reflecting the different lithologies and geomorphological
settings. For example, there are areas with extensive cave
development (e.g. J1 in the north, and J4 in the south), and areas
with none (the Lincolnshire area J2, and the Corallian limestone of
southern England, J5 area). In the Chalk, there are some areas which
appear more comparable to the Jurassic limestones (e.g. C4, C6, C7).
In other areas there are no or fewer known caves and stream sinks, and
recharge is mostly diffuse (the northern and eastern Chalk outcrop of
areas C1, C2, and C3). Nevertheless, high transmissivities and /or
rapid flows demonstrated by tracer tests in these areas indicate that the
subsurface karstic networks are still well developed. At this regional
scale, there appears to be more variation within the Jurassic
limestones and within the Chalk, than between them (Fig. 7). This
variability is also apparent locally within the areas investigated.

Consideration of caves and stream sinks is useful from a
hydrogeological perspective: cave development is an indicator
of'the size of solutional voids, and where extensive cave systems
occur, a substantial amount of groundwater flow is through
these. This results in faster transport and less contaminant
attenuation than in aquifers with little cave development, as well
as lower aquifer storage leading to increased susceptibility to
droughts and floods. Stream/river sinks can occur with and
without extensive cave networks and are useful indicators of the
proportion of rapid point recharge to the aquifer and provide
evidence of the development of solutional networks of conduits
and fissures beneath them, even in the absence of caves.
However, in local scale studies it is important to consider a wide
range of water quality, hydrogeological and geomorphological
karst indicators because each catchment has different combina-
tions of karst indicators present and absent. This can be seen in
Figure 7 which shows that the regional patterns in cave
development differ from those for stream sinks; for example,
there are some areas with large stream sinks (>100 1s7!) but
little cave development (e.g. the C4 and J3 areas in Southern
England). Other factors show different patterns (Table 3). For

Caves
O>1km
[J>100m

>10m
Maybe, short

P1

P1‘,

Stream sinks
o Some > 100 I/s

O Frequent, smaller
Occasional

Fig. 7. Spatial variability in the extent of
(a) maximum known length of cave
systems and (b) stream sink development
in the Chalk and Jurassic and Permian
limestones of England. Source: contains
OS data © Crown copyright and database

rights 2026.
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Table 3. Summary of some of the evidence for karst in different areas of the Chalk, Jurassic and Permian carbonates of England

Known Known Dissolution Tracer Tracer Springs
Known  caves caves Stream Stream pipes Tracer velocity velocity and/or
karst >100 m >1000 m Stream sinks sinks (buried velocity >1000 m/ >10000 m/ T> T> abstractions
Area  caves long long sinks >1001s~"! >10001s! Dolines  dolines) > 100 m/day day day 1000 m*/day 10000 m*day ~ >1001s"
C1 ? No No Rare No No Rare Rare Yes Yes No Yes Yes Yes
c2 No No No Rare No No Rare Rare Yes Yes No Yes No Likely
C3 ? No No Yes Unlikely No Yes Yes Yes Yes No Yes Yes Yes
C4 Yes No No Yes Yes Yes Yes Yes Yes Yes No Yes Yes Yes
(05} No No No Yes Unknown No Yes Yes Yes Yes No Yes No Yes
Co6 Yes Yes No Yes Yes No Yes Yes Yes Yes No Yes No Yes
(oy) Yes Yes No Yes Unknown No Yes Yes Yes Yes Yes Yes No Yes
C8 ? No No Yes Unknown No Yes Yes Yes No™ No Yes Yes Yes
(o] ? No No Rare No No Yes Rare No tests No tests No tests Yes No No
J1 Yes Yes Yes Yes Yes Unknown Rare Rare Yes Yes Yes Yes Yes Yes
J2 No No No Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes
J3 Rare No* No Yes Yes No Yes Unknown Yes Yes Unknown Yes Yes Yes
J4 Yes Yes Yes Yes Unknown Unknown Yes Unknown No tests No tests No tests No™ No™ Unknown
J5 No No No Yes Unknown Unlikely Yes Yes No tests No tests No tests No data No data Unknown
J6 Rare Yes No Yes Unknown Unknown Yes Yes No tests No tests No tests No data No data Likely
P1 Yes No No Yes Unlikely No Rare” Rare No tests No tests No tests Yes No Unlikely”
P2 Yes Yes No Yes Unlikely No Rare® Rare No tests No tests No tests Yes No Unlikely”

T, transmissivity; ?, possible very short karst caves in coastal cliffs; *apart from one cave partly in Carboniferous limestones; “other than associated with gypsum; ~very little data.

4!
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example, in the C8 Dorset Chalk area where there is little/no
cave development, there is extensive doline development, and
dolines provide an important indicator of karst in this area. By
contrast, in the J1 Corallian limestone area where caves and
stream sinks are very extensively developed, there appears to be
little doline/dissolution pipe development.

It can be concluded that karst features are usually larger and more
common in the UK Carboniferous-aged limestones than in the
younger Permian, Jurassic and Cretaceous karst aquifers. However,
the data suggest that karst features are widespread in these younger
carbonate rocks. Whilst cave development may be limited, dolines,
stream sinks, dry valleys and indicators of rapid groundwater flow
can be common. Although cave development is an important
indicator of rapid recharge and subsurface karstic networks, other
factors show conduit networks and rapid flow are often present even
where caves are absent. In all the carbonate karst aquifers there is
considerable variation at regional and local levels, demonstrating
the importance of detailed catchment scale karst investigations to
determine local hydrogeology.

The importance of karst for groundwater management

It is well established that permeability of the Chalk, Jurassic and
Permian carbonates is determined by dissolutionally enlarged
fractures (Allen et al. 1997). However, in the past they have
usually not been considered as karst aquifers. The data presented
above demonstrate conclusively that these aquifers are karstic,
with karst networks developed over many kilometres. They should
be routinely described as karst aquifers, with karst principles used
in aquifer characterization and catchment conceptual models. This
is because an understanding of karst is relevant to all areas of
hydrogeology including: (1) identifying pollution sources; (2)
Groundwater Source Protection Zones; (3) sustainable

13

groundwater abstraction; (4) groundwater flooding; and (5)
geothermal groundwater.

(1) Identifying pollution sources: The transport and attenuation
of pollutants through these aquifers depends on the spatial
distribution and connectivity of the karstic conduit
networks, which are guided by stratigraphical karst
inception horizons and geological structure (Farrant ef al.
2021, 2023), and the history of speleogenesis and karst
geomorphological processes within the catchment.
Groundwater catchments have highly erratic spatial
distributions, leading to challenges in correctly identifying
pollution sources or in assessing potential environmental
impacts of new developments on groundwater resources and
groundwater dependent ecosystems.

Groundwater Source Protection Zones: In the UK, Source
Protection Zones (SPZs) are a major tool in groundwater
protection. The area within which saturated zone flow
reaches an abstraction point within 50 days (or a minimum
of 50 m if the 50-day travel time is less than 50 m) defines
SPZ1, which has the highest level of protection. The area
with a 400-day travel time is SPZ 2, and SPZ 3 comprises
the remainder of the abstraction catchment (Environment
Agency 2019). These zones are generally defined using
EPM (equivalent porous medium) groundwater models
(Environment Agency 2019). In karst, the locations of these
zones depends on where the karstic solutional networks are
located and SPZs cannot be accurately delineated using
EPM models (Gunn 2007). Therefore, karst specific
methods can be used as an alternative to modelling for
SPZ delineation for karst sources (Environment Agency
2019). Karst results in groundwater flow from some areas
far from abstractions to reach them within 50 days (Fig. 8).
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Conversely, there may be areas within a modelled SPZ 1
where groundwater flow is not well connected to a conduit
network and is very slow. To identify these zones requires
having a good conceptual understanding of Kkarst
development, which can occur both with and without
active karst stream sinks (Gunn 2007).

(3) Sustainable  groundwater — abstraction: ~ Groundwater
abstractions reduce river flows (where they abstract water
that would otherwise have discharged to rivers, which is the
case in most settings other than where groundwater would
have discharged to submarine springs), and they may
impact groundwater dependent ecosystems (Owen 1991;
Bickerton ez al. 1993; Wetherell 2023). Abstraction can alter
conduit networks, drawing flow away from springs
(Matthews 2024). Stratigraphical compartmentalization of
an aquifer can help protect surface streams from abstraction
at depth if the conduit networks are not well connected to
the surface streams (Karapanos et al. 2021; Taylor et al.
2024). Assessing the impacts of abstraction therefore
requires a good understanding of the karstic networks and
where the water would have gone under natural conditions.

(4) Groundwater flooding: Groundwater flooding in karst
aquifers occurs when wusually unsaturated conduit
networks become active as groundwater levels rise and
discharge via springs at higher elevations. In contrast to
groundwater flooding in porous aquifers where the water
table gradually discharges at higher levels, in karst, this
can suddenly occur at locations several kilometres away
from the perennial springs (e.g. Hughes ez al. 2011; Xanke
et al. 2024) and therefore understanding the controls on the
locations of the karst conduits is helpful in understanding
and predicting where groundwater flooding will occur.
Rapid recharge can trigger the re-activation of unsaturated
karst networks, and this has been observed in boreholes
which have large groundwater level responses (Lee ef al.
2006). Incorporating karst conceptualization of conduit
flowpath locations and recharge processes should lead to
better models of groundwater flooding and enable more
effective mitigation strategies.

(5) Geothermal groundwater: Karst aquifers provide important
geothermal resources in which karstic permeability
development is a critical factor (Krumbholz ef al. 2024).

Karst approaches to groundwater management and
protection

Despite the lower proportion of rapid flow and higher potential for
contaminant attenuation, the Permian, Jurassic and Cretaceous karst
aquifers are highly vulnerable to pollution at or near the ground
surface: Point recharge via stream sinks, riverbeds, dolines, and
solutional fissures with no surface expression can facilitate rapid
contaminant transport into the subsurface. Conduit networks can
allow rapid flows of ~1-10 km/day from the surface to a spring or
abstraction over distances of many kilometres, sometimes >10 km.
Karst results in networks of voids, developed over multiple
kilometres, that enable pollutant transport across topographical
catchments, and in unexpected directions. Furthermore, determin-
ing the locations of these flowpaths is difficult because of the lack of
obvious caves that can be mapped, and difficulties in tracer testing
in these more attenuating and diluting karst aquifers, where high
tracer losses can occur (Maurice er al. 2012; Matthews 2024).
Nevertheless, the new data and understanding of karst in these
aquifers could be used to improve conceptual models to inform
groundwater modelling and catchment management. Insights into
the locations of the karstic networks that ultimately control

permeability and contaminant transport can be gained, and some
of the management challenges can be addressed by using karst
specific methods and consideration of the geology. Four areas of
karst approaches to hydrogeology are discussed here:

(1) Consideration of surface karst: Springs are the natural
outlets in karst aquifers and are therefore key to catchment
conceptual and numerical models. Their location provides
information on the outlet of the karstic conduit network
and the geological influences on conduit development.
Their size (prior to impacts from anthropogenic
abstractions) provides an indication of the likely spatial
extent of the catchment. Their current discharge is an
important component of water balance estimates, whilst
water quality and flow variability also provide information
on the nature and likely spatial extent of the conduit
network. Recording spring locations and discharges is a
key part of any groundwater investigation, including
concealed groundwater discharges that may be dispersed
into alluvial gravel deposits. The latter may be identified
through river flow accretion monitoring and/or using
geological and karst principles to identify the location of
the karst inception horizons and conduits that are likely to
be guiding groundwater discharges. Stream sinks are also
key factors for conceptual and numerical models,
providing information on the locations, nature and
amount of point recharge. Water quality of stream sink
waters provides key information on contaminant sources.
The current work has identified the locations of many large
springs and stream sinks, and this new information can be
incorporated into regional- and catchment-scale
conceptual models. It has also shown that there are some
important gaps in UK national karst datasets, particularly
in relation to spring and stream sink discharge and their
water quality. It is recommended that more detailed desk
and field-based investigations of springs and stream sinks
are carried out, which should lead to better
conceptualization to aid aquifer modelling and
management.

(2) Geology and karst concepts: Geology (lithology,
stratigraphy and geological structure) is a major
influence on the spatial distribution of conduit networks
(Perrin and Luetscher 2008; Jeannin ef al. 2013; Farrant
et al. 2021, 2023). A good understanding of the
stratigraphical and structural features guiding conduit
developed is critical in hydrogeological investigations of
karst aquifers, whilst the interplay with topography is key
in determining the aquifer boundary conditions, including
the location of stream sinks and springs. This is
particularly important in low dip settings like the English
Chalk where subtle variations in the degree and direction
of dip can radically alter the location of inception horizons
and thus potential spring locations. Stream sinks
predominantly occur at boundaries between impermeable
rocks or sediments and the soluble karst rock, as streams/
rivers flowing over impermeable strata sink upon reaching
the karst aquifer.

There are two main mechanisms that result in solutional
development of primary fractures (joints and faults) and
stratigraphical discontinuities (Dreybrodt 1996; Dreybrodt
et al. 2005; Ford and Williams 2007), which should both
be considered in catchment conceptual models. The first is
the development of karstic flowpaths fed by point
recharge, either via sinking streams or concentrated
autogenic recharge through cover strata or superficial
deposits. Water entering the aquifer dissolves out certain
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flow pathways. As the flow rate is strongly dependent on
initial fracture aperture, those discontinuities that are
slightly wider than others at the start of karstification
permit higher flow rates. These wider fractures dissolve
faster, attracting even more flow, and therefore grow more
rapidly than narrower fractures. The non-linear dissolution
kinetics of calcite mean that solutions take a very long time
to approach saturation, enabling solutional enlargement to
penetrate further into the subsurface. Through time these
pathways are slowly extended and once a pathway
connects through to a spring (‘breakthrough’), more
rapid dissolution eventually forms fully connected
networks of self-organized karstic solutional voids
between stream sinks and springs (Dreybrodt 1996;
Dreybrodt et al. 2005; Ford and Williams 2007;
Worthington and Ford 2009). The time it takes to
achieve breakthrough is dependent on fracture density,
spacing and connectivity, and the degree of matrix
porosity. The second mechanism is mixing corrosion
(Bogli 1964), which is particularly important in well
fractured aquifers or those with significant matrix porosity.
This occurs where two groundwaters that are saturated with
respect to calcite but with different pCO,, mix. This
generates an undersaturated solution, enabling further
dissolution (Bogli 1964; Dreybrodt et al. 2010). Mixing
corrosion is often concentrated along stratigraphical
discontinuities which allow water from different sources
to mix. This can occur at depth over long periods of time
and helps generate secondary permeability which can be
utilized by later conduit development. These processes
enable the formation of solutional conduits and fissures
within the aquifer, including in areas away from surface
karst stream sinks and at depth (Farrant ez al. 2021, 2023).

Karst inception horizons (Lowe 1992; Filipponi ef al.
2009) are particularly important in determining where
solutional voids develop, and how well connected they are.
They are typically lithological horizons which are more
susceptible to dissolution, either because they are
particularly soluble or contain in situ sources of acidity,
or because they are located on a low permeability horizon
which results in the concentration of flow above, or they
allow mixing of saturated solutions facilitating dissolution.
The distribution and density of stratigraphical
discontinuities and primary fractures also influence
where and how karstic permeability is developed. This
can lead to stratigraphical compartmentalization of an
aquifer leading to significant vertical heterogeneity. This is
apparent in the Chalk aquifer of the Chiltern Hills
(Karapanos er al. 2021; Marsili et al. 2023). The
development of high transmissivity zones along marl
seams which act as inception horizons in the New Pit
Chalk Formation has led to artesian conditions in
boreholes, with the overlying lower permeability Chalk
acting as a partially confining unit (Marsili ef al. 2023).
Understanding the differences in flows at different
stratigraphical levels is therefore another important factor
when delineating catchments. Faults and joints can also be
important, providing flow pathways that can be enlarged
by dissolution, and facilitating vertical flow between
inception horizons. Faults can sometimes create barriers to
groundwater flow where they are impermeable, which may
result in concentration of flow and karstification next to the
barrier.

All these geological factors are key to catchment and
regional scale conceptual hydrogeological models. Some
groundwater models have incorporated some of these

©)

4)

concepts. For example, Medici ez al. (20190) used a pipe
network within an EPM model to represent karst features
in the Permian limestones identified from field studies.
Soley et al. (2012) developed a sophisticated conceptual
model of the Wessex area of Southern England and used
the MODFLOW-VKD code to represent zones of
enhanced permeability associated with some of the
major Chalk inception horizons in the regional
groundwater model. The model was able to simulate
many borehole groundwater levels and river flows quite
well, although there were also sites where simulated flows
or water levels were substantially different to observed
data. This is perhaps unsurprising given the complexity of
the karst in this area (Maurice et al. 2023b). However,
many groundwater models used for the English carbonates
do not include stream sink recharge and karstic conduit
flow, and some are modelled as a single aquifer layer (e.g.
Karapanos et al. (2021) note that the karstic Chilterns area
of the Chalk is modelled as a single layer). It is challenging
to represent karst in groundwater modelling (Jeannin ez al.
2013,2021), and to identify karstic flowpaths in the Chalk,
Jurassic and Permian carbonates. However, the new data
and understanding of karst in these aquifers offers an
opportunity for better integration of karst data and
concepts which should result in advances in both
modelling and karst understanding. The KARSYS
approach (Jeannin er al. 2013) was developed
specifically to integrate geology and karst into
groundwater models, and developing and adapting this
for the UK carbonate karst aquifers could potentially yield
useful results.

Tracer tests and borehole studies: Tracer tests are a key
tool in catchment delineation in karst (Gunn 2007). Whilst
there are challenges in conducting tracer tests where there
is high dilution and attenuation, the tracer test data
compiled in the BGS karst reports show that there have
been many successful tests in the Chalk and Jurassic
limestones which have proved connections. Nevertheless,
only a very small proportion of stream sinks in these
aquifers have been tested with tracers, and more tracer
testing would lead to substantially improved
understanding  of  karstic  networks.  Successful
catchment-scale tracer tests can also be conducted in
these aquifers from boreholes. These types of tests are
useful where there is good conceptual understanding
suggesting a connection between a borehole and a spring
or abstraction which can be tested with tracers. In this case,
single borehole dilution testing should be conducted first
in the injection borehole to identify suitable outflowing
horizons that can be targeted in the larger scale tracer test.
Single borehole dilution testing and/or geophysical
logging, combined with borehole imaging, are also
useful tools for investigating inception horizons and
conduits formed by mixing dissolution (Schurch and
Buckley 2002; Maurice ef al. 2012).

Groundwater velocities and the directions of
groundwater flowpaths can vary substantially under
different flow conditions (Stanton and Smart 1981;
Gunn 2017), and therefore conducting multiple tracer
tests from the same injection point is recommended.
Vulnerability assessments: In karst aquifers, an intrinsic
vulnerability —assessment approach to groundwater
protection and catchment management may be more
appropriate than groundwater modelling (Dorfliger ef al.
1999; Pochon et al. 2008). In Europe, methods have been
developed to assess the vulnerability of an individual
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spring or abstraction to determine what type of protection/
catchment management measures are most appropriate for
that site (e.g. Pochon ef al. 2008; Sinreich et al. 2014). A
similar type of karst classification system has been
developed and tested on 20 chalk borehole abstractions
in southern England (Maréchal et al. 2021). The method
was based on scores relating to surface karst and caves in
the catchment, conduits intercepted by the borehole, water
quality indicators of rapid flow and maximum coliform
counts in the borehole water, tracer tests, and
transmissivity. Results for the 20 abstractions were
highly variable, suggesting that the method is useful for
differentiating between sites with higher and lower
vulnerability due to karst. The method could be usefully
applied more widely and used to inform site specific
groundwater protection and management strategies.

Other methods determine spatial variations in intrinsic
vulnerability across catchment areas to enable catchment
management or groundwater protection to be targeted at
the more vulnerable parts of the catchment, overcoming
the problem of not knowing exactly where the conduit
networks are (e.g. Dorfliger et al. 1999; Ravbar and
Goldscheider 2009). These have been widely applied in
Europe, including for SPZ area delineation. Given the data
compilation and new understanding of karst in the Chalk,
Jurassic and Permian carbonates, the development of a
new karst-based vulnerability assessment method tailored
to these aquifers could be complimentary to the general
groundwater vulnerability mapping approach
(Environment Agency 2017), and a useful means of
incorporating conceptual understanding of karst into
groundwater management. For the English Chalk a
catchment vulnerability approach was developed by
Edmonds (2008b). More recently a catchment intrinsic
vulnerability approach was developed to create a domains
map of the Chalk Group in southern England (Solent and
South Downs area). This used six factors to produce five
domains with varying likelihood of rapid flow in the
unsaturated zone across the area (Cullen-Gow et al. 2022).
This type of approach could be developed further to
contribute to Source Protection Zone delineation,
particularly for abstractions identified as having high
vulnerability due to karst, using the site specific
vulnerability — assessment. Delineation of Source
Protection Zones is particularly challenging in karst
aquifers (Gunn 2007; Environment Agency 2019;
Maurice et al. 2023a). Entire catchment areas are likely
to have some flow that occurs within 50 days resulting in
extremely large SPZ1 areas, which could be reduced using
a catchment intrinsic vulnerability approach.

Conclusions and future research

There is unequivocal evidence that the Chalk, Jurassic and Permian
carbonates of England are karst aquifers with rapid flow, and karst
features including caves, stream sinks and dolines. Springs and
abstractions can have flows and yields of hundreds of litres per
second indicating karst flowpaths developed over multi-kilometre
scales (which has been confirmed at some sites by tracer tests from
stream sinks or from boreholes). These aquifers can therefore be
highly vulnerable to pollution through direct recharge via stream
sinks and more broadly in areas where protective cover is absent.
With the possible exception of the Corallian limestones of
Yorkshire, they have substantially less cave development and
generally lower proportions of rapid recharge and flow than the UK

Carboniferous limestones. They also have greater matrix porosity,
and higher fracture density providing many alternative flow
pathways. There are therefore more opportunities for attenuation
via flow and storage in smaller voids, and through dispersion and
diffusion of contaminants.

The proportions of point recharge and rapid groundwater flow
vary substantially at large and small spatial scales. This demon-
strates the need for karst investigations (tracer tests, borehole
studies, water balance, and better conceptual models of groundwater
flow incorporating karst data and understanding) in local and
catchment scale studies in these aquifers.

Given the karstic nature of these aquifers, further development of
karst specific methods of management and protection would be
beneficial. This might include the application of the Environment
Agency (2019) method of delineating Source Protection Zones in
karst aquifers (not currently applied for most Chalk and Jurassic
abstractions where SPZs are defined using EPM models); and karst
intrinsic vulnerability approaches for assessing how much a spring
or abstraction borehole is likely to be impacted by karst, and/or for
identifying areas of higher and lower vulnerability/likelihood of
rapid recharge within a catchment.

Other key knowledge gaps for future research include developing
better understanding of the proportion of rapid recharge in these
aquifers and how this varies. Better datasets are needed on locations
and flows of stream sinks, losing/gaining rivers, and springs. Data
on stream sink quality are currently rare. The spatial distribution and
extent of high transmissivity zones formed by mixing dissolution
along inception horizons also remains poorly understood. Another
potential avenue is to consider how to integrate karst, geology, and
groundwater information; for example, developing the KARSYS
approach to groundwater modelling (Jeannin et al. 2013) or
something similar, for application in these types of karst aquifer.
Tracer testing remains a key tool for proving groundwater
connections, but more sensitive tracer testing techniques that can
prove connections in highly attenuating/diluting situations are
needed. Developing methodologies to reduce the cost and risk of
tracer experiments would help improve the uptake of this technique.

Karst aquifers with limited cave development are perhaps an area
of karst science that has been somewhat neglected, yet these are
some of the most important aquifers for public water supply. They
pose particular challenges in characterization and management.
With increasing water resource quantity and quality challenges,
karst approaches offer new opportunities to improve groundwater
management and protection.

Scientific editing by Matthijs Bonte; Daniel Lapworth
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