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Abstract
The permeability of carbonate aquifers varies widely, but the major factors that influence changes in permeability with depth are
not well established. Trends in permeability and solute concentration data were analysed for four carbonate aquifers where data
were available over a wide range of depths. The Deep Geologic Repository (Ontario, Canada), Edwards Aquifer (Texas, USA),
and Chalk aquifer (England, UK) all had permeability data from wells, supplemented by numerical groundwater flow models.
There were no permeability data from wells for the fourth site, the Arabika Massif in the Caucasus Mountains (Abkhazia,
Georgia). However, the permeability could be calculated from the water-table gradient. It was found that high permeabilities
are associated with low solute concentrations, but there is a weak correlation between permeability and depth. The highest
permeabilities are found in the freshwater zone, where total dissolved solids (TDS) concentrations are <1,000mg/L. The presence
of aquitards which limit vertical flow were the prime factor in determining the depth of the freshwater zone. This depth varied
from 40 m at the Ontario site to >2,000 m below the surface in the Caucasus Mountains. This study highlights the importance of
dissolution, the link between permeability and both solute concentrations and flow rate, and how aquitards can play a pivotal role
in how permeability varies as a function of depth.
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Introduction

Weathering enhances permeability in all bedrock lithologies,
but it is particularly important in carbonate aquifers, where
dissolution is the main weathering process (Worthington
et al. 2016). However, the factors that influence the changes
in permeability with depth in carbonates have not been well
studied, except in petroleum reservoirs. The study of how
permeability varies with depth in the crust has largely fo-
cussed on igneous and metamorphic rocks. This is under-
standable because these lithologies are predominant in the

middle and lower crust (Ingebritsen and Gleeson 2017).
Data from thermal and metamorphic heat flow models show
that there is a consistent decrease in permeability in at least the
uppermost 10–15 km in the crust (Manning and Ingebritsen
1999). Below that depth there is a transition to stresses being
accommodated by ductile rather than brittle responses, and
there are both fewer data and more uncertainty. Ranjram
et al. (2015) compiled permeability measurements from crys-
talline rocks to a depth of 2,500 m, largely from research
projects for nuclear waste repositories. The average trend did
show a decrease in permeability with depth, but the correlation
was weak (r2 = 0.23), suggesting that multiple factors affect
changes in permeability with depth.

Sedimentary rocks predominate in the upper 2 km of the
crust, which is also where most permeability measurements
have been made (Ingebritsen and Gleeson 2017). Mechanical
compaction is an important process in sedimentary rocks,
where both porosity and permeability diminish with depth—
for instance, a compilation of global data from petroleum res-
ervoirs showed that there are substantial decreases in matrix
porosity and permeability with depth due to compaction
(Ehrenberg and Nadeau 2005). However, these matrix values
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of 10−6 to 10−7 m/s are several orders of magnitude lower than
total hydraulic conductivity values in many carbonate aqui-
fers, although the latter are usually much shallower than pe-
troleum reservoirs.

The principal reason for high permeabilities in carbonate
aquifers is that dissolution enhances permeability by enlarging
fracture pathways, and the permeabilities of the fracture net-
works are usually orders of magnitude greater than matrix
permeability (Dreybrodt 1990; Worthington and Ford 2009;
Kaufmann 2016). Consequently, high permeabilities are like-
ly to occur in carbonate rocks in situations where flow paths
enable meteoric water to easily recharge an aquifer, to flow
through it, and to discharge from it back to the surface
(Stringfield and LeGrand 1966).

The recharge of meteoric water to aquifers not only en-
hances permeability but also dilutes the solute concentrations
of the ambient groundwater. Consequently, this suggests that
there may be an inverse correlation between permeability and
solute concentrations in carbonate rocks. Domenico (1972)
described an upper, intermediate, and lower hydrochemical
zone in groundwater, with bicarbonate, sulphate, and chloride,
respectively, being the dominant anions in the three zones.
Most carbonate rocks were deposited in marine environments,
so the original matrix water is typically sea water, with total
dissolved solids (TDS) exceeding 30,000 mg/L. If the rocks
are interbedded with salt, then TDS in groundwater can in-
crease up to the solubility of halite, 360,000 mg/L. Recharge
of meteoric water will ultimately flush out most of the chlo-
ride, with sulphate becoming the dominant anion. Gypsum,
with a solubility of 2,100 mg/L, is the major source for sul-
phate. With further flushing most sulphate is removed and
bicarbonate becomes the dominant anion. In carbonate aqui-
fers this is derived from dissolution of calcite and dolomite,
which have solubilities of 100–500 mg/L, depending on dis-
solved CO2 concentrations. A common scheme for classifica-
tion of water quality is that freshwater has a TDS of
<1,000 mg/L, brackish water 1,000–10,000 mg/L, saline wa-
ter 10,000–100,000 mg/L, and brine >100,000 mg/L (Freeze
and Cherry 1979). The anions commonly dominant in these
zones are bicarbonate in the freshwater zone, sulphate in the
brackish water zone, and chloride in the saline and brine zones
(Domenico 1972; Freeze and Cherry 1979). The principal
chemical weathering reaction in both silicate and carbonate
rocks is dissolution by carbonic acid, and consequently bicar-
bonate is the principal ion in surface waters that drain from
both lithologies (Berner and Berner 2012; Worthington et al.
2016).

Weathering fronts occur where there is a distinct boundary
between weathered and unweathered rock (Phillips et al.
2019). The concept of weathering fronts has mostly been ap-
plied to silicate rocks, where weathering fronts are usually
restricted to depths of metres to tens of metres below the
surface (Goldich 1938; Brantley et al. 2013). However,

minerals weather at different rates. Goldich (1938) described
the mineral stability series of minerals in igneous rocks, from
olivine being the least stable to quartz being the most stable.
Consequently, there may be a series of weathering fronts, such
as orthoclase, plagioclase, and biotite fronts in granite, and
illite, chlorite, calcite, and pyrite fronts in shale (Brantley
et al. 2017). There is often an upper weathered layer of sapro-
lite above silicate rocks, dominated by clay minerals and
quartz, and a lower fissured layer where weathering along
fractures has enhanced the permeability (Lachassagne et al.
2011; Worthington et al. 2016).

Weathering in carbonate rocks is somewhat different be-
cause calcite and dolomite dissolve congruently and so leave
no residual saprolite layer above the top of intact bedrock.
However, weathering (i.e. dissolution) along fractures does
produce a high-permeability fissure network, as in granite,
although the higher solubility and higher dissolution rates of
carbonate minerals result in substantially higher permeabil-
ities than in granite (Worthington et al. 2016). Thermal
springs in carbonate aquifers usually have substantially higher
sulphate concentrations than nonthermal springs, reflecting
the dissolution at depth of sulphate minerals such as gypsum
and anhydrite (Worthington and Ford 1995). This suggests
that there may be a gypsum front at depth in many carbonate
aquifers, above which there are low TDS concentrations and
little gypsum or anhydrite present, and below which there are
higher TDS concentrations reflecting the dissolution of gyp-
sum and anhydrite. At greater depths there is likely to be a
saline front, below which saline ions (Na++ and Cl−) dominate
the water chemistry due to the presence of connate water and/
or from the dissolution of halite.

There are two contrasting ways in which carbonate aquifers
are usually studied. One is derived from the seminal paper of
Hubbert (1940), which Anderson (2008, p. 72) stated that it
was “of monumental significance to groundwater theory”. A
major assumption made by Hubbert is that “the solid frame-
work is insoluble and chemically inert with respect to the fluid
flowing through it” (Hubbert 1940, pp. 787–788).
Consequently, many modern studies in carbonate aquifers
using wells assume that the aquifer rocks are insoluble and
that aquifers behave as homogeneous porous media, and so
the variation in permeability with depth is not considered. The
second way in which carbonate aquifers have been studied
focusses on data from caves and springs. These studies often
investigate how dissolution enhances permeability, forms
caves, and influences spring discharge and chemistry (Ford
and Williams 2007; Palmer 2007; Kresic 2013; Stevanović
2015). However, such studies usually do not produce data
on permeability, except for individual conduits (e.g. Jeannin
2001), and it would be challenging to quantify changes in
permeability with depth from such data. Nevertheless, there
have been some studies that have considered the varying per-
meability with depth in carbonate aquifers.
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LeGrand and Stringfield (1971) suggested that the maxi-
mum dissolution occurs at approximately the level of the low-
flow water table, and decreases exponentially with depth be-
low that level. Milanović (1981) compiled data from voids
and high-permeability zones in 146 deep wells in carbonate
rocks in Yugoslavia, and inferred that there was an
exponential decrease in permeability with depth. Sanford
(2017) related depth of flow to permeability up to a depth of
280 m in the steeply dipping Palaeozoic carbonate and
siliciclastic rocks in the Valley and Ridge Province in
Virginia, USA. Groundwater model calibration showed that
there was a much greater permeability reduction with depth
than in igneous rocks, which was attributed to a decrease in
weathering with depth.

The current study extends the analysis to much greater
depths, using data from four contrasting situations. Two ap-
proaches are used, with one method being to analyse data
from wells, using hydraulic conductivity measurements and
modelling results, with solute concentrations giving additional
insights into aquifer processes. Three such areas are analysed
here, from Canada, the USA, and the UK. The second ap-
proach is to utilise data from deep caves that have been
mapped down to the water table. The well-documented exam-
ple of Krubera Cave in the Arabika Massif in Georgia is used.
This cave has one of the world’s deepest known vadose zones.
Although there are no direct measurements of permeability in
the aquifer, it was considered to be important to include an
example representing the many carbonate aquifers in high
mountains where there are deep caves. For instance, Gulden
(2020) lists 109 caves in 19 countries that are >1,000 m deep.
The data from the four study areas are used to investigate the
factors that control changes in permeability with depth below
the surface in the four aquifers, as well as the correlation
between permeability and solute concentrations.

Study areas

Edwards aquifer, Texas, USA

The Edwards Aquifer in Texas is a Cretaceous limestone
150–250 m thick that underlies San Antonio and provides
almost all of the water supply for its 1.7 million residents.
It is also widely used for irrigation, and the presence of
many wells has facilitated a good understanding of aqui-
fer characteristics such as facies variation, porosity, per-
meability, and the depth of the potentiometric surface
(Hovorka et al. 1996, 1998; Sharp et al. 2019). Several
southward-flowing rivers lose much of their flow as they
cross the outcrop of the aquifer. Natural discharge occurs
from several major springs that are located on faults with
substantial displacements, with the flow rising through as
much as 200 m of strata that overlie the Edwards Aquifer.

The San Antonio segment of the aquifer is the largest
segment, extending for 250 km from a groundwater divide
in the west to two major springs in the east, Comal
Springs and San Marcos Springs, which have mean dis-
charges of 27 and 16 m3/s, respectively (Hamilton et al.
2012). A total of 6 m3/s discharges from Leona, San
Pedro, San Antonio, and Hueco springs (Fig. 1). In addi-
tion, 40 m3/s are pumped from wells, giving a total aqui-
fer discharge of 89 m3/s (Hamilton et al. 2012).

The aquifer dips to the south-east, and the potentiometric
surface varies from >250 m above sea level (asl) in the west to
190 m in the east at Comal Springs, and to 174 m at San
Marcos Springs (Fig. 1). The zone of freshwater extends
downdip in the confined aquifer for as much as 50 km, where
the aquifer is more than 1,000 m below the surface (Schindel
2019). At greater depths there is a brackish water zone, where
total dissolved solids (TDS) exceed 1,000 mg/L, and further
downdip the water become saline, with TDS >10,000 mg/L
(Fig. 1). TDS concentrations average 325 mg/L at Comal
Springs and 340 mg/L at San Marcos Springs (Hamilton
et al. 2012).

Anhydrite beds are almost absent in the freshwater
zone of the Edwards Aquifer, but thicken in a zone that
is often only several kilometres wide, where TDS rapidly
increases from several hundred to several thousand milli-
grams per litre. Anhydrite beds exceed a thickness of
20 m within a few kilometres of the 1,000 mg/L contour
(Schultz and Halty 1997); thus, the 1,000 mg/L contour
roughly coincides with the gypsum front. The aquifer is
roughly coincident with the Balcones fault zone, an ex-
tensive area of normal faults (see section XY in Fig. 1).
These date from a period of uplift and faulting in the early
Miocene, which marks the start of the modern phase of
aquifer development (Sharp and Banner 1997). Since that
time, the gypsum front has moved downdip more than
50 km in places such as at section XY in Fig. 1, giving
a rate of >2 mm/year.

Deep Geologic Repository, Ontario, Canada

An investigation for a Deep Geologic Repository for nu-
clear waste in Ontario produced permeability data to
depths of 840 m below the surface from packer testing
(Al et al. 2011). The site is in Palaeozoic sedimentary rocks
on the eastern flank of the Michigan basin, and the strata
dip gently to the south-west (Fig. 2). The rocks can be
grouped into three principal carbonate aquifers, separated
by two aquitards. The Salina Formation forms the upper
aquitard, and is composed of a sequence of interbedded
halite, gypsum, shale, and carbonate rocks. A thick se-
quence of Ordovician shales forms the lower aquitard.
Precambrian igneous and metamorphic rocks underlie the
Palaeozoic sedimentary strata. The unconfined carbonate
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aquifers are widely used for water supplies, and TDS is
usually 300–500 mg/L (Singer et al. 2003). The TDS in
the carbonate aquifers increases downdip where the aqui-
fers are confined, first to a brackish water zone and then to
saline water zone (Fig. 2). Glacial sediments cover almost
the whole area, with thicknesses exceeding 100 m in
places. Consequently, infiltration is limited, the water table
is usually close to the surface, and there is a surface drain-
age network over the whole area. Groundwater flow in the
carbonate formations is largely in local flow systems
discharging to rivers, with a component of regional flow
discharging directly into Lake Huron.

Arabika aquifer, Abkhazia, Georgia

Cave exploration in the Arabika Massif in the Caucasus
Mountains has shown that the water table lies at a depth of
2,145 m below the surface in Krubera Cave (Fig. 3). The strata
in the area are composed of Jurassic and Cretaceous limestones
that have been subjected to differential uplift during Alpine
tectonism. The base of the Cretaceous strata has been uplifted
to 200 m asl near the coast, and to >2,000 m asl at the entrance
of Krubera Cave, 13 km inland. The unconfined aquifer has
been exposed at the surface for some millions of years, and
dissolution and cave formation have been ongoing over this

240

400

320

480

400

320

240

160
240

240

80

Lake
Ontario
75 m

Devonian carbonates
Salina Formation
Silurian carbonates
Ordovician shale
Ordovician carbonates
Water table contours

Lake Huron
177 m asl

Georgian Bay
177 m asl

test
site

0            40 km

unconsolidated
sediments

Dundalk
Dome

Legend

X

Y

Dundalk Dome

fresh water
TDS 1000 mg/L

brackish water
TDS 10,000 mg/L

saline water

Legend for water quality in
carbonate units in cross-section

50 100 150 km

500

0

-500

El
ev

at
io

n 
 (m

 a
sl

)

Salina   Fm
Ordovician carbonates

Ordovician shale

Precambrian basement

Silurian carbonates
Lake
Huron

Dev.  carb.

test
site

X Y

Canada

USA

study
area

USA

(a)

(c)

(b)

Fig. 2 Plan (a) and profile (b) of the area of the Ontario Deep Geologic Repository test site (compiled from Singer et al. 2003, Al et al. 2011 and
Worthington 2011)

0 50 km

Canada

Mexico

USA

study area
500

0

-500

-1000

-1500

El
ev

at
io

n 
 (m

 a
sl

)

0 20 40 60
Distance  (km)

Legend for total dissolved solids
<1000 mg/L - freshwater zone
1000- 10,000 mg/L - brackish water zone
>10,000 mg/L - saline water zone

GF

274

201

26
8 23

8

23
2

22
6 219

21
3

17
7

CS

SM

Edwards Aquifer (freshwater, unconfined)
Edwards Aquifer (freshwater, confined)
Brackish water zone (confined)
Saline water zone (confined)
Gypsum front

Rivers
Rivers - losing sections
Line of cross-section
Head in Edwards Aquifer

X

Y

X Y
Contributing zone

GF

GF

HS

SA
SP

CS  Comal Springs
HS  Hueco Springs
LS  Leona Springs
SA  San Antonio Springs
SP  San Pedro Springs
SM  San Marcos Springs

LS

GF

Legend

(a) (b)
(c)

Fig. 1 The San Antonio segment of the Edwards Aquifer, showing (a) location map, (b) plan and (c) profile of the aquifer (adapted from Lindgren et al.
2004)

24 Hydrogeol J (2021) 29:21–32



timespan. Consequently, there are likely to have been low
water-table gradients similar to those of today over essentially
the whole period since the strata were first uplifted above sea
level (Klimchouk 2019). Most of the uplift in the Caucasus
Mountains has occurred since the late Miocene (Klimchouk
2019). Assuming 2,000 m of uplift in 5 Ma gives an uplift rate
of 0.4 mm/year, which may be equated to the rate of downward
movement of the base of the freshwater zone in the aquifer.

Chalk aquifer, England, UK

The Chalk is a Cretaceous formation that is extensively ex-
posed in southern and eastern England, where it forms cuestas
and plateaus that are generally 100–200 m above sea level
(asl). Its porosity averages about 30%, but pore throats are
mostly <1 μm (Price 1987). Consequently, little of the matrix
porosity drains under gravity, and the specific yield in
pumping tests is typically only about 1% (MacDonald and
Allen 2001). Chalk aquifers provide about half of the total
groundwater use in the UK, and are carefully managed
(Lloyd 1993; Shepley et al. 2012). In several areas, the
Chalk is pumped in headwaters areas during drought periods,
and the water discharged downgradient to the head of peren-
nial sections of streams. Two such areas are shown in Fig. 4,
where long-term pumping tests were carried out using multi-
ple wells (Headworth et al. 1982; Connorton and Reed 1978;
Morel 1980). Pumping and packer tests, and flowmeter and
salt dilution profiling in wells have shown that most flow in
the Chalk occurs in solutionally enlarged fractures, typically
in the upper 50–60 m of the saturated zone (Price et al. 1982,
1993; Schürch and Buckley 2002; Maurice et al. 2012; Allen
and Crane 2019).

Methods

There have been a large number of pumping tests in the
Edwards Aquifer that have determined hydraulic conduc-
tivity values. However, Halihan et al. (2000) showed that
average values from 1,072 pumping tests were about two
orders of magnitude lower than is required to calibrate
numerical models of the aquifer. This is because pumping
test wells are unlikely to be located on the higher-
permeability preferential flow paths through carbonate
aquifers. Consequently, well-calibrated numerical models
give more accurate estimates of aquifer permeability.
There have been a number of numerical studies of the
aquifer, with recent models having >100,000 cells in the
aquifer (Green et al. 2019). The different models have all
had similar permeability distributions, and for this study,
an early model (Klemt et al. 1979) was used, with a lim-
ited number of permeability values that could be more
easily plotted. This model was calibrated to water levels
in about 100 wells and to spring flows over the period
1947 to 1971.

At the Ontario site, there have been a substantial number of
permeability measurements in the uppermost 200 m of strata.
Below this depth, data were collected from packer tests in six
deep wells (Al et al. 2011). A numerical groundwater model
for flow at the site used average hydraulic conductivity values
from the packer tests.

In the limestone aquifer in the Caucasus Mountains, there
are no deep wells where permeability measurements have
been made. However, Haitjema and Mitchell-Bruker (2005)
showed that the height of the water table (Δh) above base
level can be expressed as
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Δh ¼ RL2

mKH
ð1Þ

where R is aquifer recharge, L is the distance between base
level on either side of a mountain range, m is a shape factor
which equals 8 in the case of flow from a linear mountain
range, K is hydraulic conductivity, and H is aquifer thickness.

The hydraulic conductivity was calculated from Darcy’s
Law, expressed as Q=KiA, where the discharge (Q) is the
product of hydraulic conductivity, hydraulic gradient (i), and
aquifer cross-section (A). It is assumed that the groundwater
divide is 3 km upgradient from Krubera Cave, based on
groundwater tracing results (Klimchouk 2019). Tracing has
shown that recharge in the area of the cave flows 13 km to a
large spring close to the Black Sea coast and at an elevation of
1m asl (Klimchouk 2019). It is assumed that annual recharge in
the mountains is 2,000 mm, diminishing linearly to 1,000 mm
at the coast, with a constant 500 mm evapotranspiration. The
water table in Krubera Cave is 111 m asl (Klimchouk 2019).

The thickness of the aquifer was calculated from

D ¼ 0:18 Lθð Þ0:79 ð2Þ

where D is the depth of flow below the water table, L is the
flow path length, and θ is the dimensionless dip, equal to the
sine of the dip in degrees (Worthington 2001). The equation
was developed from 19 cave systems where the maximum
depth of flow in cave passages had been determined.

Variation in hydraulic conductivity with depth in the Chalk
was derived by two methods. Analysis of the two long-term
pumping tests shown in Fig. 4 showed that there was a reduc-
tion in transmissivity over time as the water table dropped
(Owen and Robinson 1978; Headworth et al. 1982). The data
were converted to hydraulic conductivity values as function of
depth to facilitate comparison with other areas. The second
method was to use calibration results from MODFLOW
VKD, which allows hydraulic conductivity and storage to be
varied with depth (Water Management Consultants 2002).
The Chalk aquifers shown in Fig. 4 have been modelled in a
series of regional models—for instance, the area to the west of
the River Test is in the Wessex Basin model. This area covers
about 2,500 km2 of the Chalk outcrop, and the model was
calibrated to water levels in 284 wells and to river flow over
a 40-year period at 42 stations, using three stress periods per
month (Soley et al. 2012).

Results

The Klemt et al. (1979) numerical model has hydraulic con-
ductivity values for 546 cells in the freshwater zone of the
Edwards Aquifer (Fig. 5). The data are presented as a function
ofmean aquifer depth at each cell. There are no data for depths
below 850 m because the deeper part of the freshwater zone
had not been identified when the modelling was carried out. A
later model found that the deeper part of the freshwater zone

120

100

80

120
100

80

40

60

40

40

60

80
60

W

X

Y Z

Legend

Chalk
Younger silt, sand, clay
Older sedimentary rocks
Perennial stream
Intermittent stream
Groundwater elevation (m)
Groundwater mound
Effective aquifer
Groundwater divide
Cross-section
Area of 1 m drawdown
Pumping test well
Candover Brook0                  10 km CB

Ireland

study
area

UK

France

Horizontal distance  (km)

W X Y Z

El
ev

at
io

n 
(m

 a
bo

ve
 s

ea
 le

ve
l) 300

200

100

0

-100

-200
0 20 40 60 80

Effective aquiferEffective aquifer

Chalk

Older sedimentary rocks

River
Kennett River

Test

R. Test

R. Kennett

R. Lambourn

CB

(a) (b)

(c)

A

B

C

D
E

F

Fig. 4 Plan (a), profile (b), and location map (c) of the Lambourn and
Candover pumping tests in the Chalk aquifer (UK), showing drawdown
after 90 days of pumping and regional water table elevations (compiled

from Institute of Geological Sciences and Thames Water Authority 1978;
Institute of Geological Sciences and Southern Water Authority 1979;
Owen and Robinson 1978; Headworth et al. 1982)

26 Hydrogeol J (2021) 29:21–32



had similar values to shallower depths, but that values de-
creased substantially in the brackish water zone, with average
values of 4 × 10−6 m/s in that zone (Lindgren et al. 2004). It
can be concluded that there is no straightforward trend in
hydraulic conductivity with depth in the Edwards Aquifer
(Fig. 5).

For the Ontario Deep Geologic Repository, individual
packer test results below 200 m are shown in Fig. 6 against
the measured test interval. Above 200 m, only average values
for each formation are available. There is a clear decrease in
hydraulic conductivity from the upper strata (10−4–10−7 m/s)
to the deeper strata (10−7–10−16 m/s), but there is a very wide
range in values (Fig. 6). Analysing only the data in the car-
bonate rocks, there is a rapid increase in TDSwith depth, from
freshwater near the surface to brines at a depth of 230 m in the
Salina Formation (Fig. 6). These are accompanied by low
hydraulic conductivity values; however, there are higher
values in the carbonate units between –300 and –400 m, with
a value >10−7 m/s at −330 m coinciding with a low TDS of
28,600 mg/L (Fig. 6). These values occur in the 42-m-thick
A1 dolostone unit of the Salina Formation. This provides ev-
idence for downdip flow of freshwater from shallower depths
within the Salina A1 dolostone rather than vertical flow
through the overlying shale and evaporite aquitards. Further
downgradient, flow would continue along the strike,
discharging where the Salina A1 dolostone outcrops under
Lake Huron. In the deeper carbonates below 500 m, there is
no evidence for downdip flow of meteoric water reaching the
site, and there are both very low hydraulic conductivity values
and very high TDS values (Fig. 6). Overall, there is an inverse
correlation between TDS and hydraulic conductivity in the
carbonate rocks at the site (Fig. 7).

The hydraulic conductivity for the Arabika Massif was
calculated using Eq. 1—Tables S1–S3 of the electronic sup-
plementary material (ESM). The greatest uncertainty in the

calculations concerned aquifer thickness. Equation 2 yields
an aquifer thickness of 85 m and a resultant hydraulic conduc-
tivity of 7 × 10−4 m/s, assuming a constant hydraulic conduc-
tivity (Table S1 of the ESM). However, evidence from fresh-
water in deep wells (Klimchouk 2019) suggests that the aqui-
fer could be much deeper than this. For a thickness of 850 m,
the hydraulic conductivity would be 7 × 10−5 m/s (Table S2 of
the ESM). Calculations assuming that the hydraulic conduc-
tivity is proportional to flow, and hence that the water table
has a constant gradient, give a similar mean value of 6 × 10−4

m/s for an 85-m-thick aquifer (Table S3 of the ESM).
In the Candover catchment in the UKChalk, six abstraction

wells 90–120 m deep were pumped for 6 months, with mon-
itoring at nine observation wells within 400 m, and a further
19 observation wells further away (Headworth et al. 1982).
The pumping test at the Lambourn site was similar, with five
wells pumping simultaneously for 90 days (Owen and
Robinson 1978). Hydraulic conductivity was found to dimin-
ish with depth at both sites, though the trends are rather dif-
ferent (Fig. 8a). MODFLOW VKD has commonly been used
in regional Chalk groundwater models to achieve a satisfacto-
ry transient calibration between heads in wells and flow in
streams. Transmissivity generally increases in a downgradient
direction, from <100 m2/day at interfluves to >1,000 m2/day
in valleys (Morel 1980; Soley et al. 2012; Taylor et al. 2012).
It has also been found that the depth of enhanced permeability
tends to be greater in valleys than at interfluves (Soley et al.
2012). A generalized plot of variation in hydraulic conductiv-
ity with depth is shown in Fig. 8b, based on model calibration
results in Entec (2007) and Soley et al. (2012). However,
locally there are substantial variations from these averages,
with Chalk lithology, structure, preferential flow horizons,
and preferential recharge all playing a role.

Discussion

The correlation of permeability with depth for the four sites
studied is shown in Fig. 9, which also shows the results from
Virginia (Sanford 2017). Individual data points are shown as
diamonds, and rectangles represent the general range of values
for study areas. Results for the UK and for Virginia are repre-
sented by general trends. In addition, general trends for the
freshwater, brackish water and saline water/brine classes are
shown. Overall, the data show substantial scatter and there is
no simple trend in either permeability or TDS with depth. The
permeability differences shown are influenced by several fac-
tors, which are described in the following sections.

Deep water tables in carbonate mountains

The thick, pure limestones and high rainfall in the
Arabika Massif result in substantial dissolution in the
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bedrock, which enhances permeability. High infiltration in
the limestone and the absence of aquitards results in an
absence of surface flow and facilitates the deep infiltration
of meteoric water. Following millions of years of uplift
there are now high permeabilities together with circulation
of freshwater to depths of more than 2,000 m below the
surface (Fig. 3). The hydraulic conductivity of near-
surface carbonate rocks globally is on average 2 × 10−5

m/s, and is substantially higher than in other lithologies

(Gleeson et al. 2011). Calculations using Eq. (1) have
shown that the low hydraulic gradients in the Arabika
Range necessitate similarly high hydraulic conductivities
(Fig. 9).

The occurrence of deep water tables and the presence of
freshwater at great depths are common in mountains that have
thick sequences of carbonate rocks. The existence of many
deep caves around the world attests to this (Gulden 2020).
Well-documented examples where caves have been explored
to depths >1,000m and where the water table is <100m above
spring elevation include the Picos de Europa in Spain
(Ballesteros et al. 2015) and the Velebit Mountains in
Croatia (Stroj and Paar 2019). In both these cases there are
low hydraulic gradients and so high hydraulic conductivities
similar to the aquifer at Krubera Cave.

Inhibited vertical flow due to aquitards

The presence of aquitards in carbonate sequences can limit
vertical flow of recharge water and hence limit dissolutional
increases in permeability. The examples from Canada and from
Georgia provide examples of the contrasts. At the Canadian
Deep Geologic Repository site, there are widespread unconsol-
idated sediments with varied permeability, and substantial sur-
face flow in rivers. The bedrock consists of interbedded carbon-
ates and lower-permeability rocks, including shale, gypsum,
and halite. These factors limit the ingress of meteoric water,
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especially below a depth of 220 m, where brines predominate
and the permeability is very low (Fig. 9). The Arabika aquifer
in Georgia lacks aquitards and has much higher permeability at
depth than the Canadian site (Fig. 9).

Chemical undersaturation and the flowrate effect

Solutional enlargement of fractures incorporating the nonlin-
ear dissolution kinetics of calcite is a function of a number of
factors. These include fracture aperture, initial partial pressure
of CO2 of recharge water, hydraulic gradient, flow path
length, and the changing chemical undersaturation with re-
spect to Ca along the flow path (Dreybrodt 1990; Palmer
1991). For an unconfined aquifer with infiltration over the
whole aquifer, application of Darcy’s law shows that initial

hydraulic gradients increase in a downgradient direction.
Consequently, steep gradients and short flow paths will favour
more dissolution in the downgradient part of the aquifer, but
greater chemical undersaturation will favour more dissolution
in the upgradient part of the aquifer if there is substantial
chemically-undersaturated sinking-stream recharge. Liedl
et al. (2003) examined these competing factors and showed
that dissolution commonly results in greater enlargement in
downgradient fractures, with the water table evolving from an
initial convex shape to a later concave shape. Furthermore, the
development of a concave water table is also enhanced by
mixing dissolution and by the earlier transition to turbulent
flow in downgradient parts of the aquifer where there is more
flow (Romanov et al. 2003; Kaufmann 2016). The develop-
ment of a concave water table is largely a function of the
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increasing permeability in a downgradient direction being as-
sociated with increased flow, so this effect is described here as
the flowrate effect.

The concave shape of the water table in carbonate aquifers
and its association with sinking streams and springs was dem-
onstrated by mapping of the water table over an area of
1,600 km2 in Kentucky, USA (Quinlan and Ewers 1989).
Water levels from 1,500 wells and from cave streams in
700 km of caves were used, together with results from 500
tracer tests. The mapping showed how the major flow paths
are along groundwater troughs linking sinking streams to
springs, with gradients decreasing in a downgradient direction
(Quinlan and Ewers 1989). A numerical model of one of the
major groundwater basins showed that hydraulic conductivity
increases by one to three orders of magnitude between sinking
streams and springs (Worthington 2009).

In the Chalk aquifer, there are substantial downgradient
decreases in hydraulic gradients, giving concave profiles
(Fig. 1); thus, the steepest hydraulic gradients in the Chalk
do not occur in downgradient locations proximal to streams,
as would occur in an aquifer with uniform permeability.
Instead, the steepest hydraulic gradients occur in upgradient
locations on the perimeters of groundwater mounds, where the
permeability is low. This is clearly seen in Fig. 4, on the
margins of the 14 groundwater mounds which are located on
interfluves. Figure 10 shows downgradient trends in the
Edwards aquifer to Comal Springs, the largest springs, and
in the Chalk aquifer to springs at the perennial heads of the
rivers Lambourn, Anton, and Test. The trends in hydraulic
conductivity and hydraulic gradient are similar in Texas and
the Chalk (Fig. 10). In the former case most of the aquifer
recharge is via sinking streams and in the latter case <1% of
aquifer recharge is from sinking streams. Thus, preferential
flow and substantial downgradient increases in permeability
occur not only where there is substantial sinking stream re-
charge, but also where recharge is by diffuse infiltration.

These trends show the importance of the flowrate effect,
where downgradient increases in flow are associated with large
downgradient increases in hydraulic conductivity. In addition,
the flowrate effect is also significant in a vertical sense. Most
flow in the three aquifers studied takes place in the freshwater
zones, and it is in these zones that most dissolutional enhance-
ment of permeability has taken place (Fig. 9).

Conclusion

The concept of weathering zones helps give a broad perspective
on the flow and weathering processes occurring in aquifers.
The analysis here has shown that high permeability in the four
carbonate aquifers studied is limited to the freshwater zone.
However, the depth of this zone can vary widely, from 40 m
at the Ontario site to in excess of 2,000 m in the Caucasus
Mountains in Georgia. These differences are due to both stra-
tigraphy and structure. A shallow freshwater zone is favoured
in carbonate rocks where they are interbedded with aquitards
such as shale. In addition, low stratal dips favour shallow
weathering zones. Conversely, deep weathering zones are
favoured where there are thick sequences of pure carbonates,
especially in mountain ranges where deep vadose zones can
develop. They are also favoured where stratal dips are high
enough to facilitate flow along the strike of the strata to springs
at lower elevations. Weathering fronts can advance at rates of
several millimetres per year over periods of millions of years, as
in the case of the gypsum front in the Edwards Aquifer.

Total dissolved solids (TDS) concentrations have an inverse
correlation with permeability because aquifer permeability is a
function of the volume of water that has passed through a
carbonate aquifer since substantial groundwater flow started.
Low permeabilities in brackish water, saltwater, and brine
zones are due to the limited groundwater flow and the associ-
ated limited solutional enhancement of permeability. Higher
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permeabilities are associated with freshwater zones, where
large volumes of meteoric water have flowed through aquifers,
and the concomitant dissolution along preferential flow paths
such as fractures has greatly enhanced permeability.
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