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Abstract:

Keywords:

Chemical deposits inside evaporite (gypsum, anhydrite and halite) caves are far less common
than those developed within limestone or volcanic cavities. Moreover they exhibit a lower
scarce mineralogical variability due to several reasons, the most important of which are:
1) calcium sulfate and sodium chloride are by far less reactive than calcium carbonate;
2) evaporite outcrops normally have a low mineralogical variability within the cave recharge
areas. Therefore these karst environments were less investigated from this point of view in
the past: no general paper exists on speleothems developing in halite and anhydrite caves
until present, while the last printed one on gypsum (and anhydrite) karst appeared around 20
years ago. Several mineralogical studies were carried out in the last decades in caves from
different evaporite areas proving that some of them host peculiar minerogenetic mechanisms,
which are, at the moment, exclusive for these areas, and sometimes also brought to light
to rare or even new cave minerals. In the present paper, together with an overview on all
the actually known minerogenetic mechanisms active within the evaporite caves, the related
chemical deposits and speleothems are shortly described. Far from being exhaustive,
the recent mineralogical research on evaporite caves puts in evidence their unexpected
richness in peculiar hosted speleothems and rare cave deposits. Seven out of the fifty known
evaporite cave minerals, and around 10 speleothem types/subtypes are exclusive to these
environments. Taking into account that only a few evaporite areas have been, so far, studied,
it is highly probable that in the near future many more new cave deposits will be discovered,
thus increasing the mineralogical interest of these unique caves.
minerogenetic mechanisms, speleothems, evaporite caves, gypsum, halite
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INTRODUCTION
The presence of chemical deposits in evaporite
caves (in particular gypsum caves) was reported
since a long time ago (Aldrovandi, 1648; Laghi, 1806;
Santagata, 1835; Fedorof, 1883). However, in the
second half of the last century, when specific studies
on cave mineralogy started (White, 1962; Hill, 1976),
evaporite caves were almost completely neglected.
Only six cave minerals were known from evaporite
cavities at that time: calcite, epsomite, gypsum,
halite, ice, and mirabilite. This because chemical
deposits in evaporite caves are far less common and
often of smaller size respect to those developed within
limestone or in even volcanic cavities. Moreover, they
exhibit a very low mineralogical variability due to
several reasons, especially:
1) calcium sulfate and sodium chloride are by far
less reactive than calcium carbonate;
2) evaporite caves have normally a scarce
paolo.forti@unibo.it

petrographical variability within their recharge
areas.
There is no general paper dealing with speleothems
developing in halite or anhydrite caves, whereas a
review paper on minerals and speleothems in gypsum
caves appeared 20 years ago (Forti, 1996).
The mineralogical investigations of a few evaporite
karst areas started at the end of the last century; one
in halite (Mt. Sedom Israel, Forti & Buzio, 1985), one
in anhydrite (Upper Secchia Valley, Italy; Chiesi &
Forti, 1985), and four in gypsum (Kungur in Russia,
and several caves in Emilia Romagna, at Santa
Ninfa in Sicily, and Verzino in Calabria, Italy) (Forti,
1986;Volkov et al., 1986; Forti & Rossi, 1987; Forti &
Lombardo, 1998) but these cover a minimal fraction
of the world evaporite outcrops.
Until present only seven karst areas in halite, two
in anhydrite and eleven in gypsum (Fig. 1) have been
studied for their cave minerals and speleothems, but
most of these investigations are only preliminary.
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Location of the evaporite karst areas where speleothems and cave minerals have been at least partially analyzed.
Halite: 1) Mt. Sedom, Israel; 2) Central Iran; 3) New Mexico, USA; 4) Atacama, Chile, 5) Cardona, Spain, 6) Mînzălești,
Romania, 7) Wieliczka, Poland, and 8) Quinghai China. Anhydrite: 1) Upper Secchia Valley, Italy; 2) Central Germany.
Gypsum: 1) Emilia Romagna, Italy; 2) Verzino, Calabria, Italy; 3) Santa Ninfa Sicily, Italy; 4) Pinega (Russia); 5) Kungur,
Russia; 6) Podolia, Ukraine; 7) Almeria, Spain; 8) Darhedi, Algeria; 9) New Mexico, USA; 10) Punta Alegre, Cuba; and
11) Neuquén, Argentina.

Nevertheless, these studies highlighted that
evaporite caves are environments with peculiar, often
exclusive minerogenetic mechanisms, which host
extremely rare or even novel cave minerals.
The aim of this paper is to present an updated
general outlook on the knowledge on speleothems
developing within evaporite caves (halite, anhydrite,
and gypsum) in order to foster the interest of cavers
and scientists towards this peculiar research
area, which undoubtedly will lead to amazing new
discoveries in the future.
Speleothem types and cave minerals are described
separately for halite, anhydrite, and gypsum caves,
because their genetic mechanisms may differ from
one lithology to another. Among them, those already
described in two previous publications (Forti, 1996;
Hill & Forti, 1997) are only briefly reviewed, while
the others are more extensively described, providing
additional details on their formation.

HALITE CAVES
Halite caves are present in many countries of the
world, normally under arid climate where rainfall
allows their development without causing the salt
outcrop to be dissolved too rapidly (Chabert &
Courbon, 1997). Anyway some important halite
karst develops also in wetter areas (like Poland
and Romania), where the salt bed is protected by a
relatively thick impervious cap rock. Morphological
and mineralogical observations started within the
halite caves of Mt Sedom in the southwestern part
of the Dead Sea (Israel) only in the second half of
last century (Forti et al., 1984; Forti & Buzio, 1985;
Frumkin & Forti, 1997). Until present, the chemical
deposits of halite caves were at least partially
described in eight countries (Israel, Chile, China, Iran,
Poland, Romania, Russia, and Spain; Fig. 1) (Müller,

1928; Dzen-Litovsky, 1940; Yuhua & Lin Hua, 1986;
Giurgiu, 1985; Ponta, 1986; Bosák et al., 1999;
Cardona & Vivier, 2002; De Waele et al., 2009a, b,
2016; Filippi et al., 2011; De Waele & Padovan, 2016),
but studied in detail only in three of them (Chile, Iran,
and Israel). Nevertheless the halite caves proved to be
extremely interesting not only from the mineralogical
point of view but also for the richness of peculiar
halite speleothem types/subtypes.
Halite speleothems
The presence of speleothems within halite caves was
known since the antiquity; the Incas, and even several
hundred years before them, the ancient inhabitants of
the Atacama Desert deeply explored the caves to take
the extremely pure halite speleothems for domestic
use (De Waele et al., 2009a).
Perhaps the first written reference to speleothems is
in the “Holy Bible” (Genesis 19, 26). In fact the halite
statues near the town of Sodom may be referred to
the huge deposits developed inside the caves of Mt
Sedom. Anyway, the first modern report on halite
speleothems dates back to the first part of the last
century (Dzen-Litovsky, 1940), and refers to several
stalactites, stalagmites, and columns found inside a
halite cave near Orenburg (Russia).
The single mechanism allowing for the deposition
of halite speleothems is evaporation and their shape
is strictly controlled by the supersaturation degree of
the feeding solution (which may locally be influenced
by air currents) and by the flow regime over them
(which in turn is heavily affected by rainfalls) (Filippi
et al., 2011).
This is the reason why in most of the halite caves
the wind-induced forms (anemolites), like trays and
rims, are widespread as a direct consequence of the
mechanism of halite deposition, which is obviously
enhanced by the presence of strong air currents.
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Sprays and aerosols also play an important role
sometimes inducing the development of peculiar
speleothems like cave fans and coralloids as in the
Waterfall Cave in Iran. In fact in this cave there is
a rather high (15 m) waterfall, which, when active,
causes, the development of clouds of very fine aerosols
and sprays (Filippi et al., 2011). It is evident that
the presence of an active waterfall is crucial for the
development of such formations, therefore similar,
but far less developed, formations have been observed
only in the Liquid Crystal cave (Mt. Sedom, Frumkin
& Forti, 1997), while they are totally absent in the
Atacama Desert.
Up to present halite cave pearls were never found:
the lack of cave pearls is a direct consequence of
the long periods without any kind (dripping and/or
flowing) of feeding solution into the pools, favoring
the evolution of halite crystals and inhibiting the
formation of free pearls (Forti & Buzio, 1985).
Where the water supply and the supersaturation
degree are relatively high, the shapes of the halite
speleothems (stalactites, soda straws, stalagmites,
rimstone dams, and flowstones) are practically
similar to the analogous carbonate ones. They consist
of several superimposed thin layers inside which the
halite micro-crystals are progressively arranged with
a vertex pointing towards the growing direction (e.g.,
the external surface for stalactites, stalagmites and
flowstones, or parallel to it in the soda straws, Fig. 2A)
(Forti & Buzio, 1985).
The fact that halite, although isometric, behaves within
the speleothem’s structure as calcite or gypsum is the
direct consequence of the competitive selection among
crystals which allows to survive only those oriented
exactly exactly along the growing direction (Fig. 2B).
Decreasing the water supply, the inner feeding tube
of the halite stalactites and soda straws is progressively
filled with halite crystals and their development occurs
only by evaporation along their external surface,
sometimes giving rise to small halite anthodites.
Evaporation along the external surface is also the
reason why most of the halite speleothems exhibit
external surfaces with botryoidal accretions, and true
helictites (with an inner open capillary) are extremely
rare, while anthodites (without an inner feeding
capillary) are relatively widespread (Hill & Forti, 1997).
The supply of feeding solutions is crucial for the
development of halite speleothems, but Atacama
Desert is actually one of the driest place in the world
(only a few mm of rain each year), therefore the
hosted formations are rare and normally inactive for
centuries, as testified by the perfectly preserved chisel
marks over huge halite columns made by Inca miners
some 700 years ago (De Waele et al., 2009a). Beside
the widespread thin halite crusts developing in the
subterranean riverbeds following the extremely rare
rainstorms, only in few selected areas of the Atacama
caves it is possible to observe active speleothems, the
feeding of which is normally induced by short-lived
localized enhanced condensation.
Also, Mt. Sedom has a very hot dry climate, with
some 50 mm of rain each year. This amount appears
to be enough to allow the development of halite
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Fig. 2. A) Theoretical section of a stalactite where the preferential
orientation of the halite crystals in the radial part and along
the feeding tube is evidenced. B) The steric hindrance causes
competitive selection among halite crystals so that only those
with the long diagonal coincident with the direction of growth may
survive (after Forti & Buzio 1985, modified). 1) Halite crystals
with a cube diagonal coincident with the direction of growth;
2) Halite crystal with a face perpendicular to the direction of
growth, 3) Area in which the crystal B develops; 4) Area in which
only the single crystal lattice of A is present.

deposits, which unfortunately were non systematically
investigated over the past 25 years (Forti & Buzio,
1985, Frumkin & Forti, 1997).
The best environmental condition for the development
of halite speleothems is without any doubt that of the
Iranian salt domes, where the average rainfall is ~174
mm/yr with some 15-30 rainy days/year and only
one rainstorm every 10 years (Filippi et al., 2011).
Therefore it was possible to systematically describe
all the halite speleothems observed in the caves of
this area and also to define the factors ruling their
evolution. Speleothems were grouped into 4 different
classes on the basis of the type of water feeding them:
1) pool and stream water; 2) dripping, splashing and
aerosol water; 3) capillary seepage and evaporation
water; and 4) “other types” (Filippi et al., 2011). Within
these four classes the development and final shape of
the different speleothems has been characterized on
the basis of some local controlling factors like: flow
rate and its variation in time, presence of moist air,
evaporation rate and air currents directions.
Finally it was also possible to define the sequence in
the development of the different speleothems within
the Iranian caves.
Soda straws, macrocrystalline and spray deposits
are the first developing after a rain event. Later,
when evaporation processes increase their influence,
euhedral crystals and rafts form within the pools
and microcrystalline speleothems start to develop.
The development of the latter is the most perduring
process and sometimes it does not interrupt even
during dry seasons.
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For a detailed description of all types of halite
speleothems (Fig. 3), with special reference to Iran,
readers should refer to the excellent paper of Filippi
et al. (2011).
In this review only the condition allowing the
evolution of macro- &/or monocrystalline halite
formations will be shortly outlined along with three
peculiar speleothems up to present restricted to
halite caves.
The macrocrystalline speleothems
Halite has a much higher potential to form macroand/or monocrystalline speleothems than calcite
and gypsum. Therefore, in most of the studied halite
caves around the world, relatively large euhedral
or hopper halite crystals have been observed. The
preferential location for these crystals are the pools,
where evaporation is sufficiently low to allow the
development of euhedral crystals up to 10 cm in size

(Forti & Buzio, 1985; Frumkin & Forti, 1997; Filippi
et al., 2011; De Waele et al., 2016).
In the Iranian caves halite macrocrystals normally
form also along streams, whereas in the Atacama Desert
they are completely lacking. This is because they need
time to develop and therefore the stream must remain
active for at least a few days (Filippi et al., 2011).
In Atacama, active flow inside the caves exists only
for a few hours and only after one of the extremely
rare (less than 1 every 10-20 years) rainstorms.
Therefore they cannot induce the development of large
crystals but they cause the widespread evolution of
microcrystalline thin salt crusts due to the extremely
fast evaporation of all the available water.
Very large euhedral crystals may grow in hypogenic
halite caves, where their development is prompted
by the extremely low supersaturation induced by a
slight temperature lowering and maintained over an
extremely long span of time (Hill & Forti, 1997).

Fig. 3. Diagram summarizing the various types of chemical deposits known from halite caves (if not halite, names of minerals are reported)
(inset A is modified after Filippi et al., 2011).

This is the case of the Wieliczka Mine in Poland
where at the end of the 18th century, two rather large
cavities were intersected during mining works. Their
floor, walls, and ceilings were completely covered by
euhedral, transparent sparkling halite cubes up to 35
cm in size. Unfortunately, most of them were removed
from these caves and donated to mineralogical
museums around the world. However, few such
crystals are still visible in these cavities that were later
transformed into show caves (Alexandrowicz, 2000). A
similar origin is attributed to the human-sized crystals

developed in a small halite cavity intercepted within a
potash mine near Carlsbad, New Mexico (USA, 3 in
Fig. 1) (Komensky, 1966).
Peculiar monocrystalline stalactites are widespread
in the Iranian caves; the most common of which are
the skeletal ones (Filippi et al., 2011). An idealized
skeletal stalactite (Fig. 4A) normally consists of a
central rounded “stalactite” from which, at different
heights, three smaller and shorter rounded branches
develops, being equally spaced at an angle of 120°.
Moreover each branch and the central stalactite form
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an angle of ~70°. These values show that the directions
of the central columns and the side twigs correspond
to that of the four cube diagonals. Finally, at the end
of each twig there is a small halite crystal with one of
its diagonals perfectly coincident with the twig.
It is therefore evident that the entire structure of
these peculiar stalactites consists of a single crystal
lattice, albeit with a fractal appearance, and this fact
is also confirmed by the presence along the rounded
column of evident crystal facets oriented in the same
direction. Air currents and other local perturbing
factors may cause a deflection from the theoretical
direction of both the main column and of the side
twigs. Finally the rounded structure of the central
column and of the external twigs is normally covered
by glazy halite suggesting that cycles of deposition
and dissolution alternate, while no inner feeding tube
is present within the central column.
On the basis of these observations, the genesis of
these skeletal monocrystalline stalactites is induced
by solutions mainly coming from brines and sprays
that then flow via gravity and capillarity only on the
external surface of the stalactites. The amount and
the composition of these solutions must change in
time, becoming sometimes slightly undersaturated,
probably during the rainfalls. The location of these
speleothems close to waterfalls, where sprays are
easily formed support that idea (Filippi et al., 2011).
A slightly different type of monocrystalline stalactites
has been reported from just one cave (Zorro Andina
Cave) in the Atacama Desert (De Waele et al., 2009b).
The main difference from the Iranian ones is that
they completely lack the central glazy cylinder and
the side rounded twigs. The morphology of these
macrocrystalline stalactites is simpler: in fact they
consist only of interpenetrated halite crystals with
one of the cube diagonals coincident with the growth
direction. Only few of them are straight vertical
(Fig. 4C), whereas most are inclined up to 30-50°, a
minority of which developed short vertical overgrowths
from the lower vertex of each cube (Fig. 4D). Most of
these speleothems exhibit clear hopper structure,
whilst a few consist of perfect euhedral crystals.
The morphological characteristics of the Atacama
stalactites are the direct consequence of the extremely
arid climate. In Iran, spray water is fundamental
to develop skeletal structures, while in Atacama it
is totally absent. In fact in Zorro Andina Cave, the
only source of water for the development of these
speleothems comes from condensation occurring just
in that small portion of the cave and only during a
very short period after the rare rainfalls, when the
production of spray is uncommon (De Waele et al.,
2009b). In these conditions, dripping is less important
than capillary seepage and this explains why vertical
overgrowth from lower vertices of inclined stalactites
are very rare.
Just in a single small roof pocket of Zorro
Andina Cave, in the center of the area in which the
macrocrystalline stalactites develops, small branched
bidimensional skeletal stalactites have been observed
(Fig. 4D), the development of which has been related
to a strong “sheet” of air flow (De Waele et al., 2009b).
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Besides the above described stalactites, there are a
few other peculiar monocrystalline halite speleothems
worth to be mentioned: halite needles and cave
beards: these formations have been reported from
all the three studied areas (Atacama, Mt Sedom, and
Iran) even if their occurrence is strongly proportional
to the available water source: e.g., the highest in Iran
and the lowest in Atacama.
These speleothems consist of extremely elongated
fibers (ropes may reach even more than 30 cm in
length whith a width of 1 mm or even less, Hill &
Forti, 1997). They normally develop where deposition
occurs from a soft porous substratum (mud, clay,
sand, etc.), and each needle &/or fiber essentially
consists of an imperfect halite single crystal stretched
in the growth direction (Filippi et al., 2011). Its genesis
is induced by the capillary uplift and evaporation of
the feeding solution inside the soft sediment and the
newly halite deposition always occurs from the bottom
of the needle/fiber which is therefore progressively
pushed outward.

Fig. 4. Macrocrystalline halite stalactites. A) structure of theoretical
macrocrystalline stalactite from Iranian caves: side and tip to top
views; B: image of bidimensional-pyramid-like trays developed where
drip rate is rapid and evaporation suddenly increases due to a “sheet”
of airflow; C) Idealized structure of a monocrystalline stalactite from
Atacama in absence of airflow ; D) In presence of an airflow gradient
the growth axis corresponds to the resultant vector of the gravitational
and capillary flows. (A: after Filippi et al., 2011, modified; B,C,D: (after
De Waele et al., 2009a, modified).

The microcrystalline speleothems
Secondary deposits consisting of microcrystalline
halite are the most common deposits within the halite
caves of all the three investigated areas, even if in the
Atacama Desert most of them (beside the crusts along
the underground stream and over unconsolidated
sediments), are practically inactive for centuries due
to its extreme arid climate.
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The microcrystalline speleothems are best displayed
in the Iranian caves where it was also possible to
describe their evolution phases, which are controlled
by the progressive lowering of the feeding water: 1)
evolution of compact glazy, often light bluish deposits,
2) deposition of white fine-grained halite and 3) on
top evolution of snowy white, loose and small grains
forming patchy flowers (Filippi et al., 2011).
Most of the microcrystalline halite speleothems are
very similar to those of calcite and/or gypsum even if
they are often more botryoidal. Their development is
normally induced by capillary transport and therefore
it starts when feeding decreases and consequently
dripping become less important or completely absent.
Indubitably, the most common speleothems are
stalactites that may reach over 3 m in length in
Iran and Mt. Sedom. They are sometimes contorted,
furcated,
and
wind-deflected.
Microcrystalline
stalagmites are much more rare and relatively more
complex requiring in any case some dripping.
Finally the presence of spray and/or aerosol allows
the development of microcrystalline speleothems like
small curved filamentary anthodites over soda straws
(Filippi et al., 2011) or huge complex cottonballs (De
Waele et al., 2009a).
Special speleothems
Besides the above outlined microcrystalline and
macrocrystalline formations, halite caves of Iran host
also some unique speleothems, which up to present,
seem to be restricted to this peculiar evaporite karst
environment (Table 1).
The zigzagging stalactites
Wind-deflected calcite and/or gypsum stalactites are
common in limestone and gypsum caves, but in some
of the Iranian halite caves they are really unique: the
so-called “zig-zag” halite stalactites (Filippi et al., 2011).
They consist of a succession of segments alternatively
inclined in opposite directions (clearly indicating
contrasting airflows present in winter and summer).
For such speleothems to develop it is necessary to be
fed most of the year and undergo a fast evaporation
in a cave area characterized by strong seasonal air
currents. Such specific conditions are not easy to be
achieved, and for this reason the “zigzagging” stalactites
are present only in a couple of Iranian caves. A
combination of direct observations and measurements
of the increase in length of stalactites and soda straws,
suggest that such a halite speleothem may grow up to
50 cm in one year (Filippi et al., 2011).
The halite roses
In Iranian caves, the evaporation of brines inside soft
sediments (sand or mud), triggers the precipitation
of more or less irregular cubes or skeletal formations
resembling the renowned gypsum desert roses (Filippi

et al., 2011). The shape of the crystals depends on
the amount of impurities trapped in the halite lattice,
which in turn is influenced by the size of the grains
and by the speed of crystal growth.
The biologically-induced speleothems
Within the Iranian salt caves the extremely fast
growth of halite deposits may cause the development of
peculiar biologically-induced speleothems covering and
completely concealing the original biomasses (Filippi
et al., 2011). This is the case of pseudo-anthodites
growing on partially germinated seeds and of pseudohelictites/fibers developed over a spider web.
Cave minerals
Only two halite karst areas have been investigated
from the mineralogical point of view: Mt. Sedom in
Israel and the Atacama Desert caves in Chile. Nineteen
cave minerals are actually known (Table 2) and two of
them (antarcticite, and clinoptilolite-Na) are novel and
restricted to the karst of Atacama (De Waele et al.,
2009a, 2016).
Nevertheless, many of the mineralogical groups
are represented: sulfates are the largest one with 7
different minerals, followed by halides with 5 and
by phosphates with two minerals, while carbonates,
nitrates, silicates, and organic compounds are present
with only one mineral each.
Most of these minerals (all halides besides atacamite
and all sulfates besides leonite and anhydrite powder)
were deposited by simple evaporation from brines.
The deposition of the anhydrite and leonite powders
and of the new cave mineral antarcticite were also
induced by evaporation but under very special
boundary conditions (De Waele et al., 2017).
Antarcticite and leonite are extremely soluble,
hygroscopic minerals; therefore their formation is
extremely difficult even in the very dry environment of
the Atacama Desert. Moreover, even if they form, the
slightest increase in relative humidity will cause them
to dissolve.
The presence of a fine-grained clayey-sandy
interbed connecting subsurface open pockets (in
which soft sediment accumulates during rainstorms
and/or blowing winds) to the cave galleries, along
with the extreme aridity of the Atacama climate, are
fundamental for the development of these minerals
(De Waele et al., 2017). After rare rain episodes, the
severe cooling during night (in the Atacama desert
it is quite normal to witness a temperature fall of
20°C or even more) induces moist air to condense
inside the subsurface pockets where Ca2+, K+
Mg2+, SO42-, and Cl- ions are brought into solution.
During the day, a partial evaporation causes the
deposition of less soluble salts (like halite) thus,
allowing a progressive increase in the concentration
of the more soluble ones. In the meantime, capillary

Table 1. Speleothem types/subtypes unique to the halite caves and their genetic mechanisms.
Name

Genetic mechanism

Zigzagging stalactites

Reference

Strong air currents inverting their direction

Halite roses

Growth within soft sandy material

Biologically-induced speleothems

Fast deposition over organic remains
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Table 2. List of known cave minerals from halite caves (* = new for the cavern environment).
Name

Chemical formula

Occurrence
Helictites over halite euhedral
crystals. Subaqueous crusts over
halite Powder filling fractures or
solution pockets.
White, ephemeral, millimeter-long
curls on clay-marly substrate
Minor component of whitish deposits
over bird bones
Crusts up to 5 mm thick of vitreous
luster, transparent to pale-blue or
light-green tabular prismatic crystals
Globular aggregates of emerald green
radial elongated crystals or, rarely, as
millimetric veins of euhedral crystals
within aragonite crusts

First reference
Forti & Buzio, 1985
Frumkin & Forti, 1997
De Waele et al., 2016

1

Anhydrite

CaSO4

2

Antarcticite*

CaCl·6H2O

3

Apatite-Cl

Ca5(PO4)3Cl

4

Aragonite

CaCO3

5

Atacamite

Cu2Cl(OH)3

6

Barite

BaSO4

Small micrometric inclusions in halite

De Waele et al., 2016
De Waele et al., 2016

De Waele et al., 2016
De Waele et al., 2016
De Waele et al., 2009a

De Waele et al., 2009a

7

Bassanite

CaSO4·0.5H2O

Small fibers in corrosion pockets on
the surface of gypsum crystals

8

Biphosphammite

(NH4,K)H2(PO4)

Thin small pale yellow layered fibers

De Waele et al., 2009a

Granular material in the yellowish
crusts on dried out cave pools

De Waele et al., 2016

Crust with prevailing halite (70%)

Frumkin & Forti, 1997

9

Blödite

Na2Mg(SO4)2·4H2O

10

Carnallite

KMgCl3·6H2O

11

Celestine

SrSO4

12

Clinoptilolite-Na*

Na6(Si30Al6)O72·20H2O

13

Darapskite

Na3(SO4)(NO3)·H2O

14

Guanine

C5H3(NH2)N4O

15

Gypsum

CaSO4·2H2O

16

Halite

NaCl

17

Hematite

Fe2O3

18

Leonite

K2Mg(SO4)2·4H2O

Sylvite

KCl

19
20
21

Undifferentiated Iron oxideshydroxides
UndifferentiatedManganese
oxides

migration inside the interbedded layers prompts
further progressive downward concentration until the
supersaturation with respect to both antarcticite
and leonite is achieved.
Normally this occurs deep inside the interbed.
Only during these rare rainstorms the hydraulic
pressure allows the supersaturated solution (with
respect to antarcticite and leonite) to reach the
wall of the cave gallery where evaporation causes
their deposition. These two minerals are extremely
ephemeral, and are doomed to disappear whenever the
relative humidity of the cave air allows the moisture
to dissolve them.
The Atacama Desert climate is very dry, with
temperatures of 35 °C in summer and 5°C in winter

Small micrometric prismatic crystals
in halite
Small whitish to pale-pink earthy
grains with a few euhedral crystals
in pockets and always strongly
associated with halite
Sub-millimeter laminar crystals in
yellowish crusts on dry cave pools
Earthy, silky-luster milky white to
pale pink crusts
Beards, anthodites, stalactites.
Transparent cm-size, euhedral
crystals, partially transformed into
bassanite and anhydrite.
Gypsum needles over halite crystals
Monocrystalline stalactites.
All kinds of speleothems, euhedral
crystals, zig-zag stalactites,
biologically-induced speleothems
Microcrystals in macrocrystalline
stalactites
Small amounts together with
antarcticite
Pool deposits and rimstone dams
Thin crusts over and inside large
halite crystals
Thin crusts over and inside large
halite crystals

De Waele et al., 2016

De Waele et al., 2009a

De Waele et al., 2016
De Waele et al., 2009a
Frumkin & Forti, 1997
De Waele et al., 2009a,
2016
Filippi et al., 2011
De Waele et al., 2009a,
2009b ;
Filippi et al., 2011
Filippi et al., 2011
De Waele et al., 2016
Frumkin & Forti, 1997
Forti & Buzio, 1985
Forti & Buzio, 1985

(mean 14 °C), an average relative humidity of 40.5%
(minimum 16.7%, maximum 80.9%) and rainfall
of 25-50 mm a-1 (Boschetti et al., 2007). Within the
caves, temperatures range between 15 and 18 °C and
the relative humidity is normally very low (around
15%) and condensation can be active for only a few
days after rainstorms in but a few selected places (De
Waele et al., 2017).
Presently no experimental data exist on the stability
of these rare minerals in contact with moist air but
they were observed over 8 months after a big flood
episode, which occurred necessarily just before their
genesis. But they remained unaltered for a rather long
period thus suggesting that they can survive in areas
where air humidity is maintained at low levels.
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The presence of secondary anhydrite in halite caves
has been reported previously from Mount Sedom,
where anhydrite helictites, euhedral crystals, and
subaqueous crusts were found (Forti & Buzio, 1985;
Frumkin & Forti, 1997), and Atacama, where small
crystal aggregates are quite common (De Waele et al.,
2009a). It is worth noting that the calcium sulfate that
precipitates from saturated NaCl brines is anhydrite
and not gypsum; in fact gypsum (or bassanite) is
seldom found inside halite caves.
The development of anhydrite deposits was always
related to simple evaporative processes from brines.
But in Arco de la Paciencia Cave (Atacama) this
mineral occurs as white powder, filling pockets and
fractures on the cave walls (De Waele et al., 2017). The
anhydrite powders resemble those of gypsum observed
in different gypsum caves (Hill & Forti, 1997), the
genesis of which was, depending on location and local
climate conditions, controlled by biological digestion
of guano, fast evaporation of small water volumes
over porous cave walls, or segregation processes
induced by freezing. But none of these mechanisms
can explain the formation of anhydrite powders in
Atacama. In fact, to obtain anhydrite deposits starting
from a NaCl-saturated solution with relatively low Ca2+
and SO42- concentration, a very slow evaporation is
needed in order to avoid foreign ions to be enclosed in
the halite crystal lattice. But this mechanism does not
explain why the anhydrite forms only small isolated
crystals clustered in powdery deposits.
The extreme climate of Atacama is the main factor
controlling the development of these powders.
Only during rainfall water can infiltrate into halite
discontinuities, bringing into solution Ca2+ and
SO42- from the overlying sediments. After every event
the water film along the fractures dries up very
slowly and, once pure halite has been deposited,
the remaining droplets enriched in Ca2+ and SO42-,
cause the development of small isolated grains of
pure anhydrite upon complete evaporation. These dry
anhydrite powders can then move through the tiny
fracture by means of gravity.
Phosphates (chloroapatite and biphosphammite),
nitrates (darapskite), and the organic guanine are
the end products of the digestion of bird droppings
and/or bones. These are sometimes present in the
entrances of the caves or accumulated in pools close
to skylights (De Waele et al., 2017). The Fe and Mn
oxides/hydroxides were deposited due to (organic or
inorganic) oxidation processes of their more soluble
reduced sulfates and/or chlorides. Finally the genesis
of aragonite, atacamite, and clinoptilolite-Na (new
cave mineral) is related to rising thermal fluids along
faults intercepted within Chulacao Cave (De Waele
et al., 2009a).

ANHYDRITE CAVES
Anhydrite karst is known from several countries
of the world, but in almost all cases it is located at
depths that make direct exploration almost impossible
(Ford & Williams, 2007). This is the reason why until
present, only caves from two locations (South Harz

in Germany and Upper Secchia Valley in Italy, Fig. 1)
were explored and their speleothems studied.
The Upper Secchia Valley anhydrite caves and
their chemical deposits were already known when
the first monograph on speleothems in gypsum caves
was published (Forti, 1996). However, at that time
these caves were incorrectly considered as formed in
gypsum and therefore their deposits were described
along with those hosted in classical gypsum karst.
The genesis and evolution of the German and Italian
anhydrite caves are completely different; in fact, the
first are hypogenic caves (Kempe, 2014) and lack
any natural entrance, whereas the second ones are
epigenic and often develop very close to the surface
(Malavolti, 1949). Therefore, chemical deposits are
different in the two locations and restricted to the
peculiar environment that controlled the evolution of
the caves.
Leaving aside the widespread secondary gypsum
produced by the hydration of the host rock, anhydrite
caves are extremely poor in chemical deposits. The lack
of minerals in the hypogenic ones is because they were
filled with stagnant water for most of the time during
their development. In the epigenic caves, instead,
the absence of cave minerals is mainly attributed to
the strong increase in volume caused by hydration
of anhydrite (that turns into gypsum), which makes
the wall and the ceiling of these cavities extremely
fractured. In this latter setting, the rather continuous
breakdown normally inhibits the development of
even small chemical deposits, which, in any case,
are easily washed away by the frequent floods that
characterize the Upper Secchia Valley. Despite all
these restrictions, the anhydrite caves proved to be
interesting not only from a mineralogical point of view,
as they host one cave mineral (clinochlore, Chiesi
& Forti, 1985) restricted to this environment, but
also for the presence of a unique gypsum/anhydrite
speleothem, i.e., the huge “leather like sheets” of
Barbarossa Cave (Anonymous, 1988).
Speleothems
Unlike halite and gypsum caves, which are rich in
halite and gypsum formations respectively, anhydrite
caves do not host anhydrite speleothems at all. This
is a direct consequence of the CaSO4 – CaSO4 · 2H2O
solubility disequilibrium, which makes the hydrated
mineral (gypsum) less soluble than the anhydrous
one (anhydrite) at normal cave temperatures (Hardie,
1967), thus totally hindering the development
of secondary anhydrite formations. Most of the
gypsum produced by hydration replaces anhydrite
within the rock structure and therefore does not
form any speleothem. Nonetheless, a minor part
of this secondary gypsum may develop some small
deposits. In the caves of the Upper Secchia Valley
small gypsum crusts and flowstones were observed
where condensation water, after dissolving anhydrite,
flows over the gallery roof and/or walls where air
currents induce evaporation (Chiesi & Forti, 1988).
In the same caves, when per ascensum capillary flow
and evaporation are possible, euhedral aggregates
of small gypsum crystals may develop on top of rock
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protrusions or over unconsolidated (sand or clay)
floor deposits . Gypsum crystals also develop in the
German anhydrite hypogenic caves through the same
processes (Kupetz & Knolle, 2015).
A unique gypsum speleothem: the “leather-like” sheets
The German hypogene anhydrite caves host a
strange and peculiar type of gypsum speleothem,
the best display of which may be observed in the
“Tannery” Room of the Barbarossa show cave, one of
the largest anhydrite caves of that area with around
700 m of development (Kupetz & Mucke, 1989; Kupetz
& Knolle, 2015). The name “Tannery” was given to
this room thanks to the presence of huge (up to over 1
m long) sheets of gypsum/anhydrite and clay, which
hang from the ceiling (Fig. 5).
The evolution of these structures was made
possible by the fact that in this area of the cave the
subhorizontal anhydrite and plastic clay layers (of no
more than 1 cm in thickness) are alternating (Fig. 5A).
Moreover the cave atmosphere is very moist due to the
presence of several lakes and therefore condensation
occurs over the room ceiling inducing relatively fast
anhydrite hydration. Most of the exposed anhydrite is
thus transformed into gypsum and consequently the
external rock surface undergoes a noticeable increase
in volume, which in turn causes the development of
a discontinuity between the partially gypsified sheet
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(roughly 2 cm) and the lower still unaltered rock (Fig.
5B). At this point hydration can proceed along this
crack so that the partially detached sheet increases
in length and, progressively, bends down due to the
plasticity of the clay interbeds (Fig. 5C). The hydration
of the exposed fresh surfaces (Fig. 5B) causes the
development of new leather-like structures so that the
ceiling resembles a puff pastry (Fig. 5D). The thickness
of the original anhydrite layers and that of the soft
interbedded clay seems to be the controlling factors
for the development of this strange speleothem. This
is confirmed by the fact that in other caves of the same
area where anhydrite layers are thicker, the formation
of leather-like speleothems is less well developed.
In the Upper Secchia Valley, where anhydrite
beds are always several centimeters thick and the
interbedded clay layers extremely rare, no sheets at
all were ever observed.
Cave minerals
Anhydrite caves host only nine minerals (Table 3),
but one of them (clinochlore) was never reported from
a different cave environment (Hill & Forti, 1997) and it
is still restricted to just one cave in the Upper Secchia
Valley (Chiesi & Forti, 1985).
The large majority of observed cave minerals (8)
were found in the caves of the Upper Secchia Valley,
while only one (dolomite) is unique to the Harz caves.

Fig. 5. Genetic mechanism for the development of leather-like sheets. Hydration and consequent expansion of the
exposed anhydrite beds detaches a thin layer from the cave wall (A) and a first leather-like sheet develops (B),
while the process restarts for the development of a second one. C) The thin laminated structure of the anhydriteclay beds, and D) The best display of leather-like sheets in the Barbarossa Cave (photos by S. Kempe).
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Table 3. List of known minerals from anhydrite caves (* = new mineral for the cave environment and exclusive to anhydrite caves).
Name

Chemical formula

1

Brochantite

Cu4(SO4)(OH)6

2

Calcite

CaCO3

3

Clinochlore *

Mg5Al(AlSi3O10)(OH)8

4

Devilline

CaCu4(SO4)2(OH)6·3H2O

5

Dolomite

CaMg(CO3)2

6

Gypsum

CaSO4·2H2O

Small crusts and crystals.
Microcrystals in “dolomitic ashes”
together with calcite and dolomite

7

Ice

H2O

Huge ephemeral stalactites and
flowstones

8

Magnesite

MgCO3

Small crystals in soft sediments

9

Opal

SiO2·nH2O

10

Undifferentiated Iron oxides
& hydroxides

11

Undifferentiated Mn oxides

Gypsum and calcite are the only minerals developing
at both sites even though their morphology and
genesis are often quite different.
Four mineralogical groups are represented in the
caves of the Upper Secchia Valley (Table 3): sulfates
are the largest one with three minerals, followed
by carbonates and silicates, with two minerals.
Oxides are represented only by undifferentiated
oxides-hydroxides.
Besides gypsum, two copper sulfates have been
reported (Chiesi & Forti, 1985): brochantite and
devilline. These two copper minerals were observed
mingled together in a thin emerald green crust in the
Monte Rosso resurgence cave. Their genesis is related
to the oxidation of rare chalcopyrite crystals dispersed
within the anhydrite rock.
Among the oxides, ice forms very large ephemeral
deposits during winter, such as the several meter
long stalactites and draperies in Tanone Grande della
Gaggiolina Cave.
Iron and manganese oxides are widespread in many
of the caves of this area but never form crystalline
structures and rarely develop true speleothems.
Normally they are present as thin terrigenous soft
layers inside calcite formations, as in the Inghiottitoio
dei Tramonti (Sunset Sinkhole). Their origin has been
related to pedogenetic processes induced by anthropic
deforestation (Chiesi & Forti, 1986).
Calcite is by far the most common mineral in the
Upper Secchia Valley caves, forming huge flowstones
along the main subterranean stream passages, as a
result of incongruent dissolution of anhydrite by CO2
rich seeping waters. The development of stalactites
and draperies follows the same genetic mechanisms,

Occurrence

First reference

Emerald green crusts associated with
devilline and clinochlore
Large flowstones in the riverbeds,
small and rare stalactites or soda
straws.
Microcrystals in “dolomitic ashes”
together with dolomite and gypsum
Small acicular crystals in emerald
green crusts of brochantite and
devilline
Crusts of vitreous luster
transparent to pale-blue or light-green
tabular prismatic crystals
Microcrystals in “dolomitic ashes”
together with calcite and gypsum

Chiesi & Forti,
1985
Chiesi & Forti,
1988

Thin crusts and coralloids within soft
layers of Fe oxides/hydroxides
Soft brown layers alternated with
white calcite layers in a stalactite
Crust with prevailing Fe oxides/
hydroxides

Kupetz & Knolle,
2015
Chiesi & Forti,
1985
Chiesi & Forti,
1985
Kupetz & Knolle,
2015
Chiesi & Forti,
1986
Kupetz & Knolle,
2015
Chiesi & Forti,
1986
Bertolani & Rossi,
1986
Chiesi & Forti,
1986
Chiesi & Forti,
1986
Chiesi & Forti,
1986

are very rare and small, due to the instability of the
cave roof and walls.
The second carbonate, magnesite, was found only
within the Tanone Grande della Gaggiolina cave as
a minor component in a sandy-clay deposit. The
genesis of the small euhedral crystals of magnesite
was stimulated by the total evaporation of interstitial
Mg-rich water coming from the dissolution of primary
dolomite dispersed in the anhydrite beds (Bertolani &
Rossi, 1986).
Opal was found as thin crusts and coralloids
inside the soft layers of Fe/Mn oxides/hydroxides
in the calcite speleothems of the Inghiottitoio dei
Tramonti. Its deposition was likely controlled by the
lowering of the pH caused by oxidation of the iron and
manganese compounds.
Finally the last silicate, clinochlore, is a new cave
mineral unique to the anhydrites of the Upper Secchia
Valley. It has been found as microscopic acicular
crystals dispersed in the emerald green crusts
composed of devilline and brochantite in the Monte
Rosso resurgence. Its origin is probably related to
the reaction between the sulfuric acid (resulted from
sulfide oxidation) and clays (Chiesi & Forti, 1985).
Dolomite ashes
Beside the leather-like sheets, the only chemical
deposits developed inside the German caves are the
so called “dolomite ashes” (Kupetz & Knolle, 2015).
This name was given by the copper shale miners to
those powdery deposits often observed inside the
anhydrite caves intersected during mine activities
that date back to the 17th century. They consist of an
admixture of residual material (dolomite and calcite
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grains from the underlying carbonate formations
and clay from the insoluble interbeds exposed on the
surface of the anhydrite rock) and diagenetic small
euhedral crystals of calcite, dolomite, and gypsum
(Kupetz & Knolle, 2015). Since these powders were
first observed and until a detailed mineralogical and
morphological analysis was performed, they were
largely regarded as carbonatic remnants.
The genesis of dolomite ashes is strictly related
to the genesis of the anhydrite caves of that area.
In fact, they were formed just when the Ca2+, Mg2+,
and HCO3- rich waters, coming from the underlying
carbonate formations, started solubilizing anhydrite
thus creating the hypogenic caves (Fig. 6A).
But the process of sulfate dissolution triggered
a supersaturation with respect to calcium and
magnesium carbonates, inducing further incongruent
dissolution of anhydrite with simultaneous deposition
of prevailing dolomite and calcite (Fig. 6B). This
process went on as long as the caves were filled with
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water and rising flow from the underlying formations
was active. Dissolution of the anhydrite layers
allowed the insoluble impurities (mainly clay particles
from within anhydrite, but also remnants of the
underlying formations) to settle along with the newly
formed dolomite and calcite (Fig. 6C). It is possible
that some of the rare gypsum crystals present in the
dolomitic ashes were partially deposited during the
dissolution of the anhydrite, due to the solubility
disequilibrium which makes the hydrated sulfate
(i.e., gypsum) less soluble than the anhydrous
one (Hardie, 1967). Nevertheless, it is much more
probable that gypsum started developing when these
caves became vadose and condensation/evaporation
processes were active (Fig. 6D).

GYPSUM CAVES
In the only general paper dealing with chemical
deposits in gypsum caves (Forti, 1996) there is the

Fig. 6. Genetic mechanisms for the development of dolomite ashes.
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following statement: “… Speleothems are generally
uncommon in gypsum caves and therefore papers
discussing the genesis of the chemical deposits in
these caves are rare. Recently a study has begun on
gypsum karst in different climatic zones around the
world …, though as yet the distribution of this research
coverage is patchy, or it is only partially complete …”,
which unfortunately, twenty years later is still valid.
Although there is a generally-accepted view that
gypsum karst may host unique speleothems and new
cave minerals, only very few researches have been
performed, and no additional studies were carried out
in previously poorly investigated gypsum karst areas.
To date, eleven regions representing less than
10% of world’s gypsum karst areas (Fig. 1), received
various degrees of scientific attention; these are
perhaps enough to represent the different climatic
zones of our planet, but certainly, future additional
coverage will improve our understanding of chemical
deposits in gypsum caves. Many curious calcite and/
or gypsum speleothems have been observed and
27 different cave minerals, four of which (buserite,
chloromagnesite, gaylussite, and howlite), exclusive of
this environment, and 3 undifferentiated groups have
been described from these caves (Fig. 7).
Speleothems
The presence of speleothems within gypsum caves
was already documented some centuries ago; the
first description of them belongs to Ulisse Aldrovandi
(1648) in his “Musaeum Metallicum”, where a calcite
stalactite from a gypsum cave near Bologna was

described with the name of “stelechite” (from the
ancient Greek word στηλεκος meaning trunk).
In the same book, a large euhedral gypsum
crystal found in a natural cavity of the same area is
also described.
Following the structure of Forti’s (1996) first overview
on this topic, calcite and gypsum speleothems will
be discussed separately, and those described in that
paper will only be summarized here; for their full
description, readers should refer to that paper.
Calcite speleothems
Calcite speleothems are common in gypsum caves
and their development is strictly controlled by climate,
the maximum development occurring in temperate
continental and tropical rainy areas (Calaforra
et al., 2008; Columbu et al., 2015). The normal
process ruling calcite deposition is the incongruent
dissolution of gypsum (Forti & Rabbi, 1981). The
diffusion of CO2 in the cave atmosphere may play a
role in the development of calcite speleothems only
when percolation waters cross carbonate sequences
before surfacing in the cave. Finally, when strong
evaporation occurs, the reverse phenomenon (i.e.,
the diffusion of CO2 from the cave air into a gypsum
saturated solution) could favor the development of
calcite rafts (Forti, 2003).
In gypsum karst the calcite speleothems normally
grow faster than in limestone caves (up to 1 mm/
year, Dalmonte & Forti, 1995): this is because the
efficiency of the incongruent solution is very high
with respect to the normal CO2 diffusion. Locally,

Fig. 7. Diagram of different types of chemical deposits known to occur in gypsum caves.
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the evolution of calcite speleothems is also strictly
controlled by the water-feeding regime, so that the
same rainfall may induce opposite processes over
active calcite speleothems in the same karst area: in
fact some of these formations will grow while others
will be corroded (Dalmonte et al., 2003). Corrosion
is restricted to the speleothems growing very close
to the external surface (from 1-2 to a maximum of
10-15 meters below), whereas speleothems forming
further below surface are unaffected and continue
to grow. This is because during rainstorms, the
very short contact time between seeping water and
gypsum rock inhibits the complete reaction between
dissolved CO2 and gypsum so that when these waters
reach the first speleothems they are still aggressive
with respect to calcite and therefore they are partially
corroded. Corrosion may also occur during long dry
periods, when condensation waters can form directly
on calcite speleothems.
Finally, in gypsum caves developed close to the
surface, a single rain event sometimes induces the
growth of a new calcite layer instead of causing the
thickening of the previous one, so that in a given
speleothem a single year may correspond to dozens of
growth laminae (Cazzoli et al., 1988). This depends on
the fact that in gypsum caves lying close to the external
surface (like those of Emilia Romagna and/or Sicily
in Italy), meteoric water seepage is very fast so that
feeding water stops flowing over calcite speleothems
within few days after the rain event. If the time
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period between subsequent rains is long enough, the
external speleothem surface becomes completely dry
and a new rain will cause the development of a new
growth lamina. In conclusion, at least theoretically, a
new growth layer potentially may develop after each
dry interval between rainfalls or rainfall periods: that
is the case of a calcite formation developed over nylon
wire left for 20 years over an active flowstone in the
Acquafredda Cave (near Bologna), which reveals the
presence of over 500 layers (Cazzoli et al., 1988).
Carbonate stalactites, flowstones, splash forms and
cave pearls are the most common speleothems, and
they show no morphological differences with respect
to those in limestone caves (Maksimovich, 1969).
However, a few calcite speleothems that are special to
gypsum environments exist.
Unique carbonate speleothems in gypsum caves
Besides the normal calcite speleothems, gypsum
caves host some unique ones which, up to present,
seem to be exclusive to this environment. In
particular the bladed speleothems, the bubbles, the
half-bubbles, the CO2 solution-induced rafts and
the biological flowstones (Table 4). All of these are
controlled by the solubility disequilibrium among
calcite and gypsum but only one (bladed flowstones)
is directly produced by incongruent dissolution,
while the other four (bubbles, half bubbles, rafts,
and biogenic flowstone) are the result of the increase
in dissolved CO2.

Table 4. Calcite speleothem types/subtypes unique to the gypsum caves and their genetic mechanisms.
Name
Bladed flowstones

Genetic mechanism

Reference

Incongruent dissolution of gypsum

Forti & Rabbi, 1981

Bubbles

CO2 diffusion from a steady foam in organic-rich water

Ercolani et al., 2013

Half bubbles

CO2 diffusion from a steady foam in organic-rich water

Forti & Chiesi, 1995

Rafts
Biogenic flowstone

CO2 solution from cave atmosphere

Forti, 2003

Breathing of living organisms

Poluzzi & Minguzzi, 1998

Bladed flowstones
Incongruent dissolution causes the development not
only of the “normal” calcite speleothems but is also
responsible for the development of thin calcite crusts
almost completely detached from the strongly dissolved
gypsum wall and for the genesis of huge (up to 14 m high
and 3 m wide, but only 10 cm thick) bladed flowstones
(Fig. 8A) with mud nuclei in the gypsum caves of Italy
and Cuba (Forti & Rabbi, 1981; Chiesi et al., 1992).
Their development starts when water flows over a
subvertical wall dissolving the gypsum and leaving an
insoluble clay residue behind, while simultaneously
depositing a calcite flowstone upon the clay. As gypsum
dissolution continues, the flowstone also covers the
other side of the clay and remains detached from
the wall (Fig. 8B), thus becoming a bladed flowstone
(Fig. 8C). The same process may be repeated several
times until a series of thin blades parallel to the
retreating gypsum wall is left (Fig. 8D).

consist of small, sometimes perfectly rounded, empty
calcite shells (with a diameter ranging from 2 to 7-9
mm and their wall constantly ~0.1 mm thick), which
only develop over occasionally submerged gypsum
boulders along a subterranean river with organic-rich
waters (Fig. 9A). These speleothems are very delicate
and therefore their existence is ephemeral; in fact, if
the boulder is flooded all bubbles are destroyed.
Their genesis is controlled by the presence of organic
matter in the water, the oxidation of which causes
the development of long-lasting foam bubbles, inside
which the produced CO2 reacts with the Ca2+ and SO42saturated solution thus causing the development
of very small calcite cave rafts on the outer surface
of the foam bubble (Fig. 9B). Gravity progressively
accumulates these rafts in the lower part of the
foam bubble, where they cement to each other thus
developing the outer shell of a calcite bubble, which
later may become empty of water.

Bubbles
These speleothems have been observed recently in two
caves of Emilia Romagna (Grotta Grande dei Crivellari
and Abisso Mornig, Italy (Ercolani et al., 2013). They

Half bubbles
This rare calcite speleothem has been described in
only one cave (Grave Grubbo, Calabria, Italy; Forti &
Chiesi, 1995) and it is a sub-type of calcite bubbles
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Fig. 8. Novella Cave (Bologna, Italy). A) The largest bladed calcite flowstone (12 m
high, 2.5 m wide and only 0.15 m thick), the solution of gypsum caused a retreat
(~ 2 m) of the wall over which the speleothem developed (photo Sandro Mandini,
Gruppo Speleologico Bolognese); B) Seeping water causes the incongruent
dissolution of the gypsum wall and the deposition of calcite flowstone; C) The
retreat of the wall induces the evolution of a first calcite-bladed flowstone; D)
As this process continues, it leads to the development of a series of subparallel
calcite-bladed flowstones.

(Poluzzi & Minguzzi, 1998). It consists of a 50
cm thick, 2 m wide calcite flowstone developed
on top of a small waterfall. In a few points, this
speleothem was broken, revealing its internal
structure, which consists of an aggregate of
equidimensional tubes (0.3-0.5 cm in diameter)
with an external wall of 1 mm comprised of
several thin superimposed layers. The structure
suggests a biogenic origin, and appears to be
related to the widespread presence of larvae
of a troblobitic insect (Trichoptera wormaldia)
living over masses of organic waste (Poluzzi &
Minguzzi, 1998). The mechanism involved in
biogenic flowstone development is similar to
the one of the half bubbles, but the source of
CO2 is the biological activity of the larvae. The
progressive deposition of calcite occurred upon
the larvae due to the supersaturation induced
by the CO2 produced by breathing in gypsumsaturated water; this explains why the tubes
all have the same diameter, corresponding
to the size of the larvae itself. The thickness
of each calcite tube is almost constant (~0.30.4 mm, corresponding to 3-5 calcite layers)
because the biological activity of the larvae
reduced drastically and eventually terminated,
when the calcite deposit covering the animals
exceeded this critical thickness (Forti &
Lombardo, 1998).

(Fig. 9C). This speleothem consists of multiple calcite
half bubbles, from 2 to 12 mm in diameter cemented
to each other and floating on a pool surface. The “half
bubbles” form in a similar way to the bubbles, but in this
case the process is interrupted by splashes before the
bubbles become totally hardened. Thus, when impacted
by a droplet, the upper part of the still unconsolidated
bubble eventually breaks, leaving the “calcite half
bubbles” floating on the pool’s water surface.
Rafts
When pools are filled with gypsum-saturated waters
and there is a lack of recharge for a relatively long time
interval, the evaporation leads to the development of
rafts (Fig. 10) in which calcite largely prevails over
gypsum (Forti, 2003).
This occurs because the CO2 needed to induce CaCO3
deposition is continuously supplied by diffusion
from the cave atmosphere into the solution, which
undergoes a simultaneous Ca2+ depletion. Therefore,
even if evaporation continues, the supersaturation
with respect to gypsum is reduced to a minimum, and
is practically never reached.
In areas where the climate does not allow high CO2
content in the cave atmosphere, this phenomenon
does not occur: this is the case of the Park’s Ranch
Cave (New Mexico), where gypsum (and not calcite)
rafts cover inactive pools along the underground
stream (Onac, pers. comm.).
Biogenic flowstone
As the just described half bubbles, also this
speleothem is exclusive to Grave Grubbo Cave

Fig. 9. Carbon dioxide diffusion and evaporation induce the development
of calcite rafts along the upper part of each bubble in the foam (B). These
rafts sink by gravity in the lower part of the bubble where they consolidate
forming a calcite shell. If the shell is completed, a calcite bubble develops
(A) (photo by Davide Del Borgo, Gruppo Speloelogico Faentino), but when
the foam bubbles break before their complete consolidation, floating
half-bubbles form (C) (photo by Paolo Forti).
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Fig. 10. Carbon dioxide dissolution into the pool water and evaporation causes the development
of calcite rafts with minor content of gypsum, whereas on the pool bottom euhedral gypsum
crystals develop (after Forti, 2003, modified).

Gypsum speleothems
Gypsum speleothems are widespread in gypsum
caves and they present obvious differences with
respect to calcite ones, due to their distinct genetic
mechanisms (evaporation instead of incongruent
dissolution, CO2 production and/or degassing).
Gypsum stalactites are typically more contorted,
botryoidal, and multi-branched. Their growth depends
much more, if not exclusively, upon external water
film flow rather than the central feeding tube, which
often is partially or totally obstructed by gypsum
crystals or even completely missing.
Stalactites are found quite commonly in the
Italian gypsum caves, but stalagmites are very rare.
This is a consequence of the cave climate, humid
enough to enhance the development of coralloids
driven by capillary uplift and evaporation. In warmer
climates (like those of Sorbas, Spain, or New Mexico,
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United States) stalagmites are as
common as stalactites (Calaforra et
al., 1992).
The fact that evaporation is by far the
most important genetic mechanism,
explains why some types of speleothem
common in calcite are very rare in
gypsum, or even completely absent.
Gypsum never forms cave pearls, while
calcite pisoliths are rather common in
gypsum caves. Gypsum helictites have
been documented in only one cave in
Sicily, Italy (Forti, 1987).
In contrast, wind-controlled gypsum
speleothems, like rims and trays, may
develop much easier in these caves
(Chiesi & Forti, 1992; Calaforra &
Forti, 1994). Wind-deflected gypsum
stalactites are bended in the opposite
direction with respect to the analogous
calcite ones (Forti, 1996).

Unique gypsum speleothems
Besides the normal speleothems, gypsum caves
host some special ones (Table 5), which up to present,
seem to be restricted to a small number of caves.
Solution/evaporation processes under special local
boundary cave climate conditions control the genesis
of all these speleothems.
Christmas tree
The Rocking Chair Cave (New Mexico; Calaforra
& Forti, 1994) is particularly rich in gypsum trays,
the development of which is controlled by strong air
currents characterizing some of the cave passages. One
of these trays, together with the underlying stalagmite,
forms an assemblage resembling a Christmas tree. In
fact, the tray has a rather symmetrical conical shape
looking like a fir crown whereas the lower stalagmite

Table 5. Special gypsum speleothems and their genetic mechanisms.
Name

Genetic mechanism

Reference

Christmas tree
Gypsum balls
Hollow stalagmites

Capillary uplift and evaporation along with condensation-corrosion
Capillary seepage and evaporation
Cycles of erosion-dissolution followed by capillary uplift and evaporation

Gypsum powders

Segregation by freezing Capillary uplift and sudden
evaporation after a rainstorm
Guano digestion Hydration

Calaforra & Forti, 1994
Calaforra & Forti, 1993
Calaforra & Forti, 1993
Fedorov, 1883
Calaforra & Forti, 1994
Forti, 1988
Chiesi et al., 1992

corresponds to the fir trunk, which seems to be (but in
reality is not) linked to the center of the horizontal lower
part of the tray. The peculiarity of such assemblages is
that the tray and the stalagmite will never touch each
other. This is because, while the stalagmite increases
its height progressively, the central lower part of the
tray gradually dissolves. The space between the tray
and the stalagmite is maintained relatively constant by
two opposite processes, evaporation and condensation,
which control the development and the shape of both
speleothems. Capillary uplift and evaporation on top of
the stalagmite makes this speleothem grow, but in the
meantime the moist air trapped under the tray is forced
to condense on the lower part of it. This condensation

water is depleted in gypsum and therefore solution
causes the evolution of a small dome on the lower part
of the tray just over the growing stalagmite. Condensed
water, saturated by gypsum from the tray, eventually
drips over the stalagmite where the capillary uplift
and evaporation makes its top grow upward. The
permanent condition of undersaturation at the top of
the dome avoids the possibility of the stalagmite’s tip
to merge with the tray’s base.
Gypsum balls
The gypsum balls are layered, spheroidal gypsum
formations (up to 10 cm in diameter), with an internal
structure consisting of radially-elongated crystals.
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Such speleothems have been reported only from caves
in the Sorbas area (Calaforra & Forti, 1993). They
develop on vertical and subvertical walls just along
subhorizontal clayey-sandy interbeds, and only in
the deepest part of the caves where percolation and
supersaturation remain constant year around (Fig. 11).
The sub-horizontal disposition of the gypsum
layers with thin permeable interbeds favors capillary
seepage of slightly supersaturated solution towards
preferred points of the cave walls, where evaporation
and consequent precipitation can proceed, allowing
the evolution of the gypsum balls (Fig. 11 A-C).
Normally, these speleothems are compact and consist
of lengthened gypsum fibers disposed in a radial
structure. As they grow old, gypsum balls may develop
an internal drainage tube from the sandy-clayey
interbed. Consequently, undersaturated solutions
may enter balls and dissolve their lower part causing
the partial emptying of these spheres and even their
complete destruction (Fig. 11 D-E) (Calaforra, 1998).
Hollow gypsum stalagmites
Hollow stalagmites have been firstly described from
Covadura Cave, Spain (Calaforra & Forti, 1993), but
earlier observed in Jansill Cave, New Mexico, USA
(Peerman & Belski, 1991). These are very narrow
(no more than 4-5 cm in diameter) and tall (up to
150 cm) stalagmites with an internal tube (2-3 cm
in diameter), which often reaches the bottom of the
speleothem. Their external surface consists of several
equidimensional upside-down conical elongated
segments. At both occurrences these speleothems
develop very close to the external surface, from which
fresh water seepage percolates very rapidly. The

climate of both areas (hot and dry with rare rainstorms)
is fundamental for the developing of such hollow
stalagmites. During the short intense wet periods,
infiltration water, undersaturated with respect to
gypsum, drips on top of the stalagmites producing
the central tube. During the dry periods (practically
most of the year), the water trapped inside the tube is
driven by capillary forces to the top of the stalagmite
where it evaporates thus inducing the growth of a new
portion, the top of which is larger than the bottom due
to the evaporative processes. Several subsequent wet
and dry periods are responsible for the final shape of
the hollow stalagmites.
Gypsum powders
Cave powder is a rather common soft deposit, which
may be found in any type of cave. It is composed of
very small crystal grains (10 to 50 µm) of different
mineralogy (Hill & Forti, 1997). The first gypsum
cave powders were described from Kungur Ice Cave
(Fedorof, 1883).
Such powders have been observed in different
gypsum cave environments under various climates,
and although their morphology is practically the
same, they differ from a genetic point of view.
Presently four different mechanisms for the origin
of gypsum powders are known: 1) fast evaporation,
2) freezing, 3) biogenic reactions within guano, and 4)
hydration.
Gypsum powder induced by fast evaporation
In caves developed in hot and dry areas, like those
of New Mexico (Park‘s Ranch Cave; Calaforra & Forti,
1994), characterized by brief but strong rainstorms,

Fig. 11. Genetic process and evolution of gypsum balls (after Calaforra & Forti, 1993, modified).
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gypsum powder covers the cave walls only between
these rare events. Its development is controlled by the
capillary uplift and sudden evaporation of the water,
which is pushed into the porous microcrystalline
structure of the cave walls by the hydrostatic
pressure caused by the flood following the rainstorm.
This gypsum powder remains unaltered until a
new flood washes it away and starts a new cycle of
powder formation.
In a different climate regime, near Neuquen
(Argentina) (11 in Fig. 1), special speleothems develop
from gypsum powder within Cueva del Leon (Lion
Cave); the gypsum dust flowstones (Forti et al., 1993).
They consist of several layers (1-2 mm thick) of
partially cemented powders (Fig. 12), which evidently
were only partially washed away during wet periods.
Their evolution starts during a dry period (Fig. 12A)
when gypsum dust forms practically following the
same mechanism described in the New Mexico caves.
During wet periods, which are extremely shorter
compare to the dry ones, no floods occur, but
evaporation cannot balance dripping and/or seepage.
Consequently a small flow is active over the floor
deposits (Fig. 12B). These waters partly dissolve
and erode the still unconsolidated gypsum powders
but also play a role in diagenesis via evaporation
and transformation of the powders into a partially
cemented deposit at the beginning of a new dry period
(Fig. 12C).
Gypsum powder induced by freezing
This is by far the first described type of gypsum
powder, known since the last part of the 19th century
(Fedorof, 1883). Ephemeral gypsum powder is
relatively common over subhorizontal, less inclined,
surfaces of ice speleothems in caves experiencing
seasonal freezing. In particular, this type of powder
has been documented from Kungur Ice Cave (5 in
Fig. 1, Fedorof, 1883) and Pinega Cave (4 in Fig. 1,
Korshunov & Shavrina, 1998).
In Kungur and Pinega gypsum caves, powders
consisting of very small euhedral gypsum crystals
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accumulate right over the ice surface. The
crystallization process is caused by fractional freezing
and produces widespread deposits up to several cm in
thickness. During the following spring, the melting ice
water totally dissolves these ephemeral deposits, thus
the cryogenic gypsum powders last only few months
every year.
Gypsum powder induced by guano digestion
It is well-known that the complex biologic reactions
occurring within guano are responsible for the
precipitation of different minerals (Hill & Forti, 1997).
It was observed that when guano deposits are within
a gypsum cave in a temperate environment, like that
of Santa Ninfa Cave (Sicily, Italy) (3 in Fig. 1), the per
ascensum capillary migration of gypsum-saturated
solution inside fresh guano, combined with its
biogenic oxidation, causes the development of a pale
yellow powder of pure gypsum on top of the guano
deposit (Forti, 1988).
Gypsum powder induced by hydration
In extremely dry and hot climates (e.g., in gypsum
caves of Punta Alegre diapir in Cuba; or in halite caves
from Atacama Desert) gypsum easily transforms into
bassanite (Chiesi et al., 1992; De Waele et al., 2016).
This process is restricted to the first meters close
to wide entrances, where the sun radiation directly
reaches the gypsum wall. The newly formed bassanite
consists of very small isolated grains that cover the
unweathered gypsum rock. During the wet season,
rainstorms noticeably increase the cave humidity so
that the bassanite grains absorb water from the moist
air and rehydrate, thus forming a thin layer of gypsum
powder. Gypsum is more stable than bassanite and
therefore it may survive subsequent rainstorms
forming permanent deposits of gypsum powder.

Gypsum crystals
Gypsum crystals from few to tens of centimeters in
length are without doubt the most common secondary
deposits found in evaporite caves at all latitudes and
in all climate zones of the world. They
are commonly found as free deposits,
though more frequently they form druses
anchored to the cave walls.
The largest of these crystals (lenticular
euhedral crystals, often showing swallow
tail or arrowhead twins) may sometimes
reach the length of 1-2 m and they form
typically within interbedded clayeysandy layers in areas with a temperate
humid climate (like Italy, Spain, and
Ukraine), where their development is
driven by the slow flow of capillary
waters, the evaporation of which causes
a very low supersaturation.
In fact it has been proved that the
shape of a gypsum crystal (lenticular
or prismatic) and the development of
single and/or twin or splitted crystals
is controlled only by the energy of
Fig. 12. Evolution of a partially hardened flowstone in an area characterized by a dry and
crystallization, which in turn is function
humid season (after Forti et al., 1993, modified).
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of the supersaturation of the feeding solution
(Russo, 1981) (Fig. 13A). When supersaturation is
extremely low, tabular epitaxial crystals develop
(Fig. 13B), but if slightly increases, lenticular shaped,
often twinned, crystals are formed (Fig. 13C); finally,
at higher supersaturation only prismatic crystals
develop (Fig. 13D).
It is not the purpose of this paper to describe or even
summarize all different varieties, types, and forms
of gypsum crystals, since they exhibit an enormous
variation with respect to their shape, dimension, and
purity. Also, the genetic mechanisms leading to their
development can vary significantly, even though by far
the most common origin is supersaturation induced
by evaporation. Detailed discussions of these aspects
can be found in specific papers by Casali & Forti
(1969), Hill & Forti (1997), and Forti (1986, 1988).
Gypsum “flowers” (aggregates of lenticular gypsum
crystals) (Fig. 13C), which represent the analogues of
calcite/aragonite coralloids in the carbonate caves,
are ubiquitous. Their development is quite fast and
their genesis is due to the evaporation of a thin water
film slowly driven by capillary forces over protruding
points of the cave walls. Gypsum flowers are highly
sensitive to air currents and therefore, in gypsum caves
it is common to see these formations with gypsum

macrocrystals elongated towards the prevailing wind
direction. A classic example comes from the karst area
of Neuquen (Argentina), where totally wind-controlled
flowers develop inside “gypsum chimneys”, that are
characterized by strong permanent hot and humid air
currents moving upward (Forti et al., 1993).
Another rather unusual type of gypsum flowers,
though more common in caves from humid temperate
or tropical climate, is that developing over active calcite
speleothems fed by the same solution (Forti & Marsigli,
1978). Gypsum flowers develop even when feeding
water is depleted in Ca2+ due to the simultaneous
deposition of calcite, which prevents the solution
to become oversaturated with respect to gypsum.
The explanation of this phenomenon (illustrated in
Fig. 13C) is given by the contrasting chemical content
of the waters feeding the calcite speleothems and
gypsum flowers, respectively. In fact, the first one
flows rapidly, but a minimal fraction of it is driven
by the capillary forces over protruding points
where it evaporates, thus becoming supersaturated
with respect to gypsum. Starting from the existence
of the gypsum flowers over active carbonate
formations and taking into account their different
genetic mechanisms (incongruent dissolution and
evaporation) it has been possible to prove that the

Fig. 13. A) Crystallization energies and corresponding gypsum crystal shapes; B) Mechanism allowing tabular
crystal development in Santa Ninfa Cave (after Forti, 1988, modified); C) Mechanisms by which gypsum roses
grow over gypsum walls and calcite speleothems (modified after Forti & Rabbi, 1981); D) Genesis of gypsum
prismatic crystals over gypsum stalactites in Buless and Befana caves (after Forti & Lucci, 2016, modified).
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relative abundance of one of these minerals over
the other in a given gypsum karst is a very good proxy
for climate and/or paleoclimate (Calaforra & Forti,
1999; Calaforra et al., 2008).
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Special gypsum crystals
Among the great variety of gypsum crystals, a
number of few unique ones (from the genetic point of
view) occur in gypsum caves (Table 6).

Table 6. Special gypsum crystals and their genetic mechanism.
Crystal type
Cryogenic crystals
Tabular epitaxial crystals
Microcrystalline aggregates along main
exfoliation planes
Prismatic crystals over gypsum stalactites

Genetic mechanism
Cycles of segregation due to seasonal freezing
Oxidation of H2S in gypsum-saturated water
Enhanced condensation within narrow widenings,
capillary uplift and evaporation
Oxidation of H2S where no buffering is possible

Cryogenic crystals
In some gypsum caves of Pinega (northern Russia,
4 in Fig. 1) where winter freezing affects the relatively
thick clay deposits, strange aggregates, named
gypsum yozh (hedge-hog like speleothems) are formed
(Malkov & Shavrina, 1991; Korshunov & Shavrina,
1998). They are rounded (if they grow deep inside a
thick clay deposit), hemispherical (if the clay deposit
is in contact with the walls or the ceiling of the cave),
or even planar masses (if the clay layer is relatively
thin). Their diameter ranges from a few cm up to
30 cm and their surface consists of fans made by
lens-shaped splitted gypsum crystals; the degree of
splitting is controlled by the supersaturation state of
the solution (Russo, 1981). Their color ranges from
white to brown depending on the amount of clay
inclusions, which is inversely proportional to how
rapidly freezing proceeds, as testified by the fact
that the purest samples have always been observed
in places far from the cave entrance(s), where the
change in temperature is more gradual. Finally, the
rounded yozhs almost always have a little cavity inside
(from a few to 15 mm in diameter), often hosting a
small stone that rattles when shaken (Korshunov &
Shavrina, 1998).
The genesis of this speleothem occurs only in
areas of seasonal freezing and is controlled by the
progressive freezing of the water trapped within the
clay sediment. Growth appears to begin around a
little cavity inside the clay (Fig. 14), which is filled by
water during summertime. The genesis of this cavity
is normally controlled by the presence of a pebble
that enhances the deposition of ice just around it
(Fig. 14A). Cycles of freezing and melting progressively
increase the volume of the cavity around the pebble
until it becomes large enough to allow the evolution of
a gypsum yozh.
At the beginning, the preferential direction of
growth is opposite to the front of freezing, just
following the supersaturation gradient thus creating
a subspherical structure (Fig. 14B). The thin layer of
gypsum deposited during winter does not dissolve in
the springtime when the hosting clay is newly refilled
by water; this is because at the beginning of spring
water remains saturated with respect to gypsum for
1-2 weeks (Fig. 14C). The internal cavity rests open
(no gypsum precipitation) because the crystals prefer
to grow towards the positive temperature gradient
(i.e., along the gypsum/clay interface). Also, during
freezing periods its water partially migrates through
capillary forces to the gypsum/clay interface. It is

Reference
Korshunov & Shavrina, 1998
Forti, 1988
Badino et al., 2011
Forti & Lucci, 2016

evident that each freezing period may only induce
the development of one very thin layer of gypsum;
therefore, thousands of freezing-melting cycles are
required to develop the largest yozhs (Fig. 14D). A
rough calculation estimated that the largest yozhs
developed over the last ~8000 years (Korshunov &
Shavrina, 1998).
Another type of yozh, smaller than the previous one
has been documented only from Ledyanaya Volna
Cave (Pinega, Russia). It developed inside the body
of a huge mass of ice (a small underground glacier)
and it consists of a sub-spherical (6-8 cm in diameter)
porous radial aggregate of needle-like gypsum crystals
(1-3 mm wide and 1-4 cm long) without internal
cavity. Korshunov and Shavrina (1998) argued that
it formed due to diagenetic processes (secondary
recrystallization). During melting periods this process
transform gypsum moonmilk or gypsum powder
trapped inside the ice into a rounded aggregate of
centimeter-sized gypsum crystals.
Tabular epitaxial crystals
Deep inside Santa Ninfa Cave (Sicily, Italy) on a
subvertical gypsum wall above a river with H2S rich
waters, a strange transparent flat surface consisting
of epitaxial tabular gypsum crystals is actively
developing. A perennial laminar gypsum-saturated
water film flows over this gypsum wall, but evaporation
is not possible due to the fact that the relative humidity
is constantly near 100%. The evolution of the epitaxial
tabular crystal (Fig. 13B) is caused by the very low
supersaturation induced by the hydrolysis of H2S from
the cave atmosphere with the water flowing over the
cave wall (Forti & Lombardo, 1998). The sulfide ions
are then oxidized to sulfate, but the achieved slight
supersaturation is insufficient to allow the deposition
of new crystals (which requires the development of a
new three dimensional structure), therefore only an
epitaxial overgrowth (allowing for the evolution of a
two dimensional structure) can occur (Russo, 1981).
Up to present such epitaxial gypsum crystals have
been observed only in Santa Ninfa Cave.
Microcrystalline aggregates along main
exfoliation planes
In many of the occurrences with giant gypsum
crystals exposed on the cave walls, there are white,
secondary microcrystalline aggregates developed
just along the widened main exfoliation planes (010).
They form because during wet periods condensation
occurs more easily inside these planes than over the
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Fig. 14. Genesis and evolution of a gypsum yozh within the seasonally frozen clay of Pinega karst.

flat external crystal surfaces (Badino et al., 2011).
Moreover, capillary forces drive the condensed water
from the external surfaces inside these widened
planes, where they become saturated with respect
to gypsum. When the relative humidity of the cave
atmosphere lowers, evaporation resumes causing the
capillary movements within these exfoliation planes
to reverse. Evaporation triggers the deposition of
gypsum microcrystals only at the tip of the exfoliation
planes with the development of straight elongate
partially rounded aggregates (Fig. 15).
Prismatic crystals over gypsum stalactites
As already mentioned, the growth of gypsum flowers
over both gypsum walls and calcite flowstones is
rather common in many caves of temperate areas.
However, until recently, no euhedral crystals were
reported growing over gypsum stalactites. Recently,
elongated pseudo-hexagonal crystals (up to few cm in
length) have been observed covering active stalactites
in two caves of Emilia-Romagna (Italy), Befana and
Buless, respectively (Ronda Speleologica Imolese,
2011; Forti & Lucci, 2016) (Fig. 13D).
Due to the fact that prismatic crystals require much
more crystallization energy than the lenticular ones
(Russo, 1981), it is evident that the genetic mechanism
for the development of these crystals must differ from

that of the normal gypsum roses (Fig. 13D). Both these
caves host sulfide flowing waters, but the gypsum
stalactites are fed only after rain events, because the
caves are very close to the surface. The combination of
these two factors controls the development of prismatic
crystals. In fact, during dry periods the condensation
of H2S over the gypsum stalactites and its oxidation
to sulfuric acid occurs with no dilution by meteoric
seeping waters. Therefore, evaporation increases
its concentration and thus, high supersaturation is
achieved, which in turn causes the precipitation of
prismatic crystals instead of “normal” lenticular ones.
Cave minerals
Gypsum caves host 27 minerals (Table 7); four of
them (buserite, chloromagnesite, gaylussite, and
howlite) are novel for the cavern environment (Hill
& Forti, 1997) and restricted to a single cave each.
Obviously, gypsum and calcite are by far the most
common chemical deposits and they are present in
almost all studied caves, however, until present, eight
different mineralogical groups have been observed in
gypsum karst.
The group of oxides and hydroxides is the largest
with 7 minerals (asbolane, birnessite, buserite,
goethite, hematite, ice, and lepidocrocite) followed
by five sulfates (bassanite, celestite, epsomite,
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Fig. 15. Genesis and evolution of microcrystalline aggregates along the slightly widened 010 exfoliation planes
(modified after Badino et al., 2011). A) white microcrystalline aggregates over a large gypsum crystal (Photo by
Piero Lucci); B-C-D) water movements driven by condensation-evaporation processes and the consequent
evolution of microcrystalline aggregates.

gypsum, and mirabilite) and four carbonates (calcite,
dolomite, gaylussite, and rhodochrosite). The halides
(chloromagnesite, halite, and sylvite), phosphates
(brushite, fluorapatite, and hydroxylapatite), and
silicates (chalcedony, opal, and quartz) are represented
by 3 minerals each, whereas only one borate (howlite),
and one native element (sulfur) are present.
Among the oxides, ice forms huge perennial and/
or ephemeral deposits in the caves of Pinega and
Kungur (Russia). Practically, apart from cave pearls,
ice can take the form of any of the other speleothem
types. Worth mentioning, however, are the largest
sublimation ice crystals from Kungur and Ordinskaya
caves, which are probably among the best examples
in the world.
Iron and manganese amorphous oxides/hydroxides
are common in gypsum caves where their normal
occurrence is as thin crusts. The best examples
of such deposits come from the following caves: 1)
Novella (Bologna, Italy), 2) Pelagalli (Bologna), and 3)
Zoloushka (Ukraine).
In Novella Cave, the Fe oxides-hydroxides are present
along with Mn oxides as thin black layers within huge
calcite speleothems. The genesis of these deposits is
apparently related to the occurrence of periodic fires (in

the last few centuries) that burned the bushes above
and around the cave (Forti & Querzè, 1978). In fact,
the destruction of the bushes causes the alteration
of the soil composition with a sudden stop in the
development of calcite speleothems. Simultaneously
the Fe- and Mn-rich bush ashes react with rainwater
within the organic rich soil, the oxidation of which
induces the reduction of Fe and Mn to bivalent ions.
When seepage reaches the underground voids Fe2+
and Mn2+ ions are immediately oxidized thus forming
the thin black layers. The deposition of the oxides lasts
only a very short time lapse, because the development
of new bushes allows to re-establish the environmental
conditions for the development of calcite flowstones
via incongruent dissolution of gypsum.
In Pelagalli Cave red stalactites, stalagmites, and
flowstones show largely prevailing layers of Fe and
Mn oxides/hydroxides that alternate with thin layers
of gypsum and opal. This is the only place where
three well-defined iron minerals were identified:
goethite, hematite, and lepidocrocite. The evolution of
these speleothems was controlled by very uncommon
environmental parameters: 1) presence at the surface
of a small swamp with strongly reducing conditions
where large quantities of iron and manganese were
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Table 7. List of minerals precipitated in gypsum caves: (* = new for the cavern environment and until present exclusive to gypsum caves).

1

Name

Chemical formula

Occurrence

First Reference

Asbolane

Mn4+(O,OH)2·(Co,Ni,Mg,Ca)
x(OH)2x·nH2O

Mingled with birnessite, in a red-brown stalactite

Volkov et al., 1987

2

Bassanite

CaSO4·0.5H2O

White powder on gypsum

Chiesi et al., 1992

3

Birnessite

(Na,Ca,K)0.6(Mn4+,Mn3+)2O4·1.5H2O

Mingled with asbolane in a red-brown stalactite

Volkov et al., 1986

4

Brushite

Ca(PO3OH)·2H2O

Yellow powder over bat guano

Forti, 1983

Mingled with birnessite on muddy lake deposit

Andrejchouk &
Klimchouk 2010

5

6

7

Buserite*

Calcite

Celestite

Na4Mn14O27·21H2O (?)

CaCO3

SrSO4

All common speleothems

Forti, 1996
Forti & Rabbi, 1981

Bladed flowstones

Forti & Chiesi, 1995

Half-bubbles

Ercolani et al., 2013

Bubbles, rafts

Forti, 2003

Biogenic flowstone

Poluzzi & Minguzzi, 1998

Mingled with high Mg-calcite, dolomite,
gaylussite, and halite within cryogenic gypsum/
calcite crusts

Tchaikovskiy et al., 2015

Small crystals at the mouth of a sulfide spring

Carrozzini et al., 1996

Associated with calcite in the crust covering
rounded aggregates of howlite

Potapov & Parshina, 2010

8

Chalcedony

SiO2

9

Chloromagnesite*

MgCl2

Dispersed within epsomite fibers

Cervellati et al., 1975

Moonmilk mingled with magnesian-calcite,
celestite, gaylussite, and halite within cryogenic
crust of gypsum/calcite

Forti et al., 2004
Tchaikovskiy et al., 2015

10

Dolomite

CaMg(CO3)2

11

Epsomite

MgSO4·7H2O

Acicular crystals over mud

Cervellati et al., 1975
Chiesi & Forti, 1992

12

Fluorapatite

Ca5(PO4)3F

With carbonatoapatite in shining gold crusts
over fossil remains

13

Gaylussite*

Na2Ca(CO3)2·5H2O

Mingled with high-Mg calcite, celestite, dolomite
and halite within cryogenic crust of gypsum/
calcite

Tchaikovskiy et al., 2015

14

Goethite

FeO(OH)

Large crusts, stalactites and stalagmites with
lepidocrocite, limonite, and Fe and Mn oxides

Forti & Rossi, 1989

15

Gypsum

CaSO4·2H2O

Many common speleothems and a few peculiar
ones: balls, helictites, hollow stalagmites,
powder, euhedral crystals, yozh

Hill & Forti, 1997 and
references therein

16

Halite

NaCl

Mingled with Magnesian-calcite, celestite,
dolomite and gaylussite within cryogenic crust of
gypsum/calcite

Tchaikovskiy et al., 2015

17

Hematite

Fe2O3

Small crystals inside large crusts, stalactites and
stalagmites with goethite, lepidocrocite limonite
and Fe/Mn oxides

Forti & Rossi, 1989

18

Howlite*

Ca2SiB5O9(OH)5

Rounded aggregates covered by a crust of calcite
and chalcedony

Potapov & Parshina, 2010

19

Hydroxylapatite

Ca5(PO4)3OH

With fluorapatite in shining gold crusts over
fossil remains

Chiesi & Forti, 1992

20

Ice

H2O

Speleothems, crystals

Hill & Forti, 1997 and
references therein

21

Lepidocrocite

Fe3+O(OH)

Minor component of stalactites and stalagmites
with goethite, limonite, gypsum and opal

Forti & Rossi, 1989

22

Mirabilite

Na2SO4·10H2O

Stalactites, euhedral crystals

Bertolani & Rossi, 1972

23

Opal

SiO2·nH2O

Thin crusts and coralloids

Forti & Rossi, 1989

24

Quartz

SiO2

Skeleton euhedral crystals over corroded gypsum

Forti, 1993

25

Rhodochrosite

MnCO3

Thin crusts over calcite speleothems

Turchinov, 1993

26

Sulfur

S

Polymineral flowstones with opal, and Al/Fe
oxides.
Small crystals over gypsum stalactites

Carrozzini et al., 1996
Forti & Lucci, 2016

27

Sylvite

KCl

Stalactites

Calandri & Ramella, 1987

28

Undifferentiated Aloxides

Al2O3

Polymineral flowstones with opal, sulfur and Fe
oxides

Carrozzini et al., 1996

Crust with Mn oxides.

Turchinov, 1993

29

Undifferentiated Fe
oxides/
hydroxides

Large crusts, stalactites and stalagmites with
goethite, lepidocrocite, limonite and Mn oxides

Forti & Rossi, 1989

Crust with Fe oxides/hydroxides.
Large crusts, stalactites and stalagmites with
goethite, lepidocrocite and other Fe oxides.

Turchinov, 1993
Forti & Rossi, 1989

30

Undifferentiated
Manganese oxides/
hydroxides

Powder and thick black deposits over mud

Andrejchouk &
Klimchouk, 2010

International Journal of Speleology, 46 (2), 109-135. Tampa, FL (USA) May 2017

Chemical deposits in evaporite caves: an overview

solubilized, 2) a subvertical marly-clayey interbed
directly linking the swamp to the cave room, allowing
a capillary transfer of the reduced ions without
possibility to be oxidized, and 3) the dry and relatively
warm climate of the cave led to a fast oxidation of Fe2+
and Mn2+, with subsequent deposition of these oxides
and hydroxides (Forti & Rossi, 1989).
Finally, in the hypogenic Zoloushka cave the fast
dewatering induced by mining activities caused an
extremely fast, biologically driven, oxidation of the
solubilized Fe2+ and Mn2+ and the development of many
speleothems. The most important are: widespread red
stalactites of iron oxides/hydroxides, rare red brown
hollow stalagmites of birnessite and some unidentified
Fe-Mn oxides (Turchinov, 1993), subaqueous deposits
of birnessite and buserite, as well as black powder
and thick soft layered deposits of manganese oxides
(Andrejchouk & Klimchouk, 2010).
Amorphous aluminum oxides were observed in the
sulfide branch of the Grave Grubbo Cave, where they
are deposited along with Fe-Mn oxides, opal, and
sulfur in thin flowstones just where sulfide waters
emerge from the cave wall. Their genesis was caused
by weathering processes of silicate minerals induced
by sulfide waters seeping inside in the clay-sand
material filling gypsum bedding planes (Carrozzini et
al., 1996).
The second largest mineralogical group is composed
of carbonates, where, beside calcite, dolomite,
gaylussite, and rhodochrosite are also present.
Dolomite has been observed as small moonmilk spots
over the roof of a short tunnel inside the Spipola Cave
(Bologna, Italy; Forti et al., 2004). The necessary
magnesium comes from the marly-clayey layers
interbedded in gypsum, whereas CO2 diffuses from the
cave atmosphere into condensing water. The genesis
of dolomite moonmilk was strictly related to a very
long dry period that allowed the capillary migration of
long-lasting solutions trapped in between the selenite
crystals of the cave wall and their total evaporation.
These dolomite deposits were completely washed
away and/or dissolved when the normal water flow
was restored within the cave.
Gaylussite is a new cave mineral that was only
observed associated with two other carbonates
(calcite, and dolomite), celestite, and halite among
the cryogenic polymineral assemblage developing
during wintertime inside the Kungur Cave, the only
cave in which these deposits have been investigated
in detail (Tchaikovskiy et al., 2015). Here, the freezing
of large volumes of water causes, at the waterair interface, the development not only of gypsum
powders, but also the segregation of thin crusts in
which besides primarily gypsum and calcite, the
other minerals are also present. The composition
of these aggregates seems to be controlled by the
specific cave microclimate of the area in which they
develop. In the relatively less-cold zones of the cave (>
0°C) progressive deposition induced by freezing and
evaporation causes the calcite → dolomite segregation
sequence, while in the colder areas (-5 to -3°C) the
sequence is calcite → magnesian calcite → gaylussite
(Tchaikovskiy et al., 2015).
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Finally, rhodochrosite was reported only from the
Zoloushka Cave, Ukraine (Turchinov, 1993), where
it is present as a thin crust or as a boxwork of
microcrystals over a corroded gypsum wall.
Four other sulfates (besides gypsum) are known
from gypsum caves: bassanite, celestite, epsomite,
and mirabilite. Bassanite was observed as whitish
thin layers of powder in the small gypsum caves of
the diapir of Punta Alegre, Cuba (Chiesi et al., 1992).
Bassanite is the result of partial dehydration of
gypsum, possibly due to the hot climate of the area.
The fact that this mineral was present only close to
the cave entrances, where probably the sun radiation
may directly impact gypsum walls, confirms the
suggested genetic mechanism. A similar situation was
observed in the Atacama caves (De Waele et al., 2017).
There are two cave locations in which celestite is
present: Grave Grubbo and Kungur caves. In Grave
Grubbo Cave celestite is present as euhedral small
crystals growing around a sulfide spring and its
genesis is induced by the oxidation of H2S just at the
mouth of the spring (Carrozzini et al., 1996). In Kungur
Cave the presence of this mineral is ephemeral; it only
forms during wintertime within cryogenic polymineral
aggregates developing over some of the cave lakes
(Tchaikovskiy et al., 2015).
Epsomite and mirabilite are ephemeral minerals
forming in several gypsum caves near Bologna
(Bertolani & Rossi, 1972; Cervellati et al., 1975).
Epsomite was known as gypsum cave mineral since the
antiquity (Laghi, 1806) and, in wintertime is present
as very thin (less than 0.1 mm) elongated fibers up to
10-15 cm long growing over the exposed surfaces of
clay interbeds or thick clay/mud deposits on the cave
floor, whereas in the springtime it disappears being
dissolved by moist air (Cervellati et al., 1975). The
Mg needed for its deposition comes from the clayeymarly interbeds, which are common in the gypsum
outcrops. Mirabilite has been reported from Gortani
Cave where it forms small stalactites and/or euhedral
crystals (Bertolani & Rossi, 1972). Mirabilite is a
deliquescent compound and therefore its presence in
this specific cave is limited to a short, very cold and
dry period in the middle of the winter. As for the Mg2+
of epsomite, the Na+ ions are derived from the clayeymarly interbeds.
Chlorides,
phosphates,
and
silicates
are
represented by three minerals each. The three
chlorides were observed in three different caves.
To date, chloromagnesite is known to occur only in
Buco dei Buoi Cave near Bologna (Cervellati et al.,
1975), where it is present as small microcrystals.
Halite was reported only as a minor component of
the polymineral cryogenic crusts of Kungur Cave
(Tchaikovskiy et al., 2015). Finally, pure sylvite
has been described forming small stalactites within
Darhedj Cave (Algeria); this mineral is present in the
evaporitic sequence overlying the cave and therefore
it is solubilized by seeping water and redeposited by
evaporation (Calandri & Ramella, 1987).
Gypsum caves host only three very common
phosphates: brushite, hydroxylapatite, and fluorapatite.
The last two were observed as a gold shining thin crust
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over a fossil bone in Milocchite Cave, Sicily
(Chiesi & Forti, 1992), whereas yellowish
lenses of brushite were observed inside an
old bat guano deposit in the Prete Santo Cave
near Bologna (Forti, 1983).
Most of the known cave phosphates
(as well as some nitrates, chlorides, and
sulfates), directly derive from the internal
reaction in the guano deposits (Hill & Forti,
1997), without any influence from seeping
water and/or cave bedrock. Therefore, it is
expected that many other phosphates must
be present in gypsum caves, where huge
guano deposits exists, but they are still
waiting to be discovered!
The only known three silicates from
gypsum karst are chalcedony, opal, and
quartz, and each of them is restricted to a
single cave. Chalcedony (microcrystalline
quartz) forms, along with calcite the outer
shell of the howlite aggregates described
from Ordinskaya Cave (Kungur, Russia) by
Potapov and Parshina (2010); no genetic
mechanism was proposed by the authors. Fig. 16. A) Corroded gypsum crystal with laminar overgrowth of aggregates of euhedral
Opal is present with thin botryoidal quartz; B) SEM image of euhedral quartz crystals growing over a partially re-dissolved
crusts dispersed within Fe/Mn oxides- gypsum; C) Genetic mechanism for the development of the euhedral quartz crystals
within gypsum karst (after Forti, 1996, modified).
hydroxides forming stalactites, stalagmites,
Befana Cave, as euhedral submillimetric crystals over
and flowstones in the Pelagalli Cave (Forti & Rossi,
gypsum coralloids and stalactites (Ronda Speleologica
1989). Its genesis is induced by pH lowering during
Imolese, 2011).
complex biologically-driven reaction, which caused
In both these occurrences sulfur comes from the
the deposition of alternating Fe-Mn, gypsum, and
oxidation of H2S present in waters emerging just
calcite deposits. For both chalcedony and opal the
source of SiO2 is represented by the weathering of the
inside the caves. Its deposition was controlled by low
pH, which could not be buffered due to the absence
clay minerals present in the thick interbedding of the
of carbonates. In fact, it was proved that at very low
gypsum strata.
pH the product of organic oxidation of the S2- ions is
Finally, millimeter-size euhedral crystal and
skeletal aggregates of quartz were reported from
S0 and not SO42- (Forti, 1985) (Fig. 17).
Carlo Azzali Cave (Emilia Romagna, Italy), where they
developed over corroded gypsum crystals (Forti, 1993)
(Fig. 16 A, B). The quartz deposition must have
occurred at a temperature lower than 40-50°C,
because gypsum was not at all transformed into
anhydrite (the stable phasecalcium sulfate above
this temperature).
The SiO2 comes from the weathering of an upper
silica rich formation and the deposition of quartz
instead of the more common opal was explained by
Forti (1994) as being due to the anaerobic reduction
of sulfates by slow seeping organic-rich water in
saturated conditions (Fig. 16C). The oxidation of
organic matter produces carbon dioxide that lowers
pH, thus inducing the deposition of silica as quartz
euhedral crystals, while the reduction of sulfates
to H2S further decreases pH and simultaneously
creates a solution that is undersaturated with respect
to gypsum, which therefore is partially solubilized
(Forti, 1994).
Sulfur is the only native element present in
gypsum caves, where it has been found in two
different occurrences. The first is Grave Grubbo Cave
(Carrozzini et al., 1996), where sulfur is dispersed
within a polymineral aggregate (along with Al and Fe
Fig. 17. Genetic mechanism for the development of sulfur crystals
oxides/hydroxides and opal). The second is in the
over gypsum speleothems.
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Finally, borate minerals are extremely rare in the
cavern environment and one of the two known species
has been observed in a gypsum cave. The borosilicate
howlite, Ca2B5SiO9(OH)5 has been recently found within
the flooded part of the Ordinskaya Cave (Potapov &
Parshina, 2010). It occurs in the drowned passages as
2 to 15 cm in diameter botryoidal aggregates hanging
down from the roof to which they were connected by
a small peduncle of residual gypsum. The central
nucleus of the aggregate consists of extremely pure
howlite whereas the 5 mm thick external shell is made
of an admixture of calcite and rare chalcedony. This
crust covers the whole aggregate except the point in
contact with the gypsum roof. The howlite aggregates
developed during the slow process of hydration of
anhydrite induced by the vadose seepage of meteoric
water. Later, the karst evolution within the gypsum
exposed them inducing a recrystallization of this
mineral and the rather simultaneous development of
the surficial calcite and chalcedony crust. Because of
this outer less soluble shell, howlite was not dissolved
when the cave was completely flooded due to rising
water of an artificial lake constructed nearby.

FINAL REMARKS
Albeit not exhaustive, the present outlook on the
chemical deposits hosted by evaporite caves clearly
evidences the importance of these cavities for the
development of novel speleothems and several cave
minerals, some of which unique to the evaporite
environment. It is also clear that over the past 20
years only few new researches were performed
within evaporite caves. Presently, the distribution
of the investigated gypsum caves, covering most of
the world’s climatic areas, allows to state that the
hosted speleothems are sufficiently well known,
even if huge areas like those in Siberia and China
are presently completely unexplored. Moreover some
mineralogical classes (like oxides/hydroxides, and
even more importantly, the phosphates) by sure
need further investigations.
Although limited, the number of studied halite caves
were sufficient enough to define, at least roughly,
the complexity of the hosted halite speleothems,
but they are surely too scarce to encompass all
possible minerogenetic mechanisms acting in
such caves all around the world. In particular,
further research should be conducted in the large
halite outcrops existing in China, which are still
practically unknown.
We have even less knowledge of the situation with
respect to anhydrite caves. Only the Upper Secchia
Valley (Italy) evaporite karst may be considered
sufficiently investigated from the point of view of
chemical deposits. Instead, the information available
on the Central Germany caves is limited and nothing
is known from any other caves in anhydrite karst
areas around the world.
It is therefore evident that in the future, amazing
discoveries are waiting the cavers and scientists
willing to investigate the relatively unknown world of
chemical deposits in evaporite caves.
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Abstract:

Keywords:

Although outcropping rarely in Italy, evaporite (gypsum and anhydrite) karst has been
described in detail since the early 20th century. Gypsum caves are now known from almost
all Italian regions, but are mainly localised along the northern border of the Apennine chain
(Emilia Romagna and Marche), Calabria, and Sicily, where the major outcrops occur.
Recently, important caves have also been discovered in the underground gypsum mines in
Piedmont. During the late 80s and 90s several multidisciplinary studies were carried out in
many gypsum areas, resulting in a comprehensive overview, promoting further research in
these special karst regions. More recent and detailed studies focused on the gypsum areas of
Emilia-Romagna and Sicily. Sinkholes related to Permian-Triassic gypsum have been studied
in Friuli Venezia Giulia. This article reviews the state of the art regarding different aspects of
evaporite karst in Italy focusing on the main new results.
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INTRODUCTION
Gypsum crops out in almost all Italian regions,
representing less than 1% of the total national
territory (Fig. 1). Since most of these evaporite
outcrops are very small and host only caves of limited
development, more or less detailed studies on gypsum
karst have been carried out in only four regions:
Piedmont, Emilia-Romagna (Klimchouk et al., 1996),
Calabria, and Sicily. Gypsum is of Permo-Triassic
and Messinian age, while anhydrites belong to some
Triassic sequences (Cucchi & Piano, 2003).
Researches on these evaporite karst areas in Italy
started very early, probably in the 16th century. From
a cave near Bologna curious speleothems, called
“stelechiti”, were described and drawn by Aldrovandi
(1648) in the “Musaeum metallicum” (Fig. 2A) (Table 1).
From the same region (Emilia-Romagna) several
*jo.dewaele@unibo.it

authors, such as Cosimo Bottegari (1612), Luigi
Ferdinando Marsili (1698) (Fig. 2C), Antonio Vallisneri
(1715), Lazzaro Spallanzani (1762) and Serafino
Calindri (1781) described respectively the Poiano
Springs (Upper Secchia Valley), the petrography of
gypsum, the gypsum area in the Upper Secchia Valley
(Reggio Emilia) and surface karst landforms from
areas close to Bologna (Altara et al., 1995), while
another geologist, Tommaso Laghi (1803), published
a description of the cave mineral epsomite, found in
a gypsum cave near Bologna. Another old description
of gypsum karst landscape was given by the famous
Swiss naturalist and mountaineer De Saussure in
“Voyages dans les Alpes”, where he described the
geomorphological phenomena of the Moncenisio
area (De Saussure, 1796). Capellini (1876) described
and drew the famous gypsum candles near Bologna,
giving a first scientific explanation for their formation
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Distribution of the main gypsum outcrops in Italy. 1) Acquafredda-Spipola Cave (Bologna);
2) Poiano (Upper Secchia Valley); 3) Moncenisio area; 4) Re Tiberio-Rio Basino (Vena del Gesso);
5) Grotta delle Vene (Grosseto); 6) Esino (Brescia); 7) Montecatini (Pisa); 8) Santa Ninfa (Trapani);
9) Grave Grubbo, Verzino (Crotone); 10) Ciminna (Palermo); 11) Quinis (Udine); 12) Preola
Lake-Gorghi tondi (Trapani); 13) Sant’Angelo Muxaro (Agrigento); 14) Siculiana (Agrigento); 15)
Monte Conca (Caltanissetta); 16) Montallegro (Agrigento); 17) Palma di Montechiaro (Agrigento);
18) Sassalbo (Massa-Carrara); 19) Moncalvo-Calliano (Asti); 20) Monticello d’Alba (Cuneo); 21)
Onferno (Rimini); 22) Rocca di Entella (Palermo).

(Fig. 2B), and Scarabelli described the Re Tiberio
cave in the Vena del Gesso Romagnola, publishing
the first topography of a gypsum cave in Italy
(Scarabelli, 1872) (Fig. 3). Until the 19th century there
are less reports on gypsum karst phenomena in the
other Italian regions (Sivelli, 2003). The only ones
worth citing are those by Volta (1786) and Cozzaglio
(1893) regarding evaporite areas in Lombardy, and
the works by Gemmellaro (1850) and Baldacci (1886)
on the extensive Sicilian karst (Fig. 2D). It is in the
early 20th century that researches on evaporite karst
intensify, mainly in Sicily (Marinelli, 1899, 1910,
1911; Gemmellaro, 1915, see also Madonia et al.,
2016), with the first monographic and comprehensive
overview on the karst phenomena in Italian gypsum
areas being published in 1917 (Marinelli, 1917).
After this fundamental work, however, studies
on this special kind of karst languished for over
50 years in most regions (also considering the
occurrence of World conflicts), excluding the
description of karst phenomena and some caves in

Romagna (Mornig, 1935) and the first real systematic
multidisciplinary study on a gypsum karst area
in Italy, in the Upper Secchia Valley, Reggio Emilia
(AA. VV., 1949).
It is however always near to Bologna that scientific
research continued in the late 60s and early 70s,
especially with the works on paragenesis and ceiling
channels in the gypsum caves by Pasini (1967a, b,
1975) and the description of Pleistocene fauna from
a palaeo-sinkhole (Pasini, 1969, 1970). Also the role
of CO2 in the dissolution mechanisms of gypsum and
the deposition of carbonate speleothems in these
caves is based on observations in this area (Forti &
Rabbi, 1981), as is the importance of condensation
waters (Cigna & Forti, 1986). Furthermore, the
possibility to use the deviation of speleothems’ growth
axes as indicators of past earthquakes, first detected
in speleothems from Frasassi cave (in limestone,
Marche), were also studied in a stalagmite of a
gypsum cave (Buco dei Buoi) near Bologna (Forti &
Postpischl, 1980).
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Fig. 2. Historical figures on gypsum karst in Italy. A) The Stelechites from Aldrovandi (1648);
B) The Candles and the close by Buco del Belvedere sinkhole (Bologna) drawn by Capellini (1876);
C) Gypsum quarry near Bologna by Marsili (1698); D) A geological drawing on Sicilian gypsum karst
by Baldacci (1886).
Table 1. Historical overview on studies carried out in Italian gypsum areas before 1917, year in which Marinelli’s review was published.
Author

Subject

Area

Region

1612

Year

Cosimo Bottegari

Poiano springs

Reggio Emilia

Emilia-Romagna

1648

Ulisse Aldrovandi

Speleothems “stelechiti”

Bologna

Emilia-Romagna

Luigi Ferdinando Marsili

Mining and property of gypsum

Bologna

Emilia-Romagna

1715

Antonio Vallisneri

Hydrogeological researches,
Triassic, Valestra Cave

Reggio Emilia

Emilia-Romagna

1762

Lazzaro Spallanzani

Hydrogeological researches

Reggio Emilia

Emilia-Romagna

Tommaso Laghi

Property of gypsum

Bologna

Emilia-Romagna

1781

Serafino Calindri

Karst landform description,
Acquafredda sinking stream

Bologna

Emilia-Romagna

1788

Giovanni Serafino Volta

Camarà Cave description

Pavia

Lombardy

Torino

Piedmont

Faenza

Emilia-Romagna

Bologna

Emilia-Romagna

[1698-1700 ca]

[1756-1762 ca]

Description of the karst landscape
of Moncenisio
Description (1856) of Re Tiberio
Cave, first cave survey in gypsum
Karst landscape, caves Buco del
Belvedere, Buco delle Candele

1796

Horace-Bénedict De Saussure

1872

Giuseppe Scarabelli

1876

Giovanni Capellini

1886

Luigi Baldacci

Mining and geological description

Raffaele Vittorio Matteucci

Cave description of Grotta
delle Vene

Grosseto

Tuscany

1893

Arturo Cozzaglio

Description of the Esino doline

Brescia

Lombardy

1907

Giuseppe Stefanini

Karst in Val d’Era

Pisa

Tuscany

1915

Mariano Gemmellaro

Gypsum karst landscape,
Santa Ninfa Cave

Trapani

Sicily

1917

Olinto Marinelli

Italian gypsum areas

1890

Sicily
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Fig. 3. The first survey of a gypsum cave in Italy: the Re Tiberio entrance area near Riolo Terme (Vena del Gesso)
drawn by Scarabelli in 1872.

The birth of caving associations in the 80s caused
an exponential increase in the exploration and study
of the gypsum areas, mainly in Emilia-Romagna
(Casali, 1972; Colalongo et al., 1985; Forti et al.,
1985, 1989; AA.VV., 1988; Forti & Francavilla, 1990;
Bentini & Lucci, 1999; Chiesi, 2001; Dalmonte et
al., 2004; Forti & Lucci, 2010; Demaria et al., 2012;
Pasini, 2012; De Waele & Pasini, 2013; Ercolani et
al., 2013; Columbu et al., 2015; Lucci & Piastra,
2015), but also in Sicily (Agnesi et al., 1986; Agnesi
& Macaluso, 1989; Macaluso et al., 2001; Ferrarese
et al., 2002; Liguori et al., 2008; Vattano, 2008;
Madonia & Sauro, 2009; Madonia & Vattano,
2011; Di Maggio et al., 2012, 2016a, b; Vattano et
al., 2015) and Calabria (Ferrini, 1998; Parise &
Trocino, 2005). Thanks to these studies, several
international conferences on evaporite karst have
been organised in Italy (Forti & Grimandi, 1986;
Forti et al., 1987; Forti, 2004). This paper intends
to present a review on the most recent knowledge on
gypsum karst in Italy.

GEOLOGY
Gypsum deposits are usually formed in shallow
marine basins under arid to semi-arid climatic
conditions and with a very low feeding of terrigenous
siliciclastic sediments from continental areas. In the
Alpine and Apennine sedimentary sequences these
conditions occurred only during the Permian-Triassic
in the Tethys basin (Stampfli et al., 2001), and in the
Mediterranean basin during the Messinian Salinity
Crisis (Hsü et al., 1977; Roveri et al., 2001) (Fig. 4).
Permian-Triassic gypsum deposits are associated
with peri-continental evaporite deposition, which
also includes halite and dolomite deposits, whereas
Messinian gypsum layers are interlayered with shaly
sequences of marine environments. Presently, the

Permian-Triassic evaporites crop out mainly in the
Eastern Alps and in the Northern Apennines, whereas
Messinian gypsum crops out in the whole Apennine
chain and mainly in Sicily (Fig. 1). A general overview
of the geological formations containing evaporite beds
is shown in Table 2.
Permian gypsum
The most ancient gypsum deposits in Italy occur
in the eastern Southern Alps (Dolomites and Carnic
Alps) and consist of discontinuous layers of gypsum
belonging to the basal succession of the Bellerophon
Formation (Upper Permian). Evaporites were
deposited because of periodical transgressions that
affected the southern limit of Eurasia. Gypsum is
irregularly spread due to the unequal morphology of
the peri-continental platform, which was periodically
flooded during marine high-stands. The Bellerophon
Formation is characterised by different facies and
thickness related to its position within the basin.
Total thickness ranges from 0 to about 600 m going
eastward from the western Adige Valley area to
the Carnia depocenter (Cirilli et al., 1998). Three
main lithofacies are generally present. Millimetre to
centimetre layers of saccharoid gypsum prevails in the
lower part, interlayered with mudstones and shales
and, going upward, with dolostone. Dolomites and
dolomitic breccias prevail in the middle lithofacies. The
upper part of this formation consists of usually dark
fossiliferous limestones that are thinner or absent in
the western and southwestern Dolomites. The basal
evaporitic facies has the maximum thickness in the
Badia Valley to the east (about 350 m) and becomes
thinner towards the basin margin to the west.
In the eastern Southern Alps this formation is
intensively deformed due to alpine tectogenesis, when
evaporitic horizons acted as detachment surfaces of
the upper limestone and sandstone of the Werfen
Formation.
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Fig. 4. Palaeogeographic schemes of gypsum deposition during the Permo-Triassic (A) and the Messinian (B).
Table 2. Main evaporite formations in Italy.
Name
Bellerophon Fm.
Werfen Fm.

Age

Paleogeographic domain

Upper
Permian

“Sudalpino”
(east-southern Alps)
“Sudalpino”
(east-southern Alps)
“Sudalpino”
(east-southern Alps)
“Sudalpino”
(east-southern Alps)
“Sudalpino”
(east-southern Alps)
Delfinese-Provenzale
(western Alps)
Apennines,
Apulian platform

Lower Triassic

“Gracilis” Fm.

Anisian

Bovegno Fm.

Anisian

Raibl Fm.

Carnian

“Keuper” Fm.

Norian

Anidriti di Burano Fm.

Norian-Rhaetian

Gessoso-Solfifera Fm.

Messinian

Western Mediterranean

Lower-Middle Triassic
During early Triassic in the “alpine” sector of the
Tethys, arid and subtropical climatic conditions
favoured the formation of evaporites only in restricted
areas. Gypsum lenses occur in the Werfen Formation
(Schytian) in the Dolomites area (Cucchi & Piano,
2003). More extensive and thick evaporite bodies were
deposited mainly in the Lombardy and Venetian preAlps where wide horizons of gypsum, whose facies
can be related to sabkha conditions, occur in the
Bovegno Formation, which mainly consists of wellstratified dolomitic limestone and carbonate breccias.
Climatic and palaeo-geographic conditions suitable
for evaporitic deposition also occurred during Middle
Triassic but this phase affected the alpine sector
marginally, where a significant gypsum layer is only
found in the “Gracilis” Formation. Some lenses of
gypsum are also present in the lower Anisian deposits

Regions with major present outcrops
Veneto, Friuli Venezia Giulia
Veneto
Lombardy
Lombardy
Veneto, Friuli Venezia Giulia
Piedmont, Liguria, Sardinia
Emilia-Romagna, Tuscany, Umbria, Marche,
Abruzzo, Apulia
Piedmont, Emilia Romagna, Tuscany, Umbria,
Marche, Campania, Calabria, Sicily

in southern Sardinia, interlayered with limestone and
brecciated dolostone (Cirilli et al., 1998)
Upper Triassic
During Upper Triassic, passive-margin conditions
affected a large part of the Tethys basin with the
development of carbonate platforms that, during the
earlier phases, allowed the formation of wide shallow
lagoons where precipitation of sulphate and evaporitic
dolomites occurred (Passeri, 1975). Chronologically
we can recognise three evaporitic events: the “Keuper”
facies deposits cropping out in the Ligurian Alps and
in western Sardinia, the Carnian deposits of the Alps
and Gargano, and the Norian phase widely spread in
the Northern Apennines (Cucchi & Piano, 2003).
The “Keuper” is characterised by clastic facies
consisting of dolomite, marly limestone and gypsumsulphur lenses, locally with chaotic structure. In the
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eastern Alps, the Raibl Formation (Upper Carnian)
consists of three members: at the bottom, the red
siltstones Member with a thickness between 10 and
80 m; the intermediate member is characterised
by saccharoid gypsum, white and grey in color rich
in clayey impurities and grey dolomites having a
thickness of 350 m; the upper member is made of
dolomites and marls having a thickness of 180 m
(Venturini, 2001). Currently, only in the northern
Apennines Upper Triassic evaporites form significant
surface outcrops (of a few km2).
In the whole northern Apennines, the Liassic
carbonate sequences lay on an evaporitic succession
made up of anhydrite interlayered with dolomitic beds.
This formation is named “Anidriti di Burano” and is
found in its original facies only in deep boreholes,
whereas it displays a brecciated and tectonised
structure at the outcrops (Burano Evaporites).
The Burano Formation is referred to a sabkha type
environment, which developed on almost all the
northern Apennine domains before the formation of
the Jurassic carbonate platforms (Martini et al., 1989;
Ciarapica, 1994).
The “Anidriti di Burano” Formation was described
by Martinis & Pieri (1964) using data obtained from
AGIP oil exploration surveys, then revised by Passeri
(1975), who defined the depositional environment.
Outcrops are found in Tuscany, Emilia-Romagna, and
in Umbria, and in the subsoil in Tuscany, Umbria,
Latium, Marche, and Apulia (Gargano).
The typical (primary) facies of this formation
mainly consists of anhydrite, dolomite and dolomitic
limestone, locally associated with marls, shales and
rock salt. Anhydrite, white, brown or pinkish in color,
is well crystallised and often contains clay or thin
bituminous layers. The lithofacies is represented by
sulphate-carbonate layers or lenticular aggregates
dispersed in the crystalline carbonate mass.
Hazel, brownish or blackish dolomite is normally
very fine-grained and microcrystalline and contains
thin veils of clayey bituminous substances: the
lithofacies is represented by carbonate breccias.
During burial, the unit experienced diagenetic
transformation (Ciarapica & Passeri, 1976). Strong
tectonics affected these evaporites during the Apennine
orogenesis, resulting in a limited lateral continuity of
the sedimentary succession. Thus, the reconstruction
of the general stratigraphy from outcrop observations
is particularly complicated.
The thickness of the Burano Formation is very
variable for tectonic reasons. In boreholes, the
thickness varies from at least 1,700 metres (Foresta
Umbra in Gargano, Antrodoco in Central Italy) to
some hundreds of metres (near Pomarance, Southern
Tuscany). Stratigraphically, the Burano Formation
rests on phyllites and quartz-arenites interbedded
with dolomite and anhydrite (Tocchi Formation), or on
the Phyllites of Boccheggiano. The top is represented
by the Rhaetavicula contorta Limestone or by the
“Calcare Massiccio”.
The Burano Formation had an important role
during the Apennine orogenesis, acting as a major
detachment horizon of the main tectonic nappes.

During orogenesis the Burano evaporites were
intensively fractured and hydrated, forming an
autoclastic breccia that now crops out as a calcareousdolomitic breccia without sulphates. The most
common lithofacies identifiable in outcrop are late
dissolution breccias. These lithologies were produced
by surface weathering that caused the complete
dissolution of the sulphates and the de-dolomitization
of the calcareous terms, forming the typical structure
of the “Calcare Cavernoso” (Gandin et al., 2000).
In the Northern Apennines (Secchia River Valley
and Val Rosaro area) the Burano Formation is an
up to 2,200 m-thick sequence consisting of metreto-decametre layers of gypsum/anhydrite and
dolostones with minor levels of halite. The deposit has
been affected by an intense post-depositional change,
thermal events and large-scale dissolution (Lugli,
2001). In southern Tuscany, Burano Evaporites
only occur in restricted areas, whereas at outcrops
the formation is substituted by carbonate tectonic/
sedimentary breccias generally mapped as Calcare
Cavernoso (Martini et al., 1989).
Miocene (Messinian)
Most of the gypsum outcrops occurring in the Italian
peninsula belong to the Gessoso-Solfifera Formation
(GSF) of Messinian age. This formation is typical
of almost all the palaeogeographic domains of the
Apennine chain, from Piedmont to Sicily, and is the
main geological evidence of the “Messinian salinity
crisis” (MSC), a peculiar climatic/physiographic
circumstance that modified the connection between
the Atlantic Ocean and the Mediterranean Sea (Hsü
et al, 1977; Roveri et al., 2001). The MSC occurred
during an intense phase of geodynamic reorganisation
of the Mediterranean area that also produced the
fragmentation of the former Miocene Apennine foredeep
basin. In this area, primary shallow-water evaporites,
equivalent to the Mediterranean Lower Evaporites,
apparently only formed in semi-closed thrust-top
basins like the Vena del Gesso Basin. The subsequent
uplift and subaerial exposure of such basins ended
the evaporite precipitation and promoted a widespread
phase of collapse leading to the re-sedimentation of
the evaporites into deeper basins.
Based on the Apennine basin experience, it is
suggested here that evaporites, widespread along
the deeper portions of the Mediterranean basin, may
consist mainly of deep-water re-sedimented deposits
rather than shallow-water to supratidal primary
evaporites indicative of a complete basin desiccation
(Testa & Lugli, 2000).
The most complete succession of GSF crops
out in central Sicily. Here we find two evaporitic
successions laying upon pelitic facies of the
Terravecchia Formation and locally on white diatomitic
marls (Tripoli Formation), and covered by fine pelagic
sediments (Trubi Formation). The lower evaporitic
unit consists of evaporitic limestone, crystalline
gypsum interlayered with gypsy marls and salts
(mainly chlorides). The upper evaporitic unit consists
of crystalline gypsum, primary or clastic, bioclastic
limestone and, finally, clayey sands (Catalano, 1986).
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The Upper Gypsum unit of the Caltanissetta Basin
testifies the last phase of the MSC (Manzi et al. 2009).
Several depositional cycles consisting of primary
gypsum bodies can be recognised. A basal thin
gypsum bed is overlain by five thick gypsum bodies,
which are separated from the uppermost gypsum
body by a marl-sandstone horizon. The terrigenous
Arenazzolo Formation forms the uppermost part of
the Upper Gypsum unit (Manzi et al., 2009).
At a basin scale, the Upper Gypsum unit
unconformably overlies a mainly clastic evaporite unit
containing carbonate breccia (the so-called ‘Calcare
di Base’) and/or clastic gypsum. Towards the basin
centre a primary gypsum horizon is present. This layer
is interpreted as a possible lateral equivalent of the
Halite unit present only in the deepest depocentres
(Manzi et al., 2009).
In the Northern-central Apennine the GSF is usually
made of three different sedimentary units (Roveri
et al., 2001). The lower unit consists of turbiditic
gypsum-arenites, locally completely re-crystallised,
interlayered with dark and bitumen-rich pelite. The
middle unit is made of grey pelites with gypsumarenite levels. The upper unit consists of a chaotic
complex with pelitic layers and clasts and nodules of
gypsum, which are covered by gypsum-arenite facies.
Due to the high recrystallization processes usually
affecting gypsum layers, original depositional
structures and textures are often obliterated.
Notwithstanding, the GSF in the northern Apennines
is now interpreted with a deep-water clastic genetic
model that describes the down-current evolution of
a turbidite flow mainly composed of gypsum clasts.
Gravity-driven deposits ranging from debris flow to
low-density turbidites can be recognised and layers
previously considered as deep-water primary deposits
are now interpreted as the fine-grained product of
high to low-density gravity flows (Testa & Lugli, 2000).
In northern Italy, Messinian evaporites are restricted
to some minor areas inside the “Bacino Terziario
Piemontese”. Here the gypsum occurs as lenticular
bodies, with moderate thickness, enclosed into claymarly deposits (Dela Pierre et al., 2011).

SURFACE KARST FEATURES
Large-scale morphologies
In Italy the gypsum karst landscapes are different
and complex considering the various geological,
environmental and climatic conditions characterising
the country. From the morpho-structural standpoint,
the most common styles are tabular plateaux,
homoclinal ridges, fault scarps, folded relief, and
isolated large gypsum blocks surrounded by clays
(Forti & Sauro, 1996). The geomorphological settings
are often the result of important relief inversion
phenomena (Vattano, 2008; Lucci & Rossi, 2011).
In addition, hilly, fluvial, lacustrine and coastal
environments are recognisable (Sauro, 2003a; Madonia
& Sauro, 2009). In many areas the transition between
fluvial and karst processes is evident and results in
the development of a hydrographic surface network
connected with a subterranean hydrography. This is
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the consequence of contact karst due to: i) vertical
transition from impervious rocks to soluble rocks
(i.e., Santa Ninfa, Sicily; Vena del Gesso, Emilia
Romagna; Verzino area, Calabria) (Fig. 5); ii) lateral
tectonic contact between soluble and insoluble
rocks (i.e., central and southern Sicily); iii) thin and
discontinuous clastic covers of different permeability
over the gypsum rock (e.g., Ciminna Basin, NW Sicily)
(Agnesi & Macaluso, 1989; Forti & Sauro, 1996,
Madonia & Forti, 2003; Parise & Trocino, 2005;
Vattano, 2008).
The surface karst landforms prevail where gypsum
outcrops extensively, such as in Sicily, EmiliaRomagna and Calabria (Verzino area), nevertheless
surface karst forms occur in many parts of Italy, also
where gypsum formations are mantled (Marinelli,
1917; Madonia & Forti, 2003). Surface karst features
show a large variety of typologies, ranging in size
from a few microns to some kilometres. Medium and
large-scale landforms are represented by dolines or
sinkholes (Fig. 6A-B). Dolines vary from a few metres
to several hundreds of metres in average diameter
and from a few decimetres to tens of metres in depth.
They are of different shapes: cylindrical, conical,
truncated-conical, hemispherical, irregular, and
asymmetrical. Impressive cylindrical-shaped collapses
can be identified in Friuli Venezia Giulia in the area
of Sauris, even if more common are the mediumsmall size collapses or suffosion sinkholes usually
linked to the presence of tectonic features. Large
truncated-conical dolines are present in EmiliaRomagna (i.e., Spipola, Budriolo) (Figs. 5 and 6G) and
central and southwestern Sicily. Asymmetrical dolines
show a significant difference between maximum and
minimum depth (Fig. 6B) and are generally elongated
according to the slope, or developed at the contact
of different rocks; sometimes these dolines are
transition forms to blind valleys (Fig. 6C and E). They
are widespread in Sicily and Calabria (Verzino area)
(Agnesi & Macaluso, 1989; Sauro, 1996; Meneghel,
1998; Parise & Trocino, 2005; Vattano, 2008; Di
Maggio et al., 2012). Complex forms deriving from the
merging of simpler features occur as well.
Considering the formation processes, where gypsum
crops out, solutional dolines (point recharge-type;
Sauro, 2003b; Ford & Williams, 2007) are mainly
found. These dolines present a swallow hole at the
bottom or at the foot of a slope (Fig. 6B-C), which often
gives access to important subterranean systems (e.g.,
the Spipola doline in Emilia Romagna) (Fig. 6G). In
Tuscany, in a small area of Messinian gypsum close to
the Montecatini Val di Cecina village (Pisa province),
some well developed solutional dolines occur
(Stefanini, 1907). They have a symmetrical shape and
where gypsum is covered by alluvial deposits some
of them have a suffosional origin (at least partially).
Small collapse pits, only some metres deep, are also
present.
Drawdown dolines are less common because in
gypsum the classical epikarst is missing or limited
(Ferrarese et al., 2002; Sauro, 2003b). Typical collapse
dolines (Sauro, 2003b) or bedrock collapse sinkholes
(sensu Gutiérrez et al., 2008, 2014) with vertical
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sinkholes and caprock collapse sinkholes sensu
Gutiérrez et al., 2008, 2014) involve the Pliocene
and Pleistocene formations overlying the Messinian
evaporites in western and southern coastal areas
of Sicily (Madonia & Forti, 2003). These latter karst
depressions may host small ponds, such as Lago
Preola and Gorghi Tondi (Trevisan & Di Napoli, 1937;
Hauser et al., 2002), Soprano, Medio and Sottano
lakes (Di Maggio et al., 2010). Cover and subsidence
dolines may be triggered also by anthropic activities
and often may represent a significant hazard in many
areas (see the subchapter on Hazards in gypsum
karst).
The spatial distribution of dolines varies from
isolated to clustered forms to alignments of forms.
Frequently, doline distribution follows discontinuity
systems in the evaporites (Madonia & Forti, 2003;
Parise & Trocino, 2005; Zini et al., 2015a). In some
areas of Sicily and Calabria, chains of aligned point-

Fig. 5. An aerial view on the gypsum ridge southeast of Bologna
(above, photo Giovanni Bertolini), the geological framework (middle)
and the main geomorphological elements (below). All. = alluvium
(modified from Demaria et al., 2012).

walls and depth of tens of metres involve the Permian
Bellerophon Formation in the Tagliamento River
Valley (Friuli-Venezia Giulia region) (Calligaris et al.,
2010, 2015, 2017; Zini et al., 2015a, b), the Triassic
evaporites in the Secchia valley (Emilia-Romagna
region) (Madonia & Forti, 2003), and the Messinian
gypsum in the Verzino area (Calabria region) (Parise
& Trocino, 2005; Iovine et al., 2010).
Cover and subsidence dolines (sensu Sauro, 2003)
are frequent in many regions where gypsum formations
are overlain by insoluble rock successions of different
lithologies, thickness and age. Cover dolines (or cover
collapse sinkholes and cover suffosion sinkholes
sensu Gutiérrez et al., 2008, 2014) are present in the
Triassic Werfen Formation in Friuli Venezia Giulia
(Calligaris et al., 2015; Zini et al., 2015a, b) and Veneto
(Dolomites) (Madonia & Forti, 2003; Arziliero et al.,
2004) regions where Permian and Triassic gypsum are
mantled by Quaternary glacial till, morenic, alluvial
and colluvial deposits, and in Piedmont (Monferrato
area) where Messinian gypsum occurs as lenticular
bodies within clay-marly deposits, and is covered by
marine Plio-Pleistocene formations or Quaternary
alluvial and colluvial deposits (Fioraso et al., 2004;
Vigna et al., 2010a, b). Quaternary terrace deposits
overlying the Messinian gypsum are affected by large
and shallow cover sagging sinkholes in the southern
coastal area of Sicily (Vattano, 2008; Di Maggio et
al., 2010). Subsidence dolines (or caprock sagging

Fig. 6. Large forms in Italian evaporite areas. A) Truncated-conical
solution drawdown doline in selenite gypsum (Monte Misciotto, NW
Sicily); B) Asymmetrical dolines with intermediate features between
doline and blind valley (Ciminna Basin, NW Sicily); C) Blind valley cut
in clayey rocks ending at the foot of a selenite gypsum relief where the
Grotta di Sant’Angelo Muxaro opens (Sant’Angelo Muxaro, centralwestern Sicily); D) Gypsum polje developed in a faulted syncline
depression (Siculiana, south-central Sicily); E) The Vena del Gypsum
ridge with its visible gypsum beds and the blind valley of Rio Stella
(Romagna); F) The Secchia River cutting the Triassic anhydrites (Reggio
Emilia); G) The Spipola Doline in the gypsum outcrops South of Bologna.
(Photos A, C-D: Marco Vattano; B: Antonino Lo Bello; E: Piero Lucci;
F: Giovanni Bertolini; G: Jo De Waele).
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recharge dolines, formed as a consequence of an
upstream migration of the swallets of small blind
valleys, follow the pattern of old fluvial networks that
developed on the impervious cover (Agnesi & Macaluso,
1989; Sauro, 1996; Ferrarese & Sauro, 2001; Parise
& Trocino, 2005). Dolines are often grouped in welldefined karst units, where they occupy the entire
karst area to form a honeycomb pattern, as in the
Santa Ninfa area (Sicily) (Agnesi & Macaluso, 1989;
Sauro, 1996, 2003b). Clusters of tens of small dolines
occur in the western Alps (Moncenisio area) (Sauro,
1996 ) and in the Dolomites (Marinelli, 1917; Madonia
& Forti, 2003).
Large polje-type karst depressions are less common
(Fig. 6D). They occur mainly in southern coastal areas
of Sicily, near Agrigento. They are characterised by a
flat bottom surface, mantled by alluvial and lacustrine
deposits, bounded by steep gypsum slopes. Generally,
they are open, occasionally active depressions and
their genesis seems to be strongly controlled by
tectonic structure (Sauro, 1996; Vattano, 2008; Di
Maggio et al., 2016b).
Fluvial and karst processes coexist in many
Messinian gypsum areas of Sicily, Emilia-Romagna
and Calabria with the development of several blind
valleys up to a few kilometers long. Most of these
valleys are cut in insoluble rocks and end blindly at
a gypsum threshold; others have their upstream part
on insoluble rocks and the downstream end incised
in the gypsum. Some blind valleys are almost entirely
cut in gypsum. At the base of the gypsum threshold
one or more active swallow holes are often points
of recharge for important cave systems (i.e., Monte
Conca, Santa Ninfa caves, S. Angelo Muxaro in Sicily;
Rio Stella-Rio Basino in Emilia-Romagna) (Sauro,
1996; Madonia & Forti, 2003; Vattano, 2008; Lucci
& Rossi, 2011; Madonia & Vattano, 2011; Vattano
et al., 2015). Sometimes, headward erosion leads
to the formation of deep and narrow pocket valleys
(few hundred metres long) where the resurgences of
subterranean streams are present (i.e., Rio Basino,
in Emilia Romagna) (Lucci & Rossi, 2011). When
rivers are big enough they can cut the entire evaporite
outcrops, forming valleys with almost vertical slopes
(e.g., Upper Secchia Valley, Reggio Emilia) (Fig. 6F).
Small-scale morphologies
As far as the small karst forms in Italy are
concerned, gypsum rocks show a large variety of
karren occurring mainly on the exposed surfaces,
but also under permeable covers. Many forms are
similar to limestone karren and their genesis is
mostly controlled by the dynamics of water flowing on
the gypsum surfaces (Macaluso & Sauro, 1996a, b;
Madonia & Sauro 2009). Karren developed in all the
Messinian outcrops show the largest diffusion and
variability in Sicily (Macaluso & Sauro, 1996a, b;
Macaluso et al., 2001; Madonia & Sauro, 2009),
and Calabria (Macaluso & Sauro, 1998). Karren are
also well-developed on the Triassic microcrystalline
gypsum outcrops in the Upper Secchia Valley region
(Chiesi & Forti, 2009; Chiesi et al., 2013). The karren
features develop in several environments both on
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extended slopes and small isolated blocks. Peculiar
karren have been recognised in the fluvial and coastal
environments, and in some anthropic areas such as
quarries and dry-stone walls (Macaluso et al., 2001;
Madonia & Sauro, 2009). In most cases karren
features are grouped in complex associations of more
different elementary forms.
Gypsum karren range from the nano- and the
microforms to the large morphologies (Macaluso
& Sauro, 1996a). The nanoforms develop on large
selenite gypsum crystals and are closely controlled
by the crystalline structure (Forti, 1996). The microand small forms are the most widespread and varied
karren, and are mainly developed on microcrystalline
gypsum or fine-grained gypsum lithofacies (Fig. 7A-D).
On selenite macrocrystalline gypsum the large forms are
the most frequent; solution runnels may occupy entire
slopes and their development is frequently influenced
by the crystalline structure, or by the bedding planes
(Agnesi & Macaluso, 1989). In selenite gypsum of
Emilia-Romagna vertical wallkarren (candele) up to
10 m high develop around the swallow holes of
important cave systems (Capellini, 1876) (Fig. 7E).
Covered karren form only where the gypsum rock
is mantled by highly permeable soil or cover which
allows a rapid flowing of water at the rock-cover
interface (Fig. 7F-G). Covered runnels are widespread
in many areas of Sicily and Emilia-Romagna. Gypsum
pavements, such as gypsum tables separated by
grikes and corridors, or pinnacles are quite rare (north
and south-central Sicily). Soil patches may favour
water decantation allowing the formation of peculiar
karren, as runnels, rills and meandering rills on
steep slopes.
The biological activity sometimes plays a protective
role on the rocky surface; i.e., on microcrystalline
and fine-grained gypsum the colonisation of pioneer
vegetation favours the formation of small knobs and
circular enclosures surrounding closed depressions
(Macaluso & Sauro, 1996; Macaluso et al., 2001)
(Fig. 7H).
On bare gypsum surfaces lacking soil cover, solution
and recrystallisation processes linked to seasonal
rainfall supply and evaporation are responsible
for the development of a gypsum weathering crust
characterised by many different forms, such as
gypsum tumuli (Fig. 7I), pressure ridges, pressure
humps, and other related small forms (Macaluso &
Sauro, 1996b; 1998; Calaforra & Pulido Bosh, 1999;
Ferrarese et al., 2002). These forms are widely diffused
in many selenite gypsum outcrops of Sicily and
Emilia-Romagna. In many areas of Sicily the gypsum
weathering crust may also lead to the formation of
mega-tumuli and dome-like hills (Ferrarese et al.,
2002).

GYPSUM CAVES
The largest and also most explored gypsum outcrops
are located mainly in Sicily, Calabria, EmiliaRomagna, and Piedmont, while some minor cave
areas are known in Marche, Abruzzo, and Tuscany
(Madonia & Forti, 2003). The longest cave systems
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Fig. 7. Typical karren on gypsum outcrops. A) Assemblage of elementary karren
features on gypsum arenite: rain pits, rills, solution bevels and decantation runnels
are recognisable (Sant’Angelo Muxaro, central-western Sicily); B) Meandering
microrills on microcrystalline gypsum (Montallegro, south-central Sicily); C) Coastal
karren features on laminite gypsum due to the wave splash erosion and decantation
processes (Marina di Palma di Montechiaro south-central Sicily); D) Heelsteps on
microcrystalline gypsum (Montallegro, south-central Sicily); E) The famous “Candele”
(wallkarren) in the macrocrystalline gyspum rocks of the Parco dei Gessi South of
Bologna; F) Rounded runnels on microcrystalline gypsum formed under soil cover. On
the top surface rain pits, rills and ridges are visible (Montallegro, south-central Sicily);
G) Gypsum pinnacles separated by grikes formed under a Pleistocene permeable
marine terrace cover (Siculiana, south-central Sicily); H) Small knobs and circular
enclosures surrounding closed depressions on microcrystalline gypsum due to the
protective action by lichen colonies (Montallegro, south-central Sicily); I) Tumulus field
on selenite gypsum (Palma di Montechiaro south-central Sicily) (Photos A-D and F-H:
Marco Vattano, E: Jo De Waele; I: Marianna Gangi).

are all located in Emilia-Romagna, with the SpipolaAquafredda cave system (near Bologna) being the
longest, with almost 11 km of development (Demaria
et al., 2012) (Fig. 8), followed by the Re Tiberio system
(Vena del Gesso Romagnola, over 8 km) (Ercolani et
al., 2013), and the Rio Stella-Rio Basino Cave (vena
del Gesso Romagnola, around 5 km long) (Forti &
Lucci, 2010). Other long caves are Grave GrubboVallone Cufalo in Calabria (around 5 km) (Ferrini,
1998; Parise & Trocino, 2005), Monte Conca (2.5 km)
(Madonia & Vattano, 2011), Sant’Angelo Muxaro (1.7
km) (Vattano et al., 2015), and Santa Ninfa caves (1.5
km) in Sicily (Agnesi & Macaluso, 1989).
The deepest epigenic karst system, being also the
deepest gypsum cave in the world, is the Monte Caldina
cave in the Upper Secchia Valley (Reggio Emilia),
reaching a depth of 265 m (Franchi & Casadei, 1999).

In the Rosaro Valley (Sassalbo, Tuscany)
we find one of the highest altitude evaporite
karsts in Italy. Here, gypsum outcrops were
locally affected by glacial processes, which
destroyed previous surface forms and covered
them with moraine deposits (Zaccagna, 1932).
Caves, the longest of which is 450 m, testify a
water circulation probably influenced by the
evolution of the small glacier that occupied
the high portion of the Rosaro Valley. Glacial
deposits also occur in caves and probably had
a relevant role in speleogenesis, enhancing
erosion processes during wet interstadial
phases (Piccini, 2003).
Most caves are typical epigenic throughflow systems, with a sinking stream and a
resurgence (Fig. 9A). Only in Piedmont a
couple of caves are of the intrastratal type,
formed by rising waters (hypogenic caves sensu
Klimchouk, 2007, 2009) (Vigna et al., 2010a,
2010b; Banzato et al., 2017). These last caves
(i.e., Moncalvo, Monticello d’Alba) sometimes
show maze patterns, similar to the Ukrainian
caves, and signs of very slowly flowing waters.
They contain solutional bevels related to old
water table altitudes, phreatic morphologies
and lack of alluvial sediments (Fig. 9B). On the
other hand, underground streams, depositing
abundant sediments, have carved all the other
caves. The typical morphologies encountered
in these epigenic cave systems are canyon-like
passages (Fig. 9C), vadose shafts (connecting
different levels in the systems) (Fig. 9D-E), and
large collapse chambers (Fig. 9F). At a mesoscale, pendants (Fig. 9G) and ceiling channels
(Fig. 9H) are well developed, sometimes
decorating most of the cave’s ceilings. In most
cases the antigravitative erosion (sensu Pasini,
2009) is the main process responsible of the
upward dissolution of the gypsum ceilings,
leaving after erosion of the sediments wide
voids or antigravitative canyons.
Also, primary sedimentary features are
sometimes well preserved, such as the large
gypsum cones (mammelloni), made of large
selenite gypsum crystals that sunk into the
soft marl-clays below (Fig. 9I).

Speleothems
Gypsum caves are normally less rich in chemical
deposits with respect to the carbonate analogues,
and the most often found minerals are gypsum and
calcite (Fig. 10). Their relative abundance mainly
depends on climate (Calaforra et al., 2008). In a
temperate humid climate calcite speleothems prevail,
while where evaporation dominates (in warmer and
more arid conditions), gypsum speleothems become
more abundant. The main mechanism leading to the
formation of carbonate flowstones and concretions is
the incongruent dissolution (Forti & Rabbi, 1981).
Rainfall water infiltrating through the overlying
soils takes up CO2 (and thus HCO3-), and is further
enriched in calcium and sulphate ions encountering
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Fig. 8. Survey of the largest epigenic gypsum cave system in Italy. Spipola-Acquafredda, Bologna (Survey GSB/USB).
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Fig. 9. Underground cave morphologies: A) Underground river in the Basino Cave system, Romagna; B) The phreatic cave passage with a flat
beveled ceiling in the Moncalvo Cave, Piedmont; C) Passage of the lower gallery of the Monte Conca Cave with evorsion ceiling cupolas (southerncentral Sicily); D) Waterfall shaft, 26 m deep, of the Monte Conca Cave with huge calcitic speleothems at the bottom; E) The internal doline with
a vadose shaft connecting two levels in the Spipola Cave system; F) The Giordani chamber, one of the largest in gypsum in Italy, in Spipola Cave
system; G) The underground in Tanone Cave, Reggio Emilia; H) A pendant in the centre of a ceiling channel in the Rio Basino cave system;
I) Ceiling channel in Spipola Cave; J) “mammellone” (gypsum cone) in the Buco dei Buoi Cave, South of Bologna. (Photos A, G and H: Piero Lucci;
B: Bartolomeo Vigna; C-D: Marco Vattano; E: Francesco Grazioli; F: Paolo Forti, H: Michele Sivelli; J: Graziano Agolini).

International Journal of Speleology, 46 (2), 137-168. Tampa, FL (USA) May 2017

Evaporite karst in Italy: a review

the gypsum bedrock, deriving from the rapid
dissolution of the gypsum beds. When high PCO2
seepage reaches the cave atmosphere, degassing
triggers the precipitation of CaCO3. Due to its greater
solubility compared to calcite, gypsum (CaSO4·2H2O)
will only form if evaporation becomes more important
than CO2 degassing, usually in presence of important
air flows. Many types of carbonate speleothems
have been described from the Italian gypsum caves,
including common morphologies such as stalagmites
(Fig. 10A), stalactites, and especially flowstones (Fig.
10B-D). Some rare speleothems such as the calcite
bubbles and bladed draperies (see Forti, 2017),
and also calcite cave pearls, which are much less
abundant than in carbonate caves (Fig. 10F), have also
been described. Gypsum stalactites are also reported:
they form essentially by evaporation resulting in
very irregular shapes and often without a feeding
canal, and appear very irregular in shape (Fig. 10H).
The deflected stalactites in gypsum, contrary to the
calcite counterpart, grow against the airflow where
evaporation is most intense. In general gypsum is
found as efflorescences (Fig. 10G) or crystal bushes
(Fig. 10I). Interested readers are invited to refer to Forti
(2017) for a more detailed description of cave minerals
and speleothems found in Italian gypsum caves.
Carbonate speleothems in gypsum caves as
palaeoclimate and palaeoenvironmental indicators
Although the occurrence of carbonate speleothems
in gypsum caves has been abundantly documented in
the past (Forti & Sauro, 1996; Forti, 1997; Hill & Forti,
1997; Calaforra & Forti, 1999; Calaforra et al., 2008),
much less work has been dedicated in understanding
their connection with palaeoclimate and palaeoenvironments, especially using rigid chronologies.
To our knowledge, Calaforra et al. (2008) were the
only ones discussing the climatic significance of
speleothems sampled in gypsum caverns. Their study
was based on the comparison between carbonate
and gypsum speleothems, where the formation of the
former was attributed to generally wetter conditions
whereas the latter were thought to deposit under drier
situations. However, the lack of chronological control
limited a rigorous correlation with past climate stages,
hence their potential as a tool for palaeoclimatic and
palaeo-environmental reconstructions still remains
unexplored. This is at odds with the fact that carbonate
speleothems from limestone caves have proved to be
outstanding archives of palaeoclimatic-environmental
information (i.e., Genty et al., 2003; Drysdale et al.,
2009; Sniderman et al., 2016), and their importance
in this science will probably increase in the next
decades (Henderson, 2006).
Recently, the exploration of numerous gypsum caves
carved in the Vena del Gesso (Vai & Martini, 2001;
Lugli et al., 2010) of Emilia-Romagna region (North
Italy) and the Gessoso-Solfifera Formation (Madonia
et al., 2016) of Sicily allowed the sampling of several
carbonate speleothems. Speleothems were mostly
recovered as already broken specimens and never
removed from their original locations, in order to ensure
cave conservation (Cigna & Burri, 2000; Scroxton et
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al., 2016). Only in few cases core drilling was performed
following the guidelines described in Spötl & Mattey
(2012). Six flowstones were collected at the Monte
Tondo-Re Tiberio system (RTf, A50, 3A, RTy, PP and
GO) (Columbu et al., 2015). Two flowstones and one
stalagmite were sampled in the Spipola-Acquafredda
(SpD, Sp1, and SpS) and Castelnuovo (Mor2, P2, and
P3) karst systems, three other flowstones come from
Rio Stella-Rio Basino karst system (RBT, RB1 and
RB3), four flowstones and one stalagmite from Monte
Mauro (MM4, MM2) (speleothem fragments found in the
forest and probably belonging to a completely dissolved
gypsum cave) and from Banditi Cave (Ba_Big, Ba1 and
Ba2) (Columbu et al., 2017). In Sicily, four flowstones
were cored at Santa Ninfa (SFN1 and SFN2), Rocca di
Entella (ENTE 4) and Zubbia Cane (CANE 2) belonging
respectively to Santa Ninfa, Entella and Sant’Angelo
Muxaro gypsum karst areas. The predominance of
flowstones over stalagmites is not a sampling bias:
stalagmites are generally extremely rare in Italian
gypsum karst (Columbu et al., 2017). Moreover, even
flowstones are rather scarce, in comparison with welldecorated limestone caves at the same latitudes (i.e.,
Merino et al., 2014), and they are only found in isolated
portions of the gypsum caverns.
All speleothems were dated with the UraniumThorium disequilibrium method (Hellstrom, 2003;
Richards & Dorale, 2003; Scholz & Hoffmann, 2008) at
the School of Earth Science - University of Melbourne,
following the protocol set up in Hellstrom (2006) and
improved in Drysdale et al. (2012).
Six speleothems (Rty, Sp1, SpS, RB3, SNF4, and
CANE2) grew during the last three millennia of the
Holocene (Marine Isotopic Stage 1, or MIS 1, after
Emiliani, 1955) (Table 3). Six speleothems span from
the middle (Mor2, RB1, RBT, and P3) to the early
Holocene (GO and P2), while two flowstones almost
cover the whole duration of the Holocene (SNF1 and
ENTE4). Flowstones 3A, PP and A50 were deposited
during short intervals of the transitional phase
between the last interglacial and the last glacial (MIS
5c and 5a); this lapse of time is characterised by the
inception of Greenland Interstadial (GI) and Stadial
(GS) oscillation (NGRIP project members, 2004),
and the three speleothems correlate respectively
with GI 24 and 21-20 (Columbu et al., 2015). Two
speleothems (RTf and Ba_Big) mostly formed during
the last interglacial. Flowstone SpD started growing
during the last phase of the penultimate glaciation
corresponding to MIS 8, but was mostly formed
during the MIS 7e. MM4 and MM2 reported bottom
ages much older than the top ages (MM4 during MIS
13 considering the average age, between MIS 11 to
15 considering the error); MM2 between MIS 9 and
MIS 7e). Although intermediate ages between the
bottom and the top are not available, petrographic
evidence shows that the deposition of the carbonate
was not continuous but characterised by growth
interruptions. Finally, Ba1 and Ba2 report only one
age each respectively at >580 ka (bottom age) and
378 +29/-20 ka (top age). Ba2 might fit with the latest
part of MIS 11, while Ba1 might be correlated with
MIS 15.
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Fig. 10. Speleothems in gypsum caves. A) Stalagmites, stalactites and columns in the upper inactive gallery of the Santa Ninfa
Cave (western Sicily); B-C) Flowstones in the Mornig Cave (Romagna) and, D) in Pelagalli Cave near Bologna; E and H) Big white
gypsum crystals and speleothems in the Salinella cave (eastern Sicily); F) Orange calcite flowstone with white cave pearls, Rio
Basino Cave (Romagna); G) Gypsum efflorescences on calcite flowstone in Rio Basino Cave; I) Radially growing gypsum needles
in Befana Cave, East of Bologna (Photos A, E and H: Marco Vattano, B-D: Francesco Grazioli; F-G: Piero Lucci; I: Loris Garelli).
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When comparing the above reported radiometric ages
to the LR04 δ18O benthic stack palaeoclimatic curve
built by Lisiecki and Raymo (2005) some considerations
are possible. The majority of speleothems grew during
the main warm climatic pulses over the last eight
interglacial-glacial cycles (Fig. 11). With the exclusion
of samples reporting inaccurate or incomplete ages
(i.e., MM4, Ba1, and Ba2), all speleothems fit with
interglacial or interstadial periods. The first are phases
of Holocene-like climate (NGRIP project members 2004;
Martrat et al., 2007; Jouzel et al., 2007), although
differences between interstadials have also been
reported (Tzedakis et al., 2009), while the second are
rapid comebacks to interglacial-like climate (Dansgaard
et al., 1993). Moreover, speleothems were deposited
during relatively wet phases. In fact, several samples
are synchronous with the deposition of Mediterranean
sapropels (S), according to the age scheme of Ziegler
et al. (2010): RTf with S5, GO with S4, A50 and PP
with S3, P2 and GO with S1 (Fig. 7). Sapropel layers
have been reported in the eastern (Rossignol-Strick,
1983; Rohling, 1994) and western (Thunell et al.,
1990; Emeis et al., 1991) Mediterranean Sea, and are
considered symptomatic of enhanced rainfall activity
around the basin (Zanchetta et al., 2007; Rohling
et al., 2015). In addition, all samples grew during
phases of precession minima or immediately before or
after (Fig. 7). In the Northern Hemisphere, precession
minima equate to summer insolation maxima (Berger
& Loutre, 1991). In such circumstances, the Northern
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Hemisphere monsoon is intensified, because of an
increased thermal contrast between land and sea. On
the other hand, no sample can be linked to stages of
relative cold and dry climate.
It is also interesting to note that the life-span of
individual samples is relatively short, with only SNF2,
ENTE4, Ba_Big, RTf, PP, and SpD being longer than
5,000 years. Samples CANE2, SNF4, 3A, A50, P2,
P3, RB1, and RB3 span between 4,000 and 1,500
years, and the others less than 1,000 years (excluding
samples with problematic ages). Such brief bursts of
growth are not a common feature in speleothems from
limestone or dolostone caves in southern Europe. Long
speleothem records (>10,000 years) of comparable
warm-wet periods have been reported in nearby areas
(Bard et al., 2002; Genty et al., 2003; Drysdale et al.,
2005, 2007; Regattieri et al., 2014; Moseley et al.,
2015), but also for recent glacial stages (Hodge et al.,
2008; Moreno et al., 2010; Wainer et al., 2011, 2013).
This suggests that the deterioration of the European
climate does not always mark the interruption of
carbonate formation in classical limestone karst.
Persistent carbonate deposition has also been found
on the eastern side of the Mediterranean basin (BarMatthews et al., 1999, 2003; Vaks et al., 2003;
Fleitmann et al., 2009; Rowe et al., 2012).
These considerations point to carbonate speleothems
from Italian gypsum caves as potential indicators of
rapid warm and wet climate oscillations over the late
Quaternary. Waiting for future (and more detailed)

Fig. 11. Speleothem ages vs palaeoclimate variations (modified from Columbu et al., 2017). From top to bottom: marine isotopic stages alternation
(black and white rectangles); variation of precession of the last 600,000 years plotted with inverted axis (Berger & Loutre, 1991); LR04 δ18O benthic
stack palaeoclimatic curve (Lisiecki & Raymo, 2005); Sapropels age over the last 130,000 years according to Ziegler et al. (2010), with brown bars
indicating sapropel precursory events; Speleothem ages and associated errors (capped horizontal lines). Speleothem life-span mostly coincides
with warm and wet stages (orange bars), considering the correlation with the benthic δ18O-curve, sapropel events and phases of precession
minimum. Correlation is not attempted for speleothems reporting only one age (Ba1 and Ba2) or highly inaccurate age (MM4); these problematic
samples are marked with question marks.
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studies, it seems that the deposition of carbonate
speleothems in gypsum voids is only triggered when
soils at the surface reach a certain threshold of CO2
content. Pedogenic CO2 is in fact the only source of
carbon for these speleothems, in the cases where
calcareous layers are not interbedded within the
gypsum sequence. Warm and wet climates propitiate
the increase of CO2 in soils, because of an increase
in vegetational activity and decomposition of organic
matter. However, only the numerical quantification of
this threshold will shed light on the intrinsic correlation
between speleothems in gypsum caves and climate,
thus uncovering the strict geochemical constraints
that permit CaCO3 products to be deposited in CaSO4
environments.

SPELEOGENESIS AND LANDSCAPE
EVOLUTION
Gypsum karst at the surface has a very rapid
development due to the high solubility of the substrate.
This implies that epigenic gypsum cave systems in
temperate climates are in substantial equilibrium
with the local river base level, even in regions with a
rapid geomorphic evolution.
Because of the fast rearrangement of caves to the
local base level, relict passages testify a very rapid
downcutting of the regional river network and can be
used as indicators of the evolution steps of stream
incision, and thus mountain uplift, in a way similar
to alluvial terraces.
Due to this rapid evolution, the structure of gypsum
karst systems also reflects climatic fluctuations (e.g.,
Columbu et al., 2015), whereas the much slower
limestone endokarst evolution is mainly linked to
base-level changes due to tectonic phases (e.g., Piccini,
2011; Sauro et al., 2012) or to very special conditions
(e.g., the Messinian salinity crisis, Mocochain et al.,
2012).
From a geomorphic and hydrogeological point of
view, Italian gypsum karst mostly occurs in two
different situations.
Permo-Triassic evaporites commonly are found
at the bottom of valleys, where rivers have deeply
incised thick Ceno-Mesozoic sedimentary successions
exhuming the oldest stratigraphic units. In the
Northern Apennines, Triassic evaporites usually crop
out as tectonic windows, surrounded by shaly and
arenaceous formations. This situation occurs, for
example, in the Sassalbo area (Tuscany) (Chiesi et
al., 2013) and Secchia River Valley (Emilia Romagna),
where we find the deepest Italian caves in Triassic
evaporites (Franchi & Casadei, 1999). In the area of
Poiano springs, halokinetic movements progressively
bring the anhydrite rocks, containing halite lenses,
in contact with the surface aquifer, leading to the
hydration (transformation of anhydrite into gypsum)
and dissolution of both halite and sulphate beds
(Chiesi et al., 2010). In these areas, caves are usually
formed by side tributaries of major valleys that are
captured by swallow holes. Sinking caves have
usually a gradient similar to that of the external
slopes, whereas outflow caves have usually an almost

perfectly horizontal pattern. No inactive cave levels
are found, except as small relict caves along valley
slopes. This happens because surface hydrography
is well developed and slope erosion processes affect
both evaporites and the overlying siliciclastic rocks.
For this reason all the explored caves are usually
related to the present hydrographic network whereas
previous systems have been rapidly destroyed.
In the Apennines and in Sicily, on the contrary,
Messinian “Gessoso-Solfifera” outcrops are usually
shaped as long ridges or table hills, which stand
out respect to the surrounding lower terrains. This
happens because the Gessoso-Solfifera Formation
rests on fine marine sediments and is covered by
transgressive clayey formations, which are more
erodible than gypsum beds. A recent uplift, still
active in some sectors of the Northern and Central
Apennine eastern slopes, favoured the formation of
tight longitudinal, west-facing cuestas parallel to the
chain axis.
The Messinian gypsum landscape has often
experienced a very rapid morphological evolution that
is dependent on the base level changes due to tectonic
(uplift) or eustatic fluctuations, and ridges are cut by
through caves with a low longitudinal gradient.
Detailed geomorphological analysis has revealed
that sub-horizontal gypsum caves in the Adriatic
sector of the Northern Apennines often cut across
bedding planes. These cave levels formed during cold
periods with stable river beds, and are coeval with
fluvial terraces of rivers that flow perpendicularly to
the strike of bedding in gypsum monoclines. When
rivers entrench, renewed cave formation occurs very
rapidly, resulting in the formation of a lower level.
River aggradation caused flooding of caves and
upward dissolution (paragenesis) in passages nearest
to the river beds (Pasini, 2009; Columbu et al., 2015).
This evolution model is well evident in the Re Tiberio
karst system (Riolo Terme, Vena del Gesso) where
dating of calcite speleothems in various levels and
geomorphological surveys have allowed developing a
model that links speleogenesis to climate-driven river
incision and aggradation (Columbu et al., 2015). Most
of the dated speleothems yielded ages corresponding
to relatively warm periods or stages during MIS 5 and
the Holocene.
The highest cave level appears to have formed during
a cold period prior to MIS 5e. The most developed
and extensive cave level at 180 m a.s.l., almost 80
m above the Senio River, and the one at about 215
m a.s.l., both formed during cold phases in MIS 5
(5b and 5d, respectively). The lower passages at 160
and 130 m a.s.l. probably formed during MIS 4 and
MIS 2, respectively.
Apennine hillslopes during dry and cold periods
were covered by a thick regolith that was available
for erosion when increasing rainfall could rework
these sediments down to the main channels (Simoni
et al., 2013) (stages 3 and 4 in Fig. 12). These high
bedload discharge periods allowed the widening of
the valley by lateral erosion, carving strath terraces
and aggrading terrace fills. The so-formed alluvial
valley acted as a stable local base level and during
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these periods underground tributaries were able to
carve horizontal gypsum cave levels. On the contrary,
during warm and wet periods, widespread vegetation
cover decreases the supply of hillslope sediments to
the river. The channel bedrock was poorly protected
during low bedload discharge periods, leading to
vertical incision, entrenchment, and terrace formation
(stage 1 in Fig. 12).
When the river entrenches (stage 2 of Fig. 12),
the underground streams adjust themselves to the
deepening base level by incising new pathways and
rapidly abandoning the previous level. A renewed
cooling and/or drying period brings a slowdown of
entrenchment and a widening of the underground
pathways (stages 3, 4, and 5 in Fig. 12).
In short, the Re Tiberio karst system well provides
evidences for climate control on evolution in multilevel epigenic gypsum caves in a rapidly uplifting
area. The evolution of these gypsum caves in response
to base-level changes is sufficiently fast to distinguish
lowering and/or aggrading events on a scale of 102–
103 years. Gypsum cave enlargement appears to be
confined largely to cold periods, while carbonate
speleothems formed during warmer and wetter
climate periods due to the greater availability of CO2
(Columbu et al., 2015, 2017).
Other examples of gypsum karst systems, whose
pattern reflects a rapid evolution of river network, can
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be found in Sicily, where sulphate evaporites form
several isolated reliefs or large plateaus surrounded
by impervious and easily erodible formations. As
usual in gypsum karst, caves are often through flow
systems that generally have origin from a swallow hole
at the bottom of dolines or at the end of blind valleys.
In some cases, outflow cave entrances are opened in
correspondence of karst springs.
Major caves consist of a main stream passage
presently in equilibrium with the elevation of the
springs, with no important secondary tributaries
and frequently filled by alluvial and/or breakdown
deposits (Forti & Sauro, 1996; Forti & Rossi, 2003).
Due to the higher erosion rate of the clayey formations,
the river network is subject to a rapid evolution, thus
these systems can consist of multiple levels of subhorizontal galleries at different elevations, connected
by deep vertical shafts, testifying the alternation of
stable and entrenching phases of the local base
level, respectively. One of the most representative
areas of this development model is that of Monte
Conca (437 m a.s.l.), located in south-central Sicily
in the Caltanissetta province, representing a typical
multi-level system (Vattano, 2004, 2008; Madonia
& Vattano, 2011). In this area, gypsum outcrops
show surface karst landforms and well-developed
caves. Surface karst landforms consist of several
types of karren, dolines, and blind valleys incised in

Fig. 12. Schematic evolution of epigenic gypsum caves in response to climate and local base level changes (based
on Columbu et al., 2015). See text for explanation.
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non-karstifiable rocks (Forti & Sauro, 1996; Forti &
Rossi, 2003). The geomorphological survey revealed
some erosional glacis on soft rocks and planation
surfaces developed between 600 m and 140 m a.s.l.,
which were formed during stillstand phases of the
changing base level. The lowering of the local erosion
base level might be linked to a general uplift trend, in
agreement with geological data, that might involve the
gradual emersion of this area since the early Middle
Pleistocene (Vattano, 2008).
The Monte Conca karst system represents the
longest and deepest gypsum karst system in Sicily,
reaching about 2.5 km in length and about 130 m
in depth. This system recorded in detail stillstand
and lowering phases of the local erosion base level
with the development of sub-horizontal galleries and
vertical shafts; the underground system recorded
some stillstand phases whose surface evidences
have been completely erased by fluvial erosion and
slope processes. Nevertheless, the upper gallery is
still active, receiving water from a sinking stream,
while the galleries located at intermediate elevations
and some passages connected to the lower gallery
are inactive even during exceptional flood events
(Madonia & Vattano, 2011).
Despite the fact that marly interlayers are present
in the gypsum successions of Sicily, they do not
reach a thickness and a spatial continuity enabling
the development of a stepped profile under vadose
conditions. Thus, the speleogenetic evolution of
the Monte Conca gypsum karst system can be
explained by several evolution steps always linked
to successive stillstand and lowering phases of the
local erosion base level, but with the interference of
surface geomorphic processes that interact with its
speleogenetic evolution.
In this particular case, during a first step, a system
formed by intermediate galleries developed. These
conduits connected the sinking points, located to the
south and at a lower elevation than the actual active
swallow hole, to the old spring (Paleorisorgenza). This
first stage was followed by a sudden lowering of the
erosion base level that caused a negative vertical shift
of about 40 m of the spring, the subsequent fall of the
base level and the deactivation of the Paleorisorgenza.
In the Inghiottitoio di Monte Conca, low-gradient
conduits connected the intermediate passages to the
lower gallery level.
The presence of thick deposits also modified the final
sector of the blind valley, which fed the karst system,
causing a positive vertical shift of the swallow hole
and the formation of a new sub-horizontal gallery, fed
by a sinking stream, at a higher elevation. This gallery
was rapidly connected with the active lower gallery
through three vertical shafts.

GYPSUM KARST AQUIFERS
Most Permian-Triassic and Messinian aquifers in
Italy are exposed at the surface and receive infiltration
waters both from autogenic and allogenic recharge.
These karst aquifers are generally of the dominant
conduit drainage type (see Vigna et al., 2017) and

transfer infiltrating waters rapidly underground
from the recharge areas (often sinking streams and
secondary tributaries coming from local inputs
through dolines) to the springs. Several of these
cave systems can be entirely crossed following the
underground stream from the sink to the springs
(i.e., Rio Stella-Rio Basino in Romagna and Grave
Grubbo-Vallone Cufalo in Calabria), while in other
systems the connection, although obvious, is not
transitable (i.e., Monte Conca and Santa Ninfa in
Sicily, Acquafredda-Spipola near Bologna). Dye tests
have often allowed to know the extension of these
aquifers, while physico-chemical monitoring of some
springs and underground rivers have permitted
to understand the hydrodynamic behaviour of the
systems (Bergianti et al., 2013; Tedeschi et al., 2015).
A good example of a dominant conduit drainage
system is Rio Groppo, close to Reggio Emilia.
This spring is fed by a series of dolines hosted in
a small Messinian gypsum outcrop, with some
accessible narrow caves but most of the system
being unexplorable. Especially during winter, when
rainfall can be intense and sometimes snow melt
also contributes to the recharge, the main infiltration
events cause sensible changes in flowrate, and
rapid responses in terms of hydrochemistry (Fig. 13).
In this case (during winter), both temperature and
electrical conductivity show almost instantaneous
decreases. One of the best-studied gypsum karst
springs in Italy is certainly that of Poiano, in the
Upper Secchia Valley (Reggio Emilia), being also the
largest spring in this region (Chiesi et al., 2010).
This brackish water spring drains an anhydritegypsum aquifer containing also halite lenses at
depth, and its continuous monitoring has indicated
this area to be slowly uplifting. Such slow tectonic
movement, probably related to diapiric flow, causes
the dissolution of halite bodies by the underground
water flow as these penetrate into the aquifer.
In Piedmont, the Messinian gypsum beds of
the Tertiary Piedmont Basin are bordered by low
permeability formations (aquicludes) and are rarely
encountered at the surface, being buried under a
more or less thick sequence of marly and clayey
sediments. Their hydrogeological study was possible
in the underground gypsum quarries, especially
near the villages of Moncalvo and Calliano in the
Monferrato Hills (Vigna et al., 2017). These studies
allowed distinguishing two different types of aquifers:
systems with “interconnected conduit drainage” (i.e.,
Moncalvo) (Fig. 13) and with “dispersive circulation”
(i.e., Calliano). The first is characterised by large
phreatic conduits recharged from below (hypogenic
recharge) and from slow feeding from the low
permeability sediments above and below (Banzato
et al., 2017). Infiltration events cause a gradual and
slow increase in flowrate at the monitoring point (a
spring intercepted in the underground quarry) with
almost no response in both temperature and electrical
conductivity. Systems with dispersive circulation, on
the other hand, are hosted in an intensively fractured
and karstified gypsum aquifer in which water flow is
slow and homogeneous.
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Fig. 13. Typical hydrographs of a dominant conduit drainage (Rio Groppo) and of the interconnected conduit
drainage system (Moncalvo).

MANAGEMENT OF EVAPORITE AREAS
Gypsum karst areas and parks
Most of the Italian gypsum areas have been, or are
still, being exploited in both underground and open
pit quarries for use in the building industry (Parise,
2016). Mining started at the beginning of last century,
and is now in contrast with the need for modern
geological, biological and naturalistic protection and
management. Since a national regulation on these
quarrying activities is missing, the environmental
safeguard of gypsum areas is very different from
region to region (Bianco et al., 2003). Excluding
the general measures of protection (i.e., parks),
only two regions have promulgated specific laws for
the protection of evaporite areas: Emilia-Romagna
and Sicily. These are also the two regions in which
scientific studies in gypsum caves are more advanced,
and the local stakeholders and decision-makers have
a certain environmental awareness of the importance
of these areas. In the first region, almost all the
gypsum outcrops have been classified as national or
regional parks or protected areas, and there is no risk

whatsoever of these sites being subjected to important
degradation. In Sicily, on the other hand, gypsum
outcrops are very extensive, and only some of them
have so far been protected by special regulations (Di
Maggio et al., 2012) (Fig. 14).
In Sicily, in 2012 the Regional Government set
up the “Sicilian protected evaporite areas network”
comprising 12 Nature Reserves and 1 Natural
Regional Park; some of these areas are included within
two Geoparks of the European and Global Network
(Panzica La Manna & Chiaramonte, 2012). In 2015
these protected areas were recognised as Geosites
under a specific regional law.
In Emilia-Romagna an extraction plan for gypsum
has been defined, with only one site of quarrying (Mt.
Tondo in the Vena del Gesso area) (Fig. 15A), and the
remaining quarries being closed since over 40 years.
Two of these old quarries have been transformed
into Open Air Museums (Lucci & Rossi, 2011),
because of their importance from a palaeontological
point of view: Cava a Filo on Mt. Croara, Bologna,
for the discovery of Pleistocene fauna (Pasini, 1969)
(Fig. 15B), and Monticino near Brisighella (Fig. 15C),
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wider public summing up to probably about 100,000150,000 visitors each year. Many of these visits are
focused on schools, in the framework of raising the
environmental awareness especially in the younger
generations (Fig. 15G). Last, but not least, also the
Friuli Venezia Giulia Region, with modest gypsum
outcrops, has assigned the impressive sinkholes in
the area of Sauris as geosites (Cucchi & Finocchiaro,
2010). The FVG geosites are actually the subject of
an on-going regional law aimed at their valorization
and protection.

Fig. 14. Evaporite areas and their state of protecion in Emilia-Romagna
and Sicily.

with a Late Messinian palaeokarst (Costa et al., 1986).
Another important environmental reclamation has
been carried out at the Poiano Springs, the biggest
karst spring of Emilia-Romagna region. Water drains
the Triassic anhydrites and gypsum in the upper
Secchia Valley; the peculiar brackish environment led
to the creation of a very special biotope with many
endemic species of plants. Past modifications of the
outflow region had entirely compromised this natural
environment, which has been restored in the past
few years based on old photographs and detailed
studies on flora and flow regime (Chiesi et al., 2015)
(Fig. 15 D-E).
In 2016 the region Emilia-Romagna has also defined
a list of karst geosites, governed by a regional law,
including many of the most important cave systems
and karst areas. Following this important cataloguing
activity, the region has also started the preparation of
a bid for the regional gypsum karst areas to become a
UNESCO World Heritage site.
In both Sicily and Emilia-Romagna, the local caving
groups, in agreement with the regional authorities,
have also started the closure of the most important
and delicate gypsum caves (over twenty caves are
now locked by gates), limiting unregulated access,
accidental and/or intentional damage (Fig. 15 F).
Caving and other environmental associations also
promote cleaning campaigns of cave entrances and
dolines on a seasonal basis. There are no important
show caves in gypsum in Italy, although around 15
of these are occasionally or seasonally opened to a

Hazards in gypsum karst
Although gypsum areas have been studied for more
than a century (Madonia & Forti, 2003, and references
therein), less attention has been dedicated to natural
hazards related to gypsum karst, notwithstanding the
many episodes occurred throughout the country, and
the effects produced on the built-up environment.
Taking into account the different types of hazards linked
to karst processes (Gutiérrez et al., 2014; Parise et al.,
2015), sinkholes are definitely very typical for evaporite
rocks, especially in consideration of the very rapid
lithological dissolution/erosion (0.70 ± 0.17 mm/y)
(Cucchi et al., 1998). In addition to the natural
processes, sinkholes originated, or indirectly induced,
by human activities (anthropogenic sinkholes; Parise,
2015), should also be considered. Overall, there are
many sinkhole events related to evaporite bedrock,
which only rarely are documented in scientific papers.
In the following, we briefly summarise the main
documented episodes of sinkholes linked to evaporite
rocks, moving from the North to the South of Italy.
Friuli Venezia Giulia, in north-eastern Italy, has
been one of the first investigated territories. The
first descriptions on sinkholes in the Alta Valle
del Tagliamento were already reported in the late
19th century (Marinelli, 1897). In the 1960s, with
the increasing urbanisation, the threats increased
and more detailed studies started (Gortani, 1965;
Berlasso et al., 1980). After preliminary technical
reports describing the phenomena, in recent years
an escalation in the frequency of the events has
been registered, with significant damage produced
on the buildings (Calligaris et al., 2010, 2017; Zini
et al., 2015a, b) (Fig. 16E). Recently, extensive field
surveys funded by the Regional Geological Survey of
Friuli Venezia Giulia resulted in an inventory of more
than 500 sinkholes linked to the Permian-Triassic
mantled evaporites. Phenomena are mainly aligned in
E-W direction in correspondence of the valley floors
set on the main regional thrusts crossing the whole
region. Collapses and suffosion sinkholes are the
prevailing typologies, with diameters ranging from
half a metre to 75 m, and depths between some
decimetres and 20 m.
In Trentino-Alto Adige the sinkhole phenomena are
not common. When they occur, they have a natural
origin as for the ones corresponding to small areas
in the proximity of San Lugano village (Trodena
municipality, in the Bolzano province). The last event
happened in 2000, when a 10 m-wide and 15 m-deep
sinkhole was formed, following a period of intense
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Fig. 15. Example of management of gypsum karst. A) The Monte Tondo quarry (Romagna); B) The Cava a Filo near
Bologna; C) An explanatory panel in the Monticino quarry; D) Survey of the Poiano Spring area by D. Bertolani-Marchetti
(1948), published in AA.VV. (1949), and E) The operations of establishment of the original natural configuration in the
Poiano area; F) A gate closing one of the many gypsum caves near to Bologna; G) A cave guide with a school in Farneto
Cave, near Bologna (Photos A: Piero Lucci; B-C: Jo De Waele; E: Mauro Chiesi; F: Paolo Forti; G: Regional Park Service
of Gypsum at Bologna).

rainfall. Also in Trentino-Alto Adige, the known
sinkholes are aligned along a NE-SW direction,
which follows the tectonic structures (Nössing et
al., 2004).
Moving to northwestern Italy, some examples
of sinkholes in evaporite deposits were described
by Alberto et al. (2008) in the Western Alps, and
precisely in the Aosta Valley (Val d’Aosta), and

in the Susa Valley (Piedmont). At this latter site,
the phenomena were identified within a tectonic
valley, where gypsum deposits are not outcropping
nowadays, but a gypsum quarry was present in the
past. The most striking phenomenon, 50 m wide and
7 m deep, is close to the Chiomonte village, where two
other sinkholes were inventoried, too. An interesting
example of anthropogenic sinkhole is in the area of
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tens of sinkholes have been identified at Marina di
Moncalvo (Asti province, Piedmont) where in the
Lesina, even though the precise temporal reference
morning of February 15th, 2005, during excavation
is available for only a dozen of the events (Parise &
works in an underground gypsum quarry, a waterVennari, 2013) (Fig. 16A-B).
bearing fracture was intercepted (Vigna et al., 2010b).
Further south, in Calabria, evaporites extensively
Overnight approximately 60,000 m3 of muds and
crop out in the Verzino area (Crotone province),
water invaded the quarry. Meanwhile a large sinkhole
originating a complex network of cave system (Ferrini,
(20 m wide and 10 m deep) formed at the ground, as
1998; Parise & Trocino, 2005). Evolution of the caves
the surface effect of the collapse of one of the main
is very rapid, marked by diffuse instabilities and rock
chambers of the hypogenic caves. In this case, the
falls, and the presence of diffuse breakdown deposits
sinkhole was formed because the human activities
along the underground passages. At the surface,
encountered caves of hypogene origin, triggering a
such evolution is accompanied by development of
series of upward collapses that reached the ground
sinkholes of variable size (Iovine & Parise, 2008; Iovine
surface (Vigna et al., 2010a). These types of situations
et al., 2010), particularly visible in the area where
are extremely difficult to detect from the surface,
the main system of Grave Grubbo - Vallone Cufalo
and might potentially cause extremely dangerous
develops. In terms of civil protection issues, the lack
consequences.
of premonitory signs at the ground surface before
In Emilia-Romagna Region, in the Upper Secchia
sinkhole occurrence, points out to the difficulties
Valley (Emilia-Romagna), during the 1950-60s, big
in the building up and operational functioning of
collapse sinkholes formed in the Secchia riverbed
warning systems.
(Fig. 16D), as documented by Colombetti & Fazzini
In Sicily, karst phenomena are widespread and
(1976). These phenomena reactivated again in July
generally occur in “exposed karst” conditions, able
2016 (Tassi, 2016), thus testifying the possibility of
to create well-developed surface landforms, ranging
repeated sinkhole events at the same site, a situation
in size from microns to kilometres (Di Maggio et al.,
that further increases the risk related to these hazards.
2010). Karst features are identifiable also where
Other documented sinkholes occurred in EmiliaRomagna in the 1970s at Mt. Donato, close to
evaporites are mantled by insoluble rocks. More than
the Gaibola church, where a bus stop suddenly
100 sinkholes have been recognised and classified in
collapsed, due to formation of a 20 m deep pit. In
the region. Among the first group, there is a number of
the same years, on the side of “Dolina della Spipola”
lacustrine depressed areas in the south-western part
dissolutional doline, the “Grotta delle pisoliti” cave
of Sicily. They are caprock sagging sinkholes (sensu
was discovered, when a 15 m deep pit suddenly
Gutiérrez et al., 2008) known as the Gorgo delle
opened in the grassland.
Sanguisughe, Soprano lakes, Medio and Sottano, and
In the summer 2005, in the Angelo
Custode street, at the foot of Mt. Donato,
a collapse occurred unroofing another cave
(Grimandi & Gaudiello, 2006) (Fig. 16C). The
year after, along the same street, a collapse
was formed, this time induced by leakage of
the aqueduct pipes.
In Southern Italy, Apulia is one of the sectors
most intensely interested by development
of karst processes, due to its geological
setting, and, consequently, highly affected
by sinkhole phenomena (Delle Rose et al.,
2004). Most of the region, however, consists
of carbonate rocks, whilst the outcropping
Triassic evaporite deposits are limited to a
small sector of the Gargano Promontory, in
Northern Apulia, at Marina di Lesina. Here,
the evaporites are mantled by sand deposits
of aeolian and alluvial-lacustrine origin. The
gypsum deposits are intensively fractured
due to tectonic stresses and the circulating
waters have high values of NaCl due to saltwater intrusion. The combination of these two
aspects accelerates the dissolution processes
Fig. 16. Hazards in Italian gypsum areas: A) Sinkhole on Triassic gypsum at Marina di
in the area (Fidelibus et al., 2011), where
Lesina, Apulia; B) Road sign warning of the presence of sinkhole phenomena (Marina di
swarms of sinkholes were registered in the Lesina); C) Sinkhole in the streets of Bologna, at the foot of Mt. Donato; D) Sinkhole in
last 20 years, after maintenance works the alluvial bed of Secchia River, Reggio Emilia; E) The bending bell tower in the Quinis
along a water channel connecting the Lesina village. Its bending is due to the presence of Triassic evaporites in the subsoil mantled
mainly by alluvial deposits. The entire village is heavily affected by sinkholes (the three
Lake to the Adriatic Sea, which altered the
houses on the right side of the bell tower present stability problems and the church was
natural hydrological conditions in the area demolished in the 70s) (Photos A-B: Jo De Waele; C: Paolo Forti; D: William Formella;
(Parise, 2008; Fidelibus et al., 2011). Several E: Luca Zini).
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Pergusa, and caprock collapse sinkholes, such as
Murana, Preola lakes, Gorghi Tondi and several other
depressions that, since 1998, due to their natural
and environmental value, were established as Natural
Reserves by Sicily region (Di Maggio et al., 2012).
Cover sagging sinkholes were identified in Southern
Sicily, close to the coastal area near Agrigento. They
show a sub-circular shape with a diameter ranging
between 120 and 300 m, and are less than 20 m deep.
In Sicily, natural sinkholes and anthropogenic
ones show a difference in the evolutional rate (Di
Maggio et al., 2010). Sagging phenomena evolve very
slowly and therefore do not constitute a risk, but may
represent a natural resource of great scientific and
naturalistic value.

CONCLUSIONS
Although representing only a very small part of the
Italian karst terrains, gypsum karst has been studied
for a long time and research on these very special
areas is multidisciplinary. Gypsum outcrops are
very abundant only in Sicily, but important evaporite
karst areas are also known from most Italian regions,
but especially from Emilia-Romagna, Calabria and
Piedmont. The most detailed scientific investigations
have been carried out in Emilia-Romagna, also because
of the vicinity of the cave areas to densely populated
territories (e.g., Bologna), but rather detailed studies
were also carried out in Sicily, and to a minor extent, in
Calabria, Tuscany, and Piedmont. Many of the typical
surface karst features such as all sorts of karren,
dolines, and even poljes, were mainly investigated in
Sicily, while the knowledge on underground features
including cave minerals, speleothems, and ceilingand wall sculpturing (e.g., paragenetic morphologies)
mainly derives from detailed researches in caves close
to Bologna. Gypsum quarries have allowed discovery
of large parts of cave systems that otherwise would
have remained inaccessible, enabling hydrogeological
studies and a detailed knowledge on the different
possible groundwater circulation systems. These
accidental interceptions of cave passages also have
given cavers access to phreatic, hypogene cave
systems in Piedmont. On the other hand, in Romagna
the discovery of multi-level cave systems and the
dating of carbonate speleothems at different altitudes
have brought to the development of a climate-driven
speleogenetic model of epigenic gypsum caves in the
northern Apennines. Further investigations also in the
hotter and more arid Sicilian climate might shed light
on the different speleogenesis in this area, leading
to a more general Mediterranean model of gypsum
cave formation.
As in other countries and regions, the gypsum
rocks, being very soluble, have lead to subsidence
and sinkhole phenomena in several areas, especially
where anthropic activities have caused modifications
in groundwater flow (e.g., Marina di Lesina, Moncalvo,
Friuli Venezia Giulia).
Fortunately most gypsum karst areas are now
protected by Regional or National Laws, although
many areas still need adequate protection measures
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to be enforced, allowing to preserve these fragile geoecosystems for future researches.
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Abstract:

Keywords:

Evaporite karst throughout the Gypsum Plain of west Texas is complex and extensive,
including manifestations ranging from intrastratal brecciation and hypogene caves to epigene
features and suffosion caves. Recent advances in hydrocarbon exploration and extraction
has resulted in increased infrastructure development and utilization in the area; as a result,
delineation and characterization of potential karst geohazards throughout the region have
become a greater concern. While traditional karst surveys are essential for delineating the
subsurface extent and morphology of individual caves for speleogenetic interpretation, these
methods tend to underestimate the total extent of karst development and require surficial
manifestation of karst phenomena. Therefore, this study utilizes a composite suite of remote
sensing and traditional field studies for improved karst delineation and detection of potential
karst geohazards within gypsum karst. Color InfraRed (CIR) imagery were utilized for
delineation of lineaments associated with fractures, while Normalized Density Vegetation
Index (NDVI) analyses were used to delineate regions of increased moisture flux and probable
zones of shallow karst development. Digital Elevation Models (DEM) constructed from
high-resolution LiDAR (Light Detection and Ranging) data were used to spatially interpret
sinkholes, while analyses of LiDAR intensity data were used in a novel way to categorize
local variations in surface geology. Resistivity data, including both direct current (DC) and
capacitively coupled (CC) resistivity analyses, were acquired and interpreted throughout
the study area to delineate potential shallow karst geohazards specifically associated with
roadways of geohazard concern; however, detailed knowledge of the surrounding geology
and local karst development proved essential for proper interpretation of resistivity inversions.
The composite suite of traditional field investigations and remotely sensed karst delineations
used in this study illustrate how complex gypsum karst terrains can be characterized with
greater detail through the utilization of rapidly advancing technologies, especially in arid
environments with low vegetation densities.
evaporite karst, geohazard, remote sensing, resistivity, Texas
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INTRODUCTION
Permian evaporite karst of the Gypsum Plain in
southeastern New Mexico and west Texas is extensive,
including manifestations that range from simple,
shallow hypergene caves to complex, hypogene caves
that may reach significant depths. Although these
regions are sparsely populated because of the arid
environment and limited surface water resources,
recent advances in hydrocarbon extraction techniques,
primarily hydraulic fracturing (fracking) technologies,
*staffordk@sfasu.edu

has resulted in increased infrastructure development
and utilization within the region. With increased oil
and gas development, karst geohazards are routinely
encountered that range from subsurface instability
during drilling operations and void interception
during pipeline construction to road subsidence.
Road failures are of critical concern because of
potential economic impact associated with traffic
delays and property damage; therefore, identification
and delineation of karst geohazards has become an
increasing priority within areas of intense petroleum
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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exploration and development in these karstified
evaporite terrains. Common geohazards proximal to
infrastructure within the Gypsum Plain include road
subsidence associated with soil piping into solutional
conduits / fractures, collapse failure of shallow karst
features, suffosion induced by buried utilities, and
suffosion enhanced by road construction (Fig. 1).
Traditional, surface-based analyses of karst
development provide the most accurate assessment
of speleological processes because visual observation
of void development and morphology provide context
for regional karst evolution. However, traditional
surveys often provide limited information on extent
and density of subsurface karst phenomena, because
surficial karst manifestations often represent only a

small fraction of total karst development. Therefore,
coupling of traditional surveys with non-invasive,
remotely-sensed characterization of karst phenomena
can be used to better delineate potential regions of
increased geohazard risk both locally and across
broad regions. In this study, traditional karst surveys
(i.e., geomorphic surface and cave mapping) are
coupled with geophysical techniques (i.e., resistivity
analyses) and aerial remote-sensing techniques
(i.e., digital elevation models and image analyses)
to better characterize gypsum karst development,
spatial distribution, and the relationship to potential
geohazards associated with thoroughfares heavily
impacted by increased traffic associated with oil and
gas operations.

Fig. 1. Karst geohazards associated with infrastructure throughout the Gypsum Plain: A) road failure as a
result of suffosion; B) sinkhole collapse associated with increased suffosion into solution conduit at margin
of road; C) vertical suffosion structures associated with buried utility cable (fiber optic cable was observed
at 2.5 m depth within feature); and D) increased suffosion adjacent to concrete reinforcement at pavement
shoulder (i.e., toe wall). White and black scale bars in figures are ~50 cm long.

GEOMORPHIC AND GEOLOGIC
ENVIRONMENT OF THE GYPSUM PLAIN
The evaporite karst region of southeastern New
Mexico and west Texas, commonly referred to as the
Gypsum Plain (Hill, 1996), encompasses ~2800 km2
that is dominated by outcrops of the Ochoan Castile
Formation and to a lesser extent residual portions of
the Salado and Rustler formations in Eddy County,
New Mexico and Culberson County, Texas, within the
Delaware Basin (Fig. 2). The Gypsum Plain is located
along the northern edge of the Chihuahua Desert where
annual precipitation averages 267 mm with most
precipitation occurring as late summer monsoonal
storms (Sares, 1984); however, anomalously high
precipitation events can occur at decadal intervals
as single storm events that are less than 48 hours
in duration yet exceed 100 mm. Annual temperature

averages 17.3°C, with an average annual low and high
of 9.2°C and 25.2°C, respectively (Sares, 1984).
The Delaware Basin was formed as an intracratonic
basin with limited connectivity to the open marine
environment as a result of assimilation of Pangea
during the Late-Paleozoic (Dickenson, 1981). During
Guadalupian time, the Delaware Basin was dominated
by peripheral development of the Capitan Reef (Fig. 2)
while mixed evaporite / carbonate / clastic sequences
were deposited on the surrounding platform and
shelf environments; the interior of the Delaware
Basin during the Guadalupian was dominated by
episodic, siliclastic deposition associated with sealevel lowstands (Scholle et al., 2004). During the
Ochoan, the Delaware Basin became increasingly
restricted and the Capitan Reef carbonate factory
shut down as the basin interior transitioned into a
density-stratified, hypersaline sea that was infilled
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an early Pleistocene cool, wet climate to the dry, arid
conditions that dominate the region today (Hill, 1996).

TRADITIONAL KARST ANALYSES OF THE
GYPSUM PLAIN

Fig. 2. Location of study area in relation to major geomorphic / geologic
structures within the region, including approximate locations of Study
Site 1 and Study Site 2 reported as examples. MB = Midland Basin,
VB = Val Verde Basin, OB = Orogrande Basin.

by Castile strata (Scholle et al., 2004). Subsequent to
basin-infilling, mid to late Ochoan deposition of the
evaporite-dominated Salado Formation and mixed
evaporite / carbonate strata of the Rustler Formation
capped the region, including the Delaware Basin
and surrounding shelf and platform environments
(Scholle et al., 2004). These evaporite units provided
regional seals that promoted isolation, development,
and accumulation of petroleum resources across the
greater Permian Basin that are exploited today.
Throughout the Mesozoic and Cenozoic, the region
was largely subaerially-exposed with siliciclastic
deposition and erosion dominating, although a brief
period of carbonate deposition occurred during
transgression of the Cretaceous Western Interior
Seaway (Hill, 1996). Pangea rifting exhibited minimal
effect on the Delaware Basin region, but Late
Mesozoic compression associated with the Laramide
Orogeny tilted strata 3-5° to the east / northeast
and uplifted the region significantly above sea-level,
where it remains today (Horak, 1985). Igneous activity
of the Trans-Pecos magmatic province elevated
the regional geothermal gradient during the late
Paleogene including emplacement of igneous dikes
throughout the northern Delaware Basin. However,
most brittle deformation associated with Basin and
Range extension in the area likely did not occur until
early Neogene (Hentz & Henry, 1989); conjugate joint
/ fault sets oriented at ~N75°E and ~N15°W induced
by extension are common throughout the Gypsum
Plain (Nance, 1993). Significant Quaternary climate
change sculpted the modern geomorphic surface of
the Gypsum Plain as the region transitioned from

Karst development within the greater Delaware
Basin is common and widespread, most notably,
the world famous carbonate caves of the Guadalupe
Mountains (e.g., Carlsbad Cavern, Lechuguilla Cave),
but also cave development in mixed carbonate /
evaporite strata of the Northwestern Shelf (e.g.,
Coffee Cave) (Stafford et al., 2008a) and evaporite
karst development within the Delaware Basin (e.g.,
Gypsum Plain) (Stafford et al., 2008b). Although karst
phenomena have been documented in the Salado and
Rustler formations (Stafford et al., 2009), the most
extensive evaporite karst development documented
in the Gypsum Plain is within the Castile Formation
outcrop region and thus is the emphasis of this study.
Traditional karst surveys have been conducted by the
authors throughout the Gypsum Plain that include
geomorphic surface mapping and delineation of karst
phenomena based on systematic traverse surveys.
Numerous caves large enough for human entry have
been surveyed and mapped to delineate their spatial
extent and speleogenesis; analyses indicate that
30-40% of enterable caves are of hypogene origins,
including the majority of caves greater than 50 m
in length.
Stafford and others (2008c) showed that surficial
manifestations of Castile karst development within
the outcrop region are highly clustered with more
concentrated development in the western, and
specifically the northwestern, portions of the outcrop
region. Karst phenomena within the Castile outcrop
region can be broadly classified into four categories:
1) Intrastratal Dissolution; 2) Hypogene Caves; 3)
Hypergene Caves; and 4) Suffosion Caves. The Castile
Formation is primarily a varved sulfate / carbonate
unit up to 480 m thick in the subsurface of the eastern
Delaware Basin (Hill, 1996), where interbedded halite
also occurs, but thins to a solution edge on the updip
western margin proximal to the Delaware Mountains
(Fig. 2). Halite interbeds have been removed by
intrastratal dissolution in shallow subcrop and
outcrop regions within the Gypsum Plain; sulfate /
calcite laminae reflect annual variation in salinity
at time of deposition related to dry / wet seasons,
respectively (Scholle et al., 2004).
Castile hypogene karst can be subdivided into
widespread intrastratal dissolution and focused
hypogene caves. Surficially, intrastratal dissolution
manifests as both negative and positive relief
structures, forming either solution grabens and
subsidence troughs or resistant brecciated hills
(Stafford et al., 2008b,d). Widespread intrastratal
dissolution has removed halite interbeds from the
Castile outcrop and subcrop region as solutionallyaggressive, ascending fluids delivered from underlying
siliciclastic strata (Guadalupian strata of the Bell and
Cherry Canyon formations) migrated updip towards
the west in the past (Stafford et al., 2008b, d). This
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resulted in differential collapse and settling across the
region including development of laterally-extensive,
blanket breccias that provide high permeability
flow paths for migration of fluids (Stafford et al.,
2008b). In more intensely affected regions, solution
grabens up to 30 m deep have developed while
subsidence valleys infilled with Cenozoic clastics are
common proximal to persistent fluvial bodies (Maley
& Huffington, 1953).
Throughout the Gypsum Plain, and greater Delaware
Basin, breccia pipe development commonly results in
surficial manifestations of resistant topographic highs.
Similar to blanket breccias, solutionally-aggressive
fluids sourced from underlying siliciclastics have
created vertical stoping structures that can extend
hundreds of meters laterally and vertically that are
commonly affiliated with fractured regions where
preferential vertical pathways enabled fluid migration,
both ascending, low-density, undersaturated fluids
and descending, high-density, saturated fluids
(Anderson et al., 1978; Anderson & Kirkland, 1980).
Often these breccia pipes become re-cemented as
fluid flow paths change with time and thus create
masses that are solutionally more resistant during
surface denudation (Fig. 3A). However, it is not
uncommon for these features to retain vertical, high
permeability zones, especially at the distal breccia
zone margins (Fig. 3B).
Hypogene caves occur as a continuum between more
classically defined, multi-storey maze caves hundreds
of meters in survey length in strata that are complexly
folded and fractured to single, riser features that can
extend to depths of 100 m in poorly fractured rock
(Stafford et al., 2008b). All hypogene caves exhibit
the morphometric suite of rising flow features that
have been defined as characteristic of hypogene
speleogenesis (Klimchouk, 2007) and show little
lithologic control (Fig. 3D). Hypogene caves cut across
lithologic boundaries with regularity, showing little to
no preferential development with transitions between
varved gypsum, recrystallized (selenite) gypsum
or other secondary sulfate fabrics. Most hypogene
caves occur proximal to the underlying contact with
siliclastic strata, where ascending, solutionallyaggressive fluids are sourced (Stafford et al., 2008b);
therefore, documented hypogene caves occur in
greater frequency proximal to the western margin
of the Gypsum Plain where surface denudation,
and subsequent cave breaching, has been greatest
and total thickness of the Castile Formation has
been greatly reduced. It is probable, that significant
hypogene karst development continues near the
lower contact of the Castile Formation further to the
east, but surface denudation has not proceeded far
enough to induce system breaching to enable human
exploration. Anecdotal reports by drilling operations
in the region commonly report bit drops near the
base of the Castile Formation, which further supports
this theory.
Hypergene karst is disseminated broadly across
the Gypsum Plain but commonly occurs in higher
concentrations where rock is more intensely fractured
(Stafford et al., 2008b). Hypergene caves in the

western portion of the outcrop area exhibit strong
structural control along fractures, are laterally-limited
and have rapid average aperture decreases away
from cave entrances, suggesting that overland flow
to these features is near saturation when entering
the subsurface and has little remaining solutional
potential. While most of these caves appear to be
dominantly-formed by vadose processes (Fig. 3E) in
the west, phreatic tubes (Fig. 3C) become increasingly
common in the eastern portions of the Gypsum Plain.
Often these phreatic caves show greater lengths,
occasionally more than 200 m, that transition from
partially-filled to completely-filled with water. They
are often heavily armored by clay-rich mud suggesting
that undersaturated fluids are able to travel greater
distances before reaching saturation, thus enabling
significantly greater hypergene conduit development.
The presence of hypergene conduits at relatively
shallow depths (less than 20 m) within ridges that
are in close proximity to solution troughs more than
20 m deep indicate that Gypsum Plain hydrogeology
is highly partitioned.
Bedrock exposures are common across the Gypsum
Plain, but many regions are mantled by mixed alluvial
gravels and gypsic soils that have resulted from the
transition from the cool, wet climate of the Pleistocene
to the hot, dry climate of today (Hill, 1996). Extensive
surveys on the extent of solutional valley and sinkhole
fills have not been conducted across the Gypsum
Plain, but excavations by the authors have revealed
that gypsic soil thickness can vary from decimeters
thick to more than five meters thick over lateral
distances of less than ten meters. Within these
soils, preferential soil piping and solution of gypsum
fractions produces lateral and vertical pipes. Often,
soil piping is connected with solutional conduits at
depths and more commonly with solutionally-widened
fracture zones (Fig. 3F). Therefore, soil caves form by
a combination of suffosion and solution of soluble
fractions, often with little correlation to surrounding
surface geomorphology. Most of these caves are less
than five meters in length with heights under one
meter, but when associated with larger solutional
caves that provide outlets for suffosion products, soil
caves may extend for tens of meters and even create
“soil chambers” over five meters tall (Fig. 3G).
Further complicating karst development within
the Gypsum Plain are varying degrees of diagenetic
overprinting, most notably evaporite calcitization
(Kirkland & Evans, 1976). Ascending light
hydrocarbons from deep sources have migrated
upwards through the Castile Formation providing
the source material for sulfate reduction (Lee &
Williams, 2000); however, the exact mechanism of
sulfate reduction is still debated in the region as being
either bacterial sulfate reduction (BSR) or thermal
sulfate reduction (TSR) (Stafford et al., 2008d). As a
byproduct of sulfate reduction, evaporite calcitization
is widespread but most frequently associated with
breccias. In many areas, calcitized zones also host
native sulfur deposits, some of which have been
economically mined in the past (Phillips, 1917;
Wallace & Crawford, 1992), that attest to a diagenetic
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Fig. 3. Representative photos of common karst phenomena throughout the Gypsum Plain: A) well-lithified, low permeability, intrastratal
breccia; B) high permeability, intrastratal breccia, C) phreatic tube – hypergene karst; D) hypogene cave; E) vadose fissure – hypergene
karst; F) suffosion cave chamber; and G) solutionally-widened fracture, White scale bars are ~20 cm long; people for scale in other images.

environment that was restricted and prevented
migration of hydrogen sulfide byproducts out of the
system. Hill (1996) suggested that secondary selenite
masses within the Castile Formation resulted from
oxidation of native sulfur ore bodies as flow regimes
transitioned within the Delaware Basin and enabled
oxygen-rich waters to migrate into sulfur bodies; this
process was likely the result of hypergene processes
altering mineralized zones created by hypogene
processes within the Gypsum Plain.

AIRBORNE- / SATELLITE-BASED,
REMOTELY-SENSED CHARACTERIZATION
Recent advances in airborne- and satellite-based
remote sensing are now enabling rapid, large-scale
characterization of geologic variability and karst
phenomena as remote-sensing technologies rapidly
improve. Traditionally, airborne photogrammetry
has provided imagery for remote characterization
of geomorphic surfaces and vegetation patterns;
however, computer-based, geospatial analyses have
enabled this data to be more easily accessed, analyzed
and accurately georeferenced to surface locations.
Color InfraRed (CIR) imagery has enabled variations
in moisture content and vegetation to be more easily
assessed (Yang et al., 2013), while Light Detection and
Ranging (LiDAR) methodologies continue to expand
the abilities of airborne platforms, where pulses of
ultraviolet light are used to accurately map elevation

changes (Liu, 2008). New satellite platforms offer
exciting new possibilities for karst terrain assessment;
however, the resolution of commercially available
hyperspectral and multispectral data is currently
insufficient beyond broad scale characterization.
Methodology for Airborne- / Satellite-Based,
Remotely-Sensed Data
Both CIR and LiDAR data used in this study
were collected by TxDOT (Texas Department of
Transportation) as part of geohazard assessment of
infrastructure within northern Culberson County,
Texas. CIR and LiDAR data were collected with a
minimum horizontal resolution of 50 cm and 10 cm
vertical resolution; data coverage included more than
55 km of 300-meter-wide swaths centered along
roadways (i.e., 150 m normal to roads) in the study
area (~18 km2 in total area). Data was collected with a
horizontal datum of NAD83 (2011) and vertical datum
of NAVD88 and geoid model GEOID12A. A surface
adjustment factor of 1.00025 was applied to all data
to adjust for flight path in relationship to imaged
position.
LiDAR data was processed in ArcGIS with 64.76%
of data representing bare earth or ground sampling;
average horizontal resolution of processed, bare earth
LiDAR data was 0.3 m. For karst delineation, a digital
elevation model (DEM) was created and topographic
lows calculated through raster subtraction of original
DEMs from filled DEMs to delineate sinkholes and
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closed basins (Stafford et al., 2008c). The data was
filtered to remove any features <10 cm deep because
that data could not be differentiated from potential
noise within vertical data resolution; resulting
features delineated were smoothed and merged
where they exhibited overlap and likely represented
individual closed depressions. This produced a total
of 8,349 closed depressions that were filtered based
on geology and anthropogenic structures identified
through CIR image analyses to remove features that
exhibited low probability of being related to karst
development in the region; 5121 karst sinkholes
remained after filtering of DEM, producing an average
density of 300 sinkholes / km2 with more than 90%
of features being less than 5 m2 is size. Additionally,
bare earth LiDAR return intensity was used as a
proxy for assessment of geology through intensity
classification (Bryant, 2012).
CIR imagery was used to characterize natural/versus
anthropogenic features throughout the study area.
CIR imagery was also used to identify trends within
the karst landscape related to vegetation patterns;
lineaments representing planar brittle deformation
features (joints and fractures) were digitized based on
expression of vegetation patterns. Similarly, vegetation
patterns were used to assess relative moisture content
within gypsic soils to identify regions of enhanced
shallow fluid migration. Normalized Difference
Vegetation Index (NDVI) was calculated from CIR
imagery to identify the relative “health” of vegetation
(Yang et al., 2013), which is directly related to available
moisture in arid desert environments like the Gypsum
Plain; regions with a high NDVI index are interpreted
as regions of greater moisture flux and probable sites
of increased karst development.
Interpretation of Airborne- / Satellite-Based,
Remotely-Sensed Data
Figure 4 provides comparative results of GIS-based
analyses of LiDAR and CIR imagery data processing
at two example sites (Fig. 2) within the study area,
including: 1) CIR imagery; 2) NDVI analyses of CIR
imagery; 3) DEM derived from LiDAR analyses;
4) geologic characterization based on intensity
classification of LiDAR data; and 5) composite image of
karst and structural data attained from GIS analyses
compared with karst features physically documented
during field mapping. CIR imagery clearly shows the
sparse vegetation that is common throughout the
Gypsum Plain with major sinkhole arroyos easily
discernable as is expected from high-resolution
orthoimagery. NDVI analyses, although designed as
an index for vegetation, clearly shows spatial patterns
that are different than what would be predicted based
on visual interpretation of CIR imagery, but instead
indicate regions where “healthy” vegetation is able to
exploit fractures and karst development in order to
access shallow groundwater. Therefore, regions that
exhibit high values of NDVI (values close to 1) can be
used in the arid, desert environment of the Gypsum
Plain as a proxy for identification of probable karst
development based on increased moisture content
associated with these features; caution must be used,

however, with NDVI analyses because areas with
strong “shadow zones” in CIR imagery that occur along
high angle scarps / sinkholes provide false positives
as can be seen at Study Site 2 when compared with
the DEM of the same location (Fig. 4).
Digital elevation modeling from high-resolution
LiDAR analyses within the study area clearly identifies
topographic lows and highs (Fig. 4), both of which
are related to karst development across the Gypsum
Plain. Small depressions developed along an arroyo
oriented southwest / northeast are visible at Study
Site 1, while large-scale sinkholes with significant
depth occur at Study Site 2, including both sinkhole
development with well-defined, dendritic arroyos
(eastern edge of Study Site 2) and near-vertical
collapse structures (western edge of Study Site 2).
Additionally, raised topographic ridges associated with
near-surface hydration along fractures can be seen
as roughly north / south linear topographic highs in
Study Site 2. While not traditionally used as a method
for geologic mapping, LiDAR intensity can be used
for classified image analyses throughout the Gypsum
Plain because of the high density of ground returns
and low spatial density of vegetation. At both Study
Site 1 and Study Site 2, intensity classification was
used to delineate between gypsum bedrock, gypsic
soil (gypsite), siliceous-rich alluvium (silica largely
eolian derived) and paved road surfaces; however,
as with NDVI analyses, caution must be used with
LiDAR intensity classification because regions of lower
density LiDAR ground returns associated with larger
vegetation (i.e., trees) that create high absorption
appear similar to values of paved road surfaces.
As a result of image analyses described above
and field verification during physical land surveys
throughout the study area, composite maps (Fig. 4)
that delineate the extent of sinkhole development,
spatial distribution of fractures, occurrence of
surficially-expressed karst features and locations of
probable karst development throughout the Gypsum
Plain were constructed. High-resolution geomorphic
maps, including surficial landscape composition, were
derived from LiDAR intensity analyses and regions that
likely exhibit additional near-surface karst developed
were delineated based on moisture variability derived
from NDVI analyses. Therefore, spatial imagery
analyses throughout the study area indicate that both
traditional (i.e., CIR and DEM analyses) and nontraditional (i.e., NDVI and LiDAR intensity analyses)
remote sensing can provide powerful tools for karst
and associated potential geohazard characterization
in arid environments with low vegetation densities
like those that commonly occur in evaporite karst
terrains like the Gypsum Plain.

LAND-BASED, GEOPHYSICAL
CHARACTERIZATION
Geophysical methods provide land-based, noninvasive
mechanisms
for
characterization
of
geohazards within karstified terrains, but methods
vary significantly based on depth and resolution of
karst anomalies that are investigated. Brown et al.
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Fig. 4. Examples of remote-sensing analyses from Study Site 1 (left column) and Study Site 2 (right column).
Images from top to bottom, in descending order, include: 1) CIR imagery; 2) NDVI analyses of CIR imagery
used to asses probable karst development based on moisture variability; 3) DEM derived from LiDAR analyses;
4) geologic map derived from classification of LiDAR intensity; and 5) composite map of karst features identified
through combined field surveys and image analyses. All images are 300 m wide and oriented with north towards
the top of the page.

(2011) conducted a comparative study on geophysical
techniques for subsurface porosity characterization in
Ordovician carbonate strata in central Texas. In their
study, they compared the effectiveness of microgravity,
ground penetrating radar (GPR), direct current (DC)
resistivity, capacitively coupled (CC) resistivity,
induced polarization (IP) and ground conductivity
(GC). Based on their analyses, GPR provided the
highest resolution of karst phenomena at shallow
depths (<40 cm) and microgravity provided the most
suitable data for delineation of large-scale trends.
However, resistivity (both DC and CC) proved the best
source for imaging relatively-shallow karst phenomena
at depths ranging from approximately one meter to
ten meters (Brown et al., 2011), which falls within
the average range of most karst geohazard concerns.
Gypsum karst geohazards at depths of less than one

meter are commonly breached by natural denudation
processes and identifiable by traditional karst surveys
or will likely be intercepted by construction activities
during anthropogenic modification associated with
infrastructure development; karst phenomena at
depths greater than ten meters likely exhibit low
probability of catastrophic failure in evaporite karst
terrains. Therefore, for this study both DC and CC
resistivity analyses were conducted to evaluate
potential shallow karst phenomena.
Direct Current (DC) resistivity analyses were
conducted using an AGI (Advanced Geoscience Inc.)
SuperSting R8/IP multi-electrode resistivity meter
with 56 electrodes spaced at 1, 2, or 4 m in a dipoledipole array. DC resistivity analyses were conducted
at 16 sites adjacent to roads within the study area
where shallow geohazards were suspected based
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on road subsidence. Most sites were investigated
with at least two different electrode spacings, where
larger spacing increased depth of investigation but at
reduced resolution. DC resistivity data was reduced
using AGI’s EarthImager 2D and a smoothed
model inversion. Data with a high degree of misfit
to predicted modeled parameters were edited and
terrain corrections were applied. DC analyses were
conducted in late spring 2016 when soil moisture
was slightly elevated due to low-intensity spring
precipitation events.
Methodology for Land-Based, Geophysical
Characterization
Figure 5 provides representative DC resistivity
inversions with 4 m electrode spacing and an
approximate depth of resolution of 20 m for data
collected at Study Site 1 and Study Site 2 (Fig. 2). These
sites illustrate the most common karst phenomena
occurrences documented through resistivity analyses;
data was acquired parallel to roads in regions where
visible road failure had occurred in the past. At
Study Site 1, thin gypsic soil (~1-2 m thick) covers
gypsum bedrock that exhibited high moisture content
(saturated gypsum) in the upper regions at the time
of survey that transitions into low moisture content
(unsaturated gypsum) with increasing depth; small
solution conduits were documented at shallow depths
that appear largely filled with moisture-rich sediment
although at least two resistivity anomalies appear
to be either partially-filled or air-filled conduits. At
Study Site 2, thin gypsic soils also occur over bedrock
with variable moisture content that is more irregular
than at Study Site 1. However, karst development
at Study Site 2 largely consists of “leached bedrock”
regions that are likely associated with preferential
dissolution along calcite / gypsum laminae in the
Castile Formation. At both Study Site 1 and Study Site
2, near-vertical fractures indicate regions of increased
fluid migration and probable solutional widening.
Capacitively Coupled (CC) resistivity analyses were
conducted with a Geometrics TR5 OhmMapper in a
dipole-dipole array configuration composed of five
receivers connected by 2.5 m coaxial cables and a
transmitter offset of 2.5 m. Data was collected at a
transmission rate of once per second with a traverse
velocity of approximately one meter per second. GPS
data was simultaneously collected, using a Trimble
Nomad 900 series logger connected to a Pathfinder
Pro receiver and Zephyr antennae with a horizontal
accuracy of less than 50 cm. CC resistivity analyses
included more than 120 km of collected data along
thoroughfares in the study area that was processed
using AGI’s EarthImager 2D software to produce
smooth model inversions consistent with DC resistivity
analyses conducted at proximal sites. CC analyses
were conducted in mid-summer 2016 with relatively
dry conditions and high temperatures.
Interpretation of Land-Based, Geophysical Data
Figure 6 provides representative CC resistivity
inversions with an approximate depth of resolution
of four meters for data collected at Study Site 1 and

Study Site 2 (Fig. 2); these data were cropped from
continuous data collected and processed in multikilometer segments. While the data was collected
proximal to data represented in DC resistivity analyses
(Fig. 5) presented above, CC data was acquired
directly within road paths for ease of continuous
resistivity data collection, thus spatial variability is
seen in comparison with DC data analyses that is
further exacerbated by drier near-surface sediments /
strata at time of CC data collection. However, results
of CC data analyses indicate similar karst phenomena
occurrences at Study Site 1 and Study Site 2, including
shallow bedrock / soil contacts, solutional conduits
and “leached bedrock.” At Study Site 1, shallow
solutional conduits appear as higher resistivity
anomalies in CC resistivity data likely resulting from
drying of sediment fills that appear moisture-rich in
DC resistivity analyses. Leached zones at Study Site 1
appear better defined in CC analyses as a result of
the higher resolution data presented here; however,
the lack of depth of resolution precludes interpretation
of deeper manifestations of karst development
observed in DC resistivity analyses. DC resistivity
tomography consistently correlates with CC resistivity
analyses when karst heterogeneity is considered in
relation to the location of DC and CC surveys that
were conducted up to 10 m apart, although parallel
to each other.
Resistivity studies within the Castile Formation
proved an effective method for characterization of
karst phenomena and identification of potential
geohazards. However, data could not be accurately
interpreted based on absolute resistivity values
associated with specific karst or rock properties;
instead, interpretations required analyses based
on surrounding geologic characterization and
environmental parameters at the time of data
collection, including relative soil moisture and thermal
fluctuations throughout the day. While extremely high
resistivity values are generally associated with open
void space in karst studies, they are also associated
with low moisture regions in gypsic soils and poorlyfractured bedrock in this study. Similarly, extremely
low resistivity regions are generally associated with
water-filled voids or saturated media, including moist,
soil-filled caves; however, it is difficult to differentiate
these from regions of heavily-leached, moisture-rich
bedrock and regions of increased capillary fluids
within vadose soils in this study area. Therefore,
it is critical that proximal geology and associated
karst development assessed during traditional
geomorphic and karst mapping be assimilated into
interpretations, especially in arid, gypsic terrains
that push instrumental limitations such as the
environment of the Gypsum Plain. Interpretations
made from resistivity tomography analyses at both
Study Site 1 and Study Site 2 were confirmed through
excavations at these sites (Fig. 7); consistently,
field excavations confirmed resistivity tomography
interpretations at sites throughout the study area, but
detailed knowledge of the surrounding geology proved
essential for proper interpretations of geophysical
anomalies identified.
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Fig. 5. Direct Current (DC) resistivity inversions and associated interpretations: A) Study Site 1 illustrating shallow solutional conduit development
and fractured bedrock (RMS 8.1%); and B) Study Site 2 illustrating “leached zones” and fractures in bedrock (RMS 6.1%). Note depth of inversion
images is ~20 m; data was collected with 4m electrode spacing.

Fig. 6. Capacitively Coupled (CC) resistivity inversions and associated interpretations: A) Study Site 1 illustrating shallow solutional conduit development
and fractured bedrock (RMS 9.4%); and B) Study Site 2 illustrating “leached zones” and fractures in bedrock (RMS 9.0%). Note depth of image resolution
is ~4 m; data was collected at a rate of ~1 transmission / second and traverse velocity of ~1 m / second.
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Fig. 7. Images of representative field excavations of karst features: A) typical “leached bedrock” zone; B) suffosion cave
filled with moisture-rich alluvium developed in gypsic soil; C) small, shallow cave detected adjacent to road (scale bar ~1 m);
D) solutional conduit at base of excavation (note backhoe excavation was conducted during rain event which is why there is
water / mud in trench); E) typical gypsum epikarst development beneath shallow soils (note that this site was excavated in
the past as a borrow pit but illustrates well the irregular nature of soil / rock contacts within the study area).

CONCLUSIONS
Evaporite karst within the Gypsum Plain has the
potential to create significant geohazards; however,
coupling of traditional karst studies with remotelysensed geomorphic / geologic analyses can provide
an effective toolset to predict and proactively mitigate
potential regions of thoroughfare failure. The two
example sites used here illustrate the effectiveness
of coupling traditional and remotely-sensed karst
analyses. In the study area, the authors effectively
coupled these methodologies over larger areas,
including: 1) ~14 km2 of traverse-based physical
karst surveys; 2) 110 km of continuous, capacitively
coupled resistivity analyses; 3) >4000 m of direct
current resistivity analyses; 4) ~18 km2 of LiDAR
analyses; and 5) ~26 km2 of CIR analyses.
The results of these analyses delineated 5121
sinkholes through LiDAR analyses, while only 396
open karst features (i.e., non-filled sinkholes) were
identified with physical land surveys in the same area.
LiDAR analyses proved to significantly better delineate
shallow, filled sinkholes than traditional surface
surveys; traditional surface surveys better delineated
open cave and karst features because physical field
observations enable delineation of features with
orifices less than 30 cm in diameter which is below the
accuracy of LiDAR data within this study. CIR imagery
provides invaluable data on structural controls within
evaporite terrains through lineament analyses, while

NDVI analyses delineate regions where moisture flux
is highest and thus regions where karst processes
are likely to be currently active and additional nearsurface karst development is probable. Analyses of
LiDAR return intensity provided promising results
for mapping of geologic variability within evaporite
karst terrains where vegetation densities are low and
can be used to supplement existing geologic maps of
study regions.
Resistivity surveys identified more than 400 regions
of karst development, including 181 individual
solutional conduits, 133 zones of solutionallywidened fractures, and 104 individual regions of
bedrock leaching. DC resistivity data provided greater
depth of resolution but proved time intensive, while
CC resistivity data could be acquired relatively rapidly
but at decreased depth of resolution. Interpretations
of both DC and CC resistivity tomography proved
consistent when temporal and spatial variability of
data was considered. In this study, field excavations at
DC resistivity sites were used to verify interpretations
of proximal DC and CC resistivity data, which were
then used as “training data” for interpretation of
CC resistivity tomography collected throughout the
study area.
Traditional karst studies under predicted total
karst development within the study area when
compared with remotely-sensed analyses; shallow,
filled depressions were not readily discernable in the
field. Geophysical methods could only be accurately
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interpreted with correlation to field investigations,
both proximal cave studies and excavations, because
resistivity signatures exhibited significant variability
based on variations in soil composition, structural
deformation, and nature of solutional development.
Therefore, coupled airborne- / satellite-based and
geophysical remote sensing provided an effective
means of delineating / characterizing geohazards
to facilitate mitigation plans when coupled with
traditional karst studies. Ultimately, this composite
toolset proved essential for efficient and effective
characterization of potential karst geohazards within
the study area; excavations of predicted potential
geohazards have confirmed these findings at multiple
sites throughout the investigated region. While some
of the remote-sensing techniques used in this study
were novel (e.g., NDVI, LiDAR intensity classification)
in their use for delineating karst phenomena, they
proved effective throughout the sparsely-vegetated
Gypsum Plain and provide promising results that are
likely to produce similar results in other evaporite
karst terrains.
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Abstract:

Keywords:

This paper describes karst landforms observed in an interior layered deposit (ILD) located
within Juventae Chasma a trough of the Valles Marineris, a rift system that belongs to the
Tharsis region of Mars. The ILD investigated is characterized by spectral signatures of
kieserite, an evaporitic mineral present on Earth. A morphologic and morphometric survey
of the ILD surface performed on data of the Orbiter High Resolution Imaging Science
Experiment (HiRISE) highlighted the presence of depressions of various shapes and sizes.
These landforms interpreted as dolines resemble similar karst landforms on Earth and in
other regions of Mars. The observed karst landforms suggest the presence of liquid water,
probably due to ice melting, in the Amazonian age.
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INTRODUCTION
The existence of karst-like topographies and karst
processes have been hypothesized in many regions
of the Martian surface since high-resolution images
of Viking Orbiter first became available (Schaeffer,
1990; Peulvast & Masson, 1993; Costard & Kargel,
1995; Kargel et al., 2004; Wyrick et al., 2004;
Preuschmann et al., 2006). The presence of soluble
evaporite minerals on Mars confirmed by data from
the OMEGA instrument on Mars Express (Bibring
et al., 2006), the Compact Reconnaissance Imaging
Spectrometer for Mars instrument (Murchie et al.,
2007) on the Mars Reconnaissance Orbiter (MRO),
and the Mars Exploration Rovers, supported the
possible development of evaporite karst features and
the development of karstic terrains with associated
caves (Boston, 2004).
Recent works based on new high-resolution images
demonstrate the presence of karst landforms such
as doline depressions in several Martian evaporite
deposits (Baioni et al., 2009; Baioni & Wezel, 2010;
Grindrod & Balme, 2010; Jackson et al., 2011;
Flahaut et al., 2015), highlighting the usefulness
of karst landforms as lithological, stratigraphic and
paleoclimatic markers (Baioni & Sgavetti, 2013;
Baioni & Tramontana, 2015).
Juventae Chasma, is a deep closed depression
centered near 4° S, 61° W and approximately 500 km
*davide.baioni@uniurb.it

north of Valles Marineris (Catling et al., 2006). Here,
four main large interior layered deposits (ILDs) located
close to the foot of the western wall of the chasma have
been previously identified and studied (Chapman et
al., 2003; Catling et al., 2006; Kuzmin et al., 2009;
Noel et al., 2015). These ILDs consist of sedimentary
rocks mainly composed of kieserite (MgSO4·H2O)
(Kuzmin et al., 2009; Noel et al., 2015) an evaporitic
mineral that can also be found on Earth. The largest
ILD is located in the central part of the chasma and
is characterized by weathered surface flanks (Noel et
al., 2015), and by the widespread presence of shallow
depressions, of unknown origin, displaying different
shapes and sizes. The goal of this study is to describe,
for the first time, these depressions, and discuss their
possible origins and paleoclimatic significance.

STUDY AREA
Juventae Chasma is about 270 km long in the
north–south direction and about 185 km across at its
widest point in its southern portion. The lowest point
of the floor of Juventae Chasma lies 4.4 km below
the topographic datum and the depression becomes
shallower toward the northern end where it opens
into Maja Vallis outflow channel (Catling et al., 2006;
Noel et al., 2015).
The geology of Juventae Chasma (Fig. 2) can be
divided into five geomorphic units (Catling et al.,
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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horizontal scale and cliffs that are associated with
intermediate-toned debris aprons (Catling et al.,
2006). All the ILDs exhibit light-toned surfaces that
are brighter than nearby dust, sand and rock. They
display generally high values of thermal inertia that
support the hypothesis that these units consist
of sedimentary rock covered with a variably thick
layer of sand and/or dust (Catling et al., 2006).
The mineralogical characteristics of the ILDs in
Juventae Chasma have previously been determined
by spectrometer data analysis as sulfate deposits
(Catling et al., 2006). Further spectral studies
revealed a suite of mono- and polyhydrated sulfate
minerals, displaying mainly clear signatures of
kieserite (Kuzmin et al., 2009; Noel et al., 2015). These
deposits are thought to be formed as evaporites from
a large sea or lake that existed in the Noachian or
early Hesperian prior to the development of Juventae
Chasma. Alternatively, they are thought to be built up
by dry deposition of volcanic sulfate aerosols, most
likely in association with the deposition of low latitude
snow/ice containing sulfate-rich aerosols during
ancient obliquity cycles. In fact, the data provided
by Catling et al. (2006) are consistent with either
occurrences of lacustrine or airborne deposition over
an extended period of time prior to the emplacement
of Hesperian lava flows on the plateau above the
chasm. The ILDs have been exhumated from the
surrounding units (Catling et al., 2006).
Fig. 1. A) Valles Marineris system Mars, with the location of Juventae
Chasma (white box). Image NASA/USGS/ESA/DLR/FU Berlin
(G. Neukum) (www.google.com/mars); B) Aerial view of Juventae
Chasma with the location of investigated the kieserite ILD (white
box). Mars Digital Image Map version 2.1 (https://www.google.com/
mars/); C) Aerial image of the kieserite ILD located within Juventae
Chasma (Image taken by the high-resolution stereo camera on ESA’s
Mars Express, (http://www.esa.int/spaceinimages/Images/2013/12/
Juventae_Chasma; north toward right); D) Close-up perspective view
image of the kieserite ILD(Image taken by the high-resolution stereo
camera on ESA’s Mars Express, http://www.esa.int/spaceinimages/
Images/2013/12/Juventae_Chasma_perspective; north toward right).

2006) represented by the plateau, wall rock, sand
sheets, chaotic terrain and ILDs. The plateau unit
that surrounds the chasma is comprised primarily
of basaltic lava flows (Catling et al., 2006). The wall
rock unit can be divided into an upper part of dark
material interpreted as volcanic layering, and a lower
part characterized by ridges and troughs on eroded
poorly graded fine and coarse materials (Noel et al.,
2015). The sand sheets unit is represented by coarsegrained dark sands that form the bulk of the southern
chasma floor. The chaotic terrain unit consists of a
jumble of large angular blocks, cones and plateaus,
extending from the center to the northern part of the
chasma (Noel et al., 2015).
The ILDs consist of sedimentary rocks displaying
mound morphologies, covered with sand dust, of
varying thickness ranging between 1,700 and 2,900
m (Noel et al., 2015). Four major ILDs (area >50 km2)
have been observed in previous studies (Catling et
al., 2006; Kuzmin et al., 2009; Noel et al., 2015).
They exhibit a variety of surface morphologies such
as fine layer structure down to 10 m scale, cuspate
sculpted ridges, bench and cliff structures at 100 m

Fig. 2. Geological map of Juventae chasma (modified by Catling et al.,
2006). The five geomorphic units are (1) sand sheet, (2) chaotic terrain,
(3) light-toned layered deposits (cross-hatched), (4) chasma wall
material and (5) hummoky terrain (Ht) (black arrows). The investigated
ILD is indicate witrh the white dashed arrow. Solid black polygons
represents rocky blocks found within the sand sheet unit.
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We focused our investigation on the largest and
highest of the ILDs located in the central part of the
chasma (Fig. 1). This sulfate mound is 53 km long
and 20 km wide, its summit lies at 257 m above
the standard Mars datum, while the lowest base
lies at about −3 km, thus its total height is about
3,300 m (Catling et al., 2006). On the ILD, material
covering part of the surface forms thick dark capping
layers associated with dunes. These dunes stretch
downwind (southward) from the apparent source
material (Catling et al., 2006). The top of the mound is
characterized by ridges and valleys, and displays dark
sand deposits (Noel et al., 2015). A few small impact
craters can be observed in the capping layers, while
they are almost entirely absent elsewhere on the ILDs
surface. The flanks have a very rough, weathered
surface texture, appear finely layered with strata
of an average thickness of 3.2 m (Novakovic et al.,
2013) and display widespread shallow depressions of
unknown origin with different sizes and shapes.

METHODS
Landform features were investigated through an
integrated visual analysis of data from the Mars
Reconnaissance Orbiter (MRO) High-Resolution
Imaging Science Experiment (HiRISE) (McEven et
al., 2007) and the Context Camera (CTX) (Malin
et al., 2007).
Analysed
CTX
images
(B18_016646_1763_
XN_03S061W;
G01_018624_1764_XN_03S061W;
J01_045208_1765_XN_03S061W; T01_000875_1765_
XI_03S061W) have a spatial resolution of 6 m/
pixel. Analysed HiRISE images (ESP_016712_1760;
PSP_007060_1760; ESP_018624_1765; PSP_002946_
1765) have a spatial resolution ranging between
25 and 27.8 cm per pixel (objects between 80 and
84 cm across are resolved). HiRISE images (including
enhanced RGB, IRB, and derived stereoanaglyph
images) give enough detail to observe even small
characteristics of the landforms.
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(W) generally range from 30 to 69 m for rounded and
elliptical shapes, from 72 to 85 m for irregular shapes,
and from 130 m to 145 m for elongate shapes.
The major axes have very different orientations
(N-S, NE-SW, NW-SE and E-W) that are unrelated to
depression locations and shapes.
Depressions
generally
display
well-defined,
continuous and sharp margins, while their sides
exhibit both symmetrical (Fig. 3A, D, E; 4A, B) and
asymmetrical (Fig. 3B; 4D, E), very steep (Fig. 3A, B;
3E, D) to almost vertical (Fig. 4A, B; 4D, E) slopes.
The sides generally display slope processes such as:
accumulation of deposits at the base of the slopes
(Fig. 3A, B; 4E, D), debris on the floor of a few
depressions (Fig. 4A), and stepped or terraced slope
morphologies (Fig. 4A, B; 4E).
The floors appear flat showing dark sediment
and/or dust accumulation generally displaying well
developed systems of dune morphologies (Fig. 3E;
4A, B; 4D, E) and in a few cases the presence of
superimposed impact craters of small size (Fig. 3B;
4D, E).
The main parameters used in the morphometric
analysis of karst depressions on Earth (Bondesan
et al., 1992) such as the area (A), perimeter (P),
elongation index (Ei), and circularity index (Ci) were
calculated.
The perimeter length (P), calculated on the contour
of the depressions, ranges from 194 m to more than
2,500 m, while the Area (A) of the depressions,
calculated as the measurement of the planimetric
surface bordered by the perimeter, ranges from 1,900
m2 to more than 15,000 m2.

MORPHOLOGICAL ANALYSIS
OF THE ILD FEATURES
The morphological analysis carried out revealed
the presence of closed, shallow, rimless depressions
of various sizes, surrounded by unbroken plains.
Their locations and shapes appear to be unrelated
to tectonic lineaments (i.e., joints, faults) and their
random distribution generally did not display any
particular pattern of orientation. The depressions are
located mainly in the flat areas on the top of the ILDs
and along sectors of their flanks with a gentle slope.
Depressions display various plan forms, ranging
from rounded (Fig. 3A-D) to elliptical (Fig. 3E ), droplike (Fig. 3B ), irregular (Fig. 4C – 4E) or narrow and
elongate (Fig. 3A, B). The depression lengths (L),
(defined as the long axes confined by the outermost
closed contour of the depression), range from 77 m to
130 m for rounded and elliptical shapes, from 190 to
more than 210 m for irregular shapes, and from 665
m to more than 1,000 m for elongate shapes. Widths

Fig. 3. A) Rounded doline displaying steep sides and flat bottom. Image
HiRISE ESP_027195_1765 (north toward up); B) Drop-like shaped doline
displaying steep sides and flat bottom. Image HiRISE ESP_027195_1765
(north toward up); C) Doline in the evaporite terrain of New Mexico
(U.S.A.) (www.earth.google.com); D) Rounded and bowl shaped doline
displaying flat bottom. Image HiRISE PSP_00760_1760 (north toward
up); E) Elliptical doline displaying steep sides and flat bottom. Image
HiRISE PSP_002590_1765 (north toward up); F) Doline in the evaporite
terrain of Texas (U.S.A.). ( http://www. beg.utexas.edu/research/
programs/near-surface-observatory/wink-sink).

International Journal of Speleology, 46 (2), 181-189. Tampa, FL (USA) May 2017

Baioni & Tramontana

184

Fig. 4. A) Elongate doline displaying vertical sides and flat bottom. Image HiRISE
ESP_027683_1765 (north toward right); B) Elongate and narrow doline displaying
vertical sides and flat bottom. Image HiRISE ESP_027683_1765 (north toward
right);. C) Aerial view of elongate doline in the Dead Sea region. Image (modified)
from https://au.news.yahoo.com/world/a/26734580/nature-s-revenge-on-banks-ofdead-sea; D) Irregular shaped doline displaying vertical sides and flat bottom. Image
HIRISE 002590_1765 (north toward up); E) Irregular shaped doline displaying steep
sides and flat bottom. Image HiRISE 002590_1765 (north toward up); F) Doline in
the evaporite terrain in the Urals region, Russia. (http://siberiantimes.com/other/
others/news/n0227-sinkhole-gets-bigger-in-city-plagued-by-giant-craters).

The elongation index, expressed as the ratio between
the longest axis and the perpendicular width (L/W)
was calculated. The depressions have very different
elongation index values. Rounded and elliptical
shapes have values which range from 1.6 to 2.5,
irregular shapes have values ranging between 2.3 to
3.0, while the values for elongated shapes range from
5.0 to more than 8.0. Finally, the circularity index
(ratio between the measured depression area and
the area of a circle with the same perimeter) ranged
between 0.1 and 0.7.

DISCUSSION
Interpretation of the karst origin of the depressions
Based on a detailed analysis of the characteristics
of the features described above, we interpreted these
morphologies as karst depressions. The morphologies
were specifically interpreted as dolines of polygenetic
origin (Ford & Williams, 2007). The landforms
appear to have formed as a result of the dissolution
of rocks and downward percolation of seepage water
highlighting major contributions of karst processes,
because they lacked evidence of wind action or
erosional features (i.e., slope processes, parabolic or
super-parabolic cross-section) associated with the
evolution of impact craters.
Moreover,
the
studied
landforms
display
morphological convergence with terrestrial dolines
and their formation process is thought to be
analogous to the development of similar landforms

in evaporite rocks on Earth, where the
presence of dolines, as a karst landform
index (Ford & Williams, 2007; Gutiérrez et al.,
2008; De Waele et al., 2009, 2011), indicates
intense surface dissolution and runoff
along the whole area. The landforms have
morphometric (size) and morphologic (shape)
similarities with terrestrial dolines that
commonly develop in all kinds of evaporite
or limestone terrains on Earth (see Table 1)
(Johnson, 1997; Ford, 1998; Ferrarese et al.,
2002; Cucchi & Zini, 2003; Gutièrrez et al.,
2008; Galve et al., 2009; Di Maggio et al.,
2012), such as those in New Mexico (Fig. 3C),
Texas (Fig. 3F), the Dead Sea (Fig. 4C),
and Russia (Fig. 4F). Additionally, they
display strong morphological convergence
with the evaporite dolines described in other
regions of Mars, such as Tithonium Chasma
(Baioni et al., 2009; Baioni & Wezel, 2010;
Baioni 2013), Coprates Chasma (Baioni et al.,
2011), Hebes Chasma (Grindrod & Balme,
2010; Jackson et al., 2011), Sinus Meridiani
(Baioni & Sgavetti, 2013; Baioni et al., 2014;
Flahaut et al., 2015), Iani Chaos (Baioni &
Tramontana, 2015) and other regions (McKey
& Nedell, 1998; Schaeffer, 1990; Spencer &
Fanale, 1990).

Alternative formation hypotheses
Aeolian processes
Observed depressions were not created by
wind action. They lack a preferential orientation, which
rules out formation by wind deflation. Orientations of
the major axes of the depressions showed different
peaks, in directions ranging from N-S to E-W, NE-SW
to NW-SE and ENE-WSW to NNW-SSE. Thus, this
hypothesis can be ruled out.
On Earth, depressions shaped by wind action, called
blowouts, appear as bowl-shaped hollows caused by
slight deflation of the depressions (Neuendorf et al.,
2006). Blowouts are elongated along the direction of
the wind flow, display generally elliptical shapes and
have arcuate sides. Sediment accumulation is thicker
at the foot of the wall facing the wind. On Mars, blowouts
have been found only in Chryse Planitia and Elysium
Planitia (Kuznetsov et al., 2005), where they are
located within impact craters and often have distinct
rims. When a crater contains several depressions,
the depressions are organised in overlapping chains
(Kuznetsov et al., 2005). The observed depressions in
Juventae Chasma have completely different features
from those normally created by wind action.
Impact craters
Features of the observed depressions did not
support their formation as eroded or softened impact
craters, as indicated by two lines of evidence. Firstly,
the depressions displayed various plan forms, such as
lobate, elongate, drop-like and polygonal shapes, that
cannot be created by impacts. An impact would create
bowl-shaped depressions characterized by a circular
plan form (Robbins & Hyneck, 2012). Secondly,
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Table 1. Summary of morphometric and morphological characteristics of karst depressions on Earth and other regions of Mars compared to those
in the ILDs in Juventae Chasma.
Area (m2)

Shape

Circularity Index

Elongation
Index

References

280 → 435,000

rounded to elongated

0.11 - 0.69

1.62 ≤ 8.00

This work

300 → 10,000

rounded to elongated

0.60 - 0.82

1.05 - 2.65

600 → 9,000

rounded to elongated

0.57 - 0.88

1.10 - 2.80

68 → 250,000

rounded to elongated

0.29 - 0.99

1.00 - 6.22

U.S.A.

75 → 5,000,000

rounded to elongated

0.15 - 0.95

1.62 - 1.99

Spain

700 → 2,450,000

rounded to elongated

0.22 - 0.57

0.63 - 1.37

Location
Juventae Chasma
Tyrrhena Terra
Iani Chaos
Hungary

all the observed depressions lack raised rims and
ejecta. It is unlikely that all possible rims and ejecta
deposits were totally destroyed or cancelled by erosion
processes. Several authors have investigated changes
in Martian crater morphology in the advanced stage
of modification due to erosion processes (Craddock et
al., 1997; Forsberg-Taylor et al., 2004). When rims are
removed completely through erosion and back-wasting
processes, the crater fills with a deposit having a
parabolic or super-parabolic cross-section (ForsbergTaylor et al., 2004), and the crater walls show a
decrease of their average interior slope (Craddock et
al., 2008). In contrast, the depressions observed here
do not display these features, but are characterized by
smaller, flat floors and steep or vertical walls.
Ring-mould
craters
(RMC)
have
unusual
morphologies that have been identified only on
lineated valleys, lobate debris aprons and concentric
craters in the northern and southern mid-latitudes
of Mars. RMCs are generally rimless and consist of
an outer annular trough surrounding various interior
morphologies (e.g., central pit, tabular plateau, bowl
with central peak, bowl with tabular plateau and
double bowl) (Kress & Head, 2008). The depressions
observed here do not display any of these features.
Volcanic processes
Landform formation by volcanic processes can
be ruled out, due to the absence of any volcanic
morphology in this part of the chasma. Pit craters
associated to volcanic activity can occur within
collapsed magma chambers or along lava tubes where
they are arranged in linear arrays (Soare et al., 2007).
In contrast, the observed depressions do not follow
any particular pattern of orientation.
Tectonics
Pit craters due to tectonic processes occur within
graben systems or near areas having extensional
features, such as fault lines (Soare et al., 2007), and
linear arrays of circular to elliptical depressions.
These features do not characterize the area
investigated in this study, and the depressions do not
follow any orientation or circular pattern, ruling out
this hypothesis.
Groundwater sapping
Formation of depressions through groundwaterrelated processes, in which subsurface water breaches

Baioni &
Tramontana, 2016
Baioni &
Tramontana, 2015
Telbisz et al., 2016
Denizman, 2003;
Brinkmann et al., 2008
Lòpez-Vicente
et al., 2009

the surface during occasional upwelling events,
can be ruled out since the studied morphological
features lacks outflow channels and are surrounded
entirely by unbroken plains. Groundwater sapping
processes imply very high erosion rates and the
removal of huge amounts of material, so as to achieve
the present configuration of the depressions. To shape
these depressions, the water flow would generate deep
and wide outflow channels. Moreover, the eroded
material would need to be deposited somewhere on the
floor, but such deposits are absent in the investigated
areas.
The formation of depressions through melting
processes driven by hydrothermal activity can be
ruled out by the morphology of the surrounding
terrain. Geothermal melting within permafrost
produces a substantial amount of water close to the
surface, which may erupt out of the ground (Ogawa
et al., 2003). Such an eruptive flow event would
catastrophically release subsurface water causing
collapse and disruption of the overlying surface. This
would lead to outflow channels and chaotic terrains
(Ogawa et al., 2003; El Maarry et al., 2012) that were
not observed in the investigated area.
Thermokarst
The thermokarst origin can be ruled out in this
study due to the morphological features of the
depressions and the surrounding terrain. On
Mars, unsorted and small-sized polygons are often
associated with thermokarst depressions (Soare et
al., 2014) and are diagnostic features of periglacial
activity (Mellon et al., 2014). Landscape evolution
modelling of Martian sublimation thermokarst
(Dundas et al., 2015) demonstrated that thermokarst
depressions show scallop-like morphologies where
the warm equator-facing slope retreats and becomes
shallower much faster than the pole-facing scarp.
Moreover, thermokarst depressions on Mars also
exhibit newly dessicated regolith dotted with small
surficial pockmarks and pits. Instead, depressions
observed in this study did not show any sublimation
pits, pockmarks or unsorted and small-sized polygons,
nor did they show a marked difference in the oppositefacing slope. Finally, the morphology of the surrounding
terrain lacks any feature that could be ascribed to
periglacial activity. In fact, morphologies suggesting
ice sublimation such as small pits and small, unsorted
polygons, are absent in the whole area.
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Compaction of unconsolidated sediments
The morphologies of the depressions can
rule out their formation through compaction of
unconsolidated sediments. In fact, the compaction
of unconsolidated sediments because of the features
of material involved, usually does not produce
depressions characterized by vertical or very steep
sides (Cooper, 1989; Martinez & Boehner, 1996;
Cooper & Waltham, 1999) as can be observed for
theinvestigated depressions.
Possible morphogenesis of the observed landforms
The studied landform features appear to reflect
ice- and/or water-related processes. In our opinion,
the landforms provide compelling evidence of the
existence of liquid water because they seem to be
formed by dissolution processes. The development of
landforms related to liquid water on Mars could have
been triggered by the melting of ice and/or snow,
and/or permafrost, or alternatively by the structural
delivery of water to the surface. The study area lacks
morphological features and topography that would
suggest the presence of sapping processes due to
structural control. Therefore, the melting of ice or
snow could have driven the processes of dissolution
or collapse on the evaporite rock. This process would
be the same of what happens on ice-covered terrains
on Earth. Hence, the melting of ice or snow would
provide the water necessary for the dissolution and
collapse processes, as already proposed for the karst
landforms found in other regions of Mars, such as
Sinus Meridiani (Baioni & Sgavetti, 2013; Flahaut et
al., 2015), Tithonium Chasma (Baioni et al., 2009;
Baioni & Wezel, 2010; Wezel & Baioni, 2010; Baioni,
2013), Coprates Chasma (Baioni et al., 2011), Hebes
Casma (Grindrod & Balme, 2010; Jackson et al.,
2011) and Tyrrhena Terra (Baioni & Tramontana,
2016), as well as in karst terrains of Canada, the
United States, Russia and the high mountain
regions of Europe.
On Earth, evaporite karst develops much more
rapidly than on carbonate rock because of the higher
solubility of the evaporite rocks (Johnson, 2008),
but are also quickly destroyed by subsequent wet
episodes (Klimchouk, 2004). Thus, considering
the characteristics of evaporite karst and its rapid
evolution, the observed landforms seem to have been
affected by only one geological episode with available
liquid water. After this formation episode, there
was no more water available, and the karstification
processes ended.
Moreover, the features of the depressions such as,
the presence of gravitational slope processes and
stepped or terraced morphologies along their sides,
accumulation deposits on the floors, and several
superimposed impact craters (Figs. 3B; 4D, E), suggest
that they are not very young from the erosional point
of view. Considering that the ILDs are thought to
be of Hesperian age (Catling et al., 2006), the karst
landforms observed must be younger than the ILDs
on which they are shaped. Taken together, these
data illustrate that the observed karst landforms are
probably of middle Amazonian age.

Climate and karst
The landform features provide evidence of waterrelated processes because the availability of water is
the key climatic factor in karst development (Ford &
Williams, 2007). Liquid water was probably derived
from the melting of ice-rich ground or snow that would
have developed due to episodic changes of Martian
obliquity (Laskar et al., 2004; Madeleine et al., 2009;
Pacifici et al., 2009).
Theoretical considerations about the stability of water
ice and numerical simulations of climate predicted
that areas of surface ice or snow accumulation may
have shifted repeatedly between polar, middle, tropical
and equatorial latitudes in response to changes in
Martian orbital parameters and atmospheric physical
characteristics in the past (Madeleine et al., 2009;
Wordsworth et al., 2013).
Studies have found evidence of near-surface ice in
Martian tropical regions, as well as ground ice features
near or at the equator (Hynek, 2009; Shean, 2010; De
Blasio, 2011; Gourronc et al., 2014).
The ice/snow melt caused by climatic change
probably occurred gradually and over a sufficiently
long time to shape the karst landforms.

SUMMARY
The analysis carried out in this study suggests
that: i) The morphological characteristics of the
investigated depressions found in the Juventae
Chasma ILDs best fit with karst landforms on
Mars and Earth, whereas any other origin can be
discarded; (ii) Due to their high solubility, evaporite
karst on Earth forms in a very short time and
generally is rapidly destroyed by subsequent wet
episodes (Klimchouk, 2004). However, karst landform
characteristics on Mars suggest that the landforms
were more likely affected by a single geologic ‘wet
episode’, characterized by a period of sufficient water
availability caused by melting of ice, followed by dry
climate conditions, enabling these forms to survive;
(iii) The karst landforms suggest a response to climatic
change, because they require the presence of sufficient
water for their development. Hence our findings, being
diagnostic of liquid water shaping Hesperian ILDs,
suggest that climatic change occurred in the tropical
regions during the Amazonian period.
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Abstract:

Keywords:

The significance of intra-mountain valleys to infrastructure and human settlements and the
need to mitigate the geo-hazard affecting these assets are fundamental to the economy of
Italian alpine regions. Therefore, there is a real need to recognize and assess possible geohazards affecting them. This study proposes the use of GIS-based analyses to construct a
sinkhole susceptibility model based on conditioning factors such as land use, geomorphology,
thickness of shallow deposits, distance to drainage network and distance to faults. Thirtytwo models, applied to a test site (Enemonzo municipality, NE Italy), were produced using a
method based on the Likelihood Ratio (λ) function, nine with only one variable and 23 applying
different combinations. The sinkhole susceptibility model with the best forecast performance,
with an Area Under the Prediction Rate Curve (AUPRC) of 0.88, was that combining the
following parameters: Nearest Sinkhole Distance (NSD), land use and thickness of the
surficial deposits. The introduction of NSD as a continuous variable in the computation
represents an important upgrade in the prediction capability of the model. Additionally, the
model was refined using a kernel density estimation that produced a significant improvement
in the forecast performance.
evaporite karst, sinkhole, susceptibility, nearest neighbour, prediction-rate curves
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INTRODUCTION
Several regions of Europe are affected by groundsubsidence phenomena caused by the presence of
highly soluble evaporite rocks. These phenomena
represent a severe geo-hazard for many European
countries such as France (Thierry et al., 2009),
Germany (Dahm et al., 2010), Lithuania (Paukstys
et al., 1999), Russia (Koutepov et al., 2008), Spain
(Gutiérrez et al., 2008), the United Kingdom (Cooper,
1995; Cooper et al., 2011) and Albania (Parise et
al., 2004). Italy is also affected by this type of geohazard (Nisio et al., 2007; Caramanna et al., 2008;
Di Maggio et al., 2010; Iovine et al., 2010; Caporale
et al., 2013; Parise & Vennari, 2013), and the results
of recent investigations have shown that the Friuli
Venezia Giulia Region (hereafter noted as FVG) is
one of the most affected areas of northern Italy (Zini
et al., 2015a). Karst areas in FVG are very common
(Fabbri et al., 2013; Zini et al., 2014, 2015b, Calligaris
*jpgalve@gmail.com

et al., 2017a), but only 1% of the karstifiable lithologies
are represented by evaporites. These crop out along
the Tagliamento River Valley and along a northern
alignment, near the villages of Ovaro (Calligaris et
al., 2016), Prato Carnico, Sauris and Ligosullo. The
Upper Tagliamento Valley is affected by hundreds of
sinkholes, which represent a severe threat to human
facilities such as buildings and roads. Here, the
combination of an intensively karstified evaporite
bedrock, the presence of regional faults, the high
amount of annual rainfall (1600-2000 mm/y) and
large fluctuations of the water table (greater than 10
m) seem to be responsible for the above-mentioned
sinkholes. The most notable phenomena are located
in Quinis, a hamlet of the Municipality of Enemonzo,
where severe damage has been reported since the end
of the 1800s (Marinelli, 1898; Gortani, 1965; Zini et
al., 2015a).
As karst regions with a high density of sinkholes
are a threat to buildings and infrastructure, they
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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have been studied through the development of
susceptibility maps, obtained by using deterministic,
heuristic and probabilistic/statistical methods.
Deterministic techniques are based on physicallybased models developed using numerical methods.
Heuristic models apply rules defined using expert
criteria for determining if an area can be considered
a sinkhole-prone area. Probabilistic and statistical
methods quantitatively analyze the most important
factors that characterize the geological features
of the sinkhole-prone areas. Galve et al. (2009a)
explained in detail the differences between these
techniques and carried out a complete review of the
different types of sinkhole susceptibility maps. Table
1 lists the publications in the international scientific
literature that describe different methods used for
the analysis of sinkhole susceptibility in a variety of
geological scenarios.
The methodology used in this paper to build a
sinkhole susceptibility map belongs to the probabilistic
methods, which do not require the often difficult and
expensive information of the deterministic methods.
Furthermore, probabilistic methods are more objective

than heuristic calculations and provide better results
than the other techniques, especially in the analysis
of geomorphic processes at the medium and regional
scales (e.g., Cervi et al., 2010). Probabilistic and
statistical methods have been extensively applied in
landslide susceptibility analyses (e.g., Calligaris et al.,
2013; Petschko et al., 2014; Piacentini et al., 2015;
Steger et al., 2016), but they are not very common in
the literature related to karst subsidence sinkholes (see
Table 1). The evaporite karst of the Ebro Valley (Spain)
is the region where these methods have often been
tested (Simón et al., 1991; Soriano & Simón, 1995;
Simón & Soriano, 2002; Lamelas et al., 2008; Galve et
al., 2008, 2009b, 2011), but other authors also used
these techniques to produce sinkhole susceptibility
maps in other study areas (Hyland, 2005; Yilmaz,
2007; Dai et al., 2008; Doctor et al., 2008; Oh & Lee,
2010; Nachbaur & Rohmer, 2011; Doctor & Doctor,
2012; Papadopoulou-Vrynioti et al., 2013; Pradhan
et al., 2014; Cahalan, 2015; D’Angella et al., 2015;
Ciotoli et al., 2016; Table 1). The techniques applied by
these authors include Logistic Regression, Frequency
Ratio, Geographically Weighted Regression, Artificial

Table 1. Main characteristics of the karst areas where susceptibility assessments were developed and the methods used in each one. Method
acronyms: SM: Score Method; SA: Stability analysis; LR: Logistic Regression; LRF: Likelihood Ratio Functions; DT: Decision-tree model; GWR:
Geographically Weighted Regression; AHP: Analytical Hierarchy Process; FR: Frequency Ratio; EBF: Evidential Belief Function; ANN: Artificial
Neural Networks; OLS: Ordinary Least Squares regression; WoE: Weights of Evidence; FL: Fuzzy Logic. Validation type acronyms: CM: Confusion
matrix; PRC: Prediction-rate curves; ROC: Receiver Operating Characteristic curves; DF: Degree of Fit.
Study area

Karst Bedrock

Method

Validation

Reference

Algarve (Portugal)

Carbonates

Heuristic (SM)

No

Forth et al., 1999

Crestatx (Spain)

Carbonates

Heuristic

No

García-Moreno & Mateos, 2011

Loire River (France)

Carbonates

Statistical

No

Samyn et al., 2014

Dzerzhinsk (Russia)

Evaporites

Deterministic (SA)

No

Koutepov et al., 2008

Ebro Valley (Spain)

Evaporites

Statistical

No

Soriano and Simón, 1995

Ebro Valley (Spain)

Evaporites

Statistical (LR)

Yes (CM)

Lamelas et al., 2008

Evaporites

Heuristic (SM) and
Probabilistic (LRF)

Yes (PRC)

Galve et al., 2009b

Ebro Valley (Spain)
Fillmore (USA)

Carbonates

Heuristic (DT)

No

Gao and Alexander, 2003

Frederick Valley (USA)

Carbonates

Statistical (GWR)

No

Doctor et al., 2008

Guilin (China)

Carbonates

Heuristic

No

Dai et al., 2008

Hamadan province (Iran)

Carbonates

Heuristic (AHP)

No

Taheri et al., 2015

Jefferson (USA)

Carbonates

Statistical (GWR)

No

Doctor and Doctor, 2012

Karapınar area (Turkey)

Carbonates

Probabilistic (FR)

Yes (ROC)

Ozdemir, 2015

Kinta Valley (Malaysia)

Carbonates

Probabilistic (EBF; FR)

Yes (ROC)

Pradhan et al., 2014

Lazio region (Italy)

Carbonates

Statistical (LR)

Yes (ROC)

Ciotoli et al., 2016

Missouri (USA)

Carbonates

Heuristic (SM)

No

Kaufman, 2008

N Shenandoah Valley (USA)

Carbonates

Statistical

No

Hyland, 2005

Sivas basin (Turkey)

Evaporites

Probabilistic (FR)

Yes (DF)

Yilmaz, 2007

Torre Castiglione (Italy)

Carbonates

Heuristic (DT)

No

Bruno et al., 2008

Tournaisis area (Belgium)

Carbonates

Heuristic

No

Kaufman and Quinif, 2002

Paris (France)

Evaporites

Heuristic-Determ.

No

Thierry et al., 2009

Marbles

Statistical (LR)

No

Papadopoulou-Vrynioti et al., 2013

Athens (Greece)
Tampa (USA)

Carbonates

Heuristic (SM)

No

Zisman, 2001

Kinta Valley (Malaysia)

Carbonates

Heuristic (SM)

No

Al-Kouri et al., 2013

Wuhan city (China)

Carbonates

Heuristic-Determ.

No

Wu et al., 2010

Evaporites

Heuristic and Statistical
(LR, ANN)

Yes (ROC)

D’Angella et al., 2015

Dougherty County (USA)

Carbonates

Statistical (OLS, GWR)

No

Cahalan, 2015

Samcheok City (Korea)

Carbonates

Probabilistic (WoE)

Yes (ROC)

Oh and Lee, 2010

Arras (France)

Evaporites

Probabilistic (WoE, FL)

No

Nachbaur and Rohmer, 2011

Val d’Orleans (France)

Carbonates

Probabilistic (WoE)

Yes (ROC)

Perrin et al., 2015

Lesina Marina (Italy)
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Neural Networks and Weights of Evidence. The
present paper describes the application of a method
based on the Favorability Functions approach (Chung
& Fabbri, 1993), and the Likelihood Ratio (Chung,
2006). Although this technique is a simpler method
than the other widely applied statistical methods, it
has demonstrated good performances for predicting
the occurrences of sinkholes in the Ebro Valley
(Spain) (Galve et al., 2008, 2009b, 2011). Moreover, it
has been successfully used in landslide susceptibility
modeling (e.g., Chung, 2006; Lee & Pradhan, 2007;
Felicísimo et al., 2013). In this paper, the nearest
neighbor analysis proposed by Galve et al. (2011) for
modelling the sinkhole susceptibility was improved
by using the kernel density function to calculate the
nearest sinkhole distance as a continuous variable
(Silverman, 1986; Chung, 2006).
One of the most important parts of this methodology
is the evaluation of the obtained susceptibility
models. Reliable evaluations of models on sinkhole
susceptibility are scarce in the international literature
(Table 1), and most of the papers do not present
information about the reliability of the presented
maps, models or methods. Only Galve et al. (2008,
2009b, 2011), Oh & Lee (2010), Pradhan et al.
(2014), D’Angella et al. (2015), Perrin et al. (2015),
Ozdemir (2015) and Ciotoli et al. (2016) show reliable
validation results. However, the evaluation of models
is a common practice in the susceptibility modeling
of landslides and earthquakes. Accepted methods to
evaluate the capacity of models to forecast the future
occurrences of discrete phenomena, such as sinkholes,
are described by Chung & Fabbri (2003) and Begueria
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(2006). Among these methods, Receiver Operating
Characteristic (ROC) curves and Prediction-Rate
Curves (PRCs) are the most widely used techniques
(See Table 1). The elaboration of these curves needs
the application of cross-validation techniques. Chung
& Fabbri (2003) reviewed diverse options to carry out
the cross-validation, and Galve et al. (2009b) applied
them to sinkholes affecting the Ebro Valley. We used
these techniques to perform a sensitivity analysis for
selecting the model that, using the least information,
will achieve the highest prediction power.

GEOLOGICAL AND HYDROGEOLOGICAL
SETTING
The evaporites of the Triassic and Permian strata
are present in the NW part of FVG, aligned along
two clearly defined directions (Venturini et al.,
2001; Carulli, 2006). The northernmost alignment
is characterized by Late Permian evaporites included
in the lower member of the Bellerophon Formation
(Fig. 1, blue color) which is typical of the transgressive
sequence where the gypsum, characterised by microand saccharoid crystals layered and interbedded
with black limestones and dolostones, overlies the
continental deposits of the Arenarie della Val Gardena
Formation (Upper Permian). The sequence ends with
limestone-dolostone-gypsum vacuolar breccias and
dolomitic limestones.
Triassic evaporites of the Late Carnian, represented
by outcrops of the Raibl Formation, occur in the
E-W oriented Tagliamento River Valley (Fig. 1, yellow
color). These evaporites, which are deposited in a deep

Fig. 1. Location of the study area and the evaporite karst of the Friuli Venezia Giulia region.
1) Forni di Sopra; 2) Forni di Sotto; 3) Ampezzo; 4) Socchieve; 5) Enemonzo and Quinis;
6) Sauris; 7) Prato Carnico; 8) Ligosullo; 9) Paularo and its hamlet Dierico.
International Journal of Speleology, 46 (2), 191-204. Tampa, FL (USA) May 2017
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lagoon environment, include different lithologies: the
red siltstone member with a thickness between 10
and 80 m at the bottom; the intermediate member of
the white and grey saccharoid gypsum, rich in clayey
impurities and grey dolomites (thickness of 350 m);
and the dolomites and marls at the top (thickness
of 180 m) (Venturini et al., 2001). The Late Carnian
evaporites extensively crop out at Enemonzo and
Quinis (Venturini et al., 2001; Cucchi & Piano, 2002;
Burelli et al., 2004) (Fig. 2). Their ductile behavior
represents a sort of tectonic lubricant for more
resistant lithologies.
From a structural viewpoint, the E-W Tagliamento
River Valley is controlled by several faults, including
the regional Alto Tagliamento overthrust. The latter
separates the Carnian Alps (Northern sector) from the
Carnian Prealps (Southern sector) (Venturini et al.,
2001; Carulli, 2006). In the study area, this structural
feature is not detectable at the surface but is buried
and recognizable only toward the West, outside the
area of interest (Venturini et al., 2001). Furthermore,
the study area is characterized by several NW-SE
minor faults (Fig. 2).
Evaporites are often capped by recent alluvial
deposits, more or less cemented, of the Tagliamento

River or are covered to a less extent by eluvial or colluvial
deposits from neighboring reliefs (Fig. 2). Alluvial
deposits are heterogeneous in grain size due to the
depositional patterns conditioned by the alternation
of glacial and interglacial periods, as well as the recent
depositional events of the Tagliamento River. For
these reasons, the highly permeable polygenic gravels
alternate strata of clays and silty-clayey terrains,
which decrease the overall permeability (Zini et al.,
2015a). In the investigated area, the thickness of the
Quaternary deposits increases, from N to S, ranging
from a few meters beneath the foothills to more than
60 m in correspondence of the Tagliamento floodplain.
The Quaternary deposits are characterized by the
presence of an extensive phreatic aquifer which is
fed by two contributions: (1) the effective infiltration
and the stream leakages in the northern sector; (2)
and the Tagliamento river leakages in the southern
sector. Water table fluctuations are particularly great
and linked to the discharges of the Tagliamento River,
which are in turn influenced by the dam activities
upstream. During low flow conditions Tagliamento
leakages are few with a consequent lowering of the
water table. The aquifer is therefore mainly recharged
by the stream leakages, which occur in the northern

Fig. 2. Geology and geomorphology of the study area.
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sector of the study area. During high flow conditions,
the recharge due to the leakages of the Tagliamento
River are important and the phreatic levels close to
the riverbed and in the inhabited plain areas are
comparable. The water table fluctuations reach up to
15 m with velocities greater than 0.4 m/h (recorded
in the Quinis area).

MATERIALS AND METHODS
Sinkhole inventory
Within the framework of several different projects
funded by the Regional Geological Survey of the FVG
region as well as by the Enemonzo municipality the
researchers of the Mathematics and Geosciences
Department of Trieste University realised the first
sinkhole inventory of the study area (Calligaris et al.,
2017b) (Fig. 3A).
This inventory has been developed through a
multiphase approach, which envisaged the following
phases: (1) Collection and analysis of documents
and reports for the retrospective analysis of sinkhole
occurrences; (2) Interpretation of multi-temporal aerial
photographs; (3) DTM data analyses; (4) Interviews
with locals; and (5) Geomorphological surveying
and mapping.
Particular attention was devoted to the retrospective
study of sinkhole events that took place during
historic times. Bibliographic and archival research
has been performed using newspapers and scientific
articles and at public institutions. In addition to
the historical research, a detailed geomorphological
analysis through high resolution DTMs and aerial
photographs allowed to recognise the phenomena
affecting the study area.
At present 89 sinkholes were identified, 44 of
which were classified as cover collapse sinkholes,
and 45 as cover suffosion sinkholes, according to the
classification of Gutiérrez et al. (2014). The diameters
vary between 0.5 m and 72 m, whereas the depth
can reach 15 m. Among the 89 sinkholes, dates of
occurrence are available for only a dozen.
In the present section we describe only the
known recorded historical events, which represent
the meaningful phenomena of the ancient and
recent times.
Historical documents report the first sinkhole
occurrence in the area since the end of the 1800s
(Marinelli, 1898; Zini et al., 2015b, c). In historical
pictures taken by locals, a 19th century church
located in the center of the Quinis village (Fig. 3E)
was restored several times from damage caused by
ground subsidence phenomena; the church was
demolished in the mid-1970s for safety reasons
due to severe damage. An analysis of historical
photos indicates that the church was brought
down between 1974 and May 1976, when a 6.4M
earthquake struck eastern Friuli (Carulli & Slejko,
2005). The adjacent bell tower still exists, although it
is tilted due to the action of underground dissolution
processes (Fig. 3E). The above-cited events are
probably the best known in NE Italy related to
evaporite subsidence phenomena (De Waele et
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al., 2017), but the surroundings of Quinis and
Enemonzo villages are heavily affected by evaporite
dissolution processes. Gortani (1965) reported the
occurrence of three significant collapses, one in
October 1962 and the other two in October 1964.
The first occurred approximately a half km S of
Quinis, the second formed close by, and the third
formed in the Tagliamento riverbed in between
Socchieve and Enemonzo villages. Gortani explained
that their genesis is attributable to a sudden drop
of the groundwater table due to the construction of
an upstream hydroelectric plant. The diameters of
the above-cited sinkholes were 15, 45, and 25 m,
respectively, with maximum depths of 10, 15, and
15 m. Another 10 m wide subsidence event occurred
in 1977 (Fig. 3B) south of Enemonzo in cropland.
The sinkhole was immediately filled by locals, but six
months later, it was reactivated. In 1985, ten meters
away from this last event, a new sinkhole occurred.
The local newspapers reported that the depression
was approximately 7-8 m wide and 3.5 m deep. Three
adjacent buildings were demolished, and the rubble
was used to fill up the sinkhole. After this event, there
was no evidence of new phenomena until 2012, when
a new depression, 4 meters in diameter and 2 meters
deep, formed (Fig. 3C). Currently, the largest visible
sinkhole is located at Molino di Quinis. Its diameter
is approximately 15 m, and it is 3 m deep (Fig. 3D).
More recently, in 2013 and 2016, new small-size
phenomena occurred.
Conditioning factors
The identification and construction of a geospatial
database of sinkhole conditioning factors play a
crucial role in sinkhole susceptibility modelling.
However, there are no widely accepted rules for
defining a set of sinkhole causal factors. The latter can
be different depending on the geological, lithological
and hydrogeological characteristics of the study
area. Based on the literature (Gortani, 1965), local
knowledge, and the outputs of in-depth investigations
carried out by Zini et al. (2015a), the following factors
have been selected: land use, geomorphology, thickness
of the covering deposits, distance to drainage network
and distance to faults. Thematic maps representing
each factor were produced, and all of the acquired
information was stored in a geodatabase.
The land use and geomorphological maps were
produced starting from 1:5,000-scale topographical
maps, aerial photos and Digital Elevation Models
(DEM) at a 1-m resolution, derived from Aerial Laser
Scanner (ALS) data acquired in the period from
2006-2010 by the Civil Defence of the Friuli Venezia
Giulia Region.
The “land use” (L) factor plays a fundamental role
in the sinkhole generation and evolution. Changes
in the land use pattern, such as crop variations or
the construction of new buildings and roads, modify
the infiltration of rainfall into the ground. Floodplain,
forest, cropland, grassland and urban areas are the
five land use types identified in the study site. The
floodplain class includes extensive gravel deposits of
Tagliamento riverbed and minor streams. The forest
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Fig. 3. Sinkhole inventory (A) and field photographs (B, C, D, E) of the types of sinkholes in the study area (DMG, 2015). The phenomena
pictured in B, C, D, and E are indicated in A. B, C, and D are cover collapse sinkholes, while E is a cover suffosion sinkhole.

class incorporates woodlands and land cultivated for
afforestation. The cropland class includes field crops
and horticulture areas. The grassland class represents
areas where the vegetation is dominated by grasses.
The urban area unit incorporates transport facilities
(roads and car parks), residential and community
buildings, industrial areas, quarries and landfill
waste disposal sites.
Different areas of land use were recognized using
aerial photo interpretation often assisted by field
activities. The latter were performed mainly in the
surroundings of Quinis and Enemonzo villages, where
the definition of limits between different types of land
use was frequently complex.
The density and spatial distribution of sinkholes in
Friuli Venezia Giulia seems to be dependent on the
geomorphological units. The phenomena are more
abundant in the flat areas of intra-mountain valleys

than at the piedmont hills or along the hillslopes. For
the study area, the geomorphological landforms (G)
were identified and digitized using aerial photos and
validated by field surveys. The area was classified
into the following units: riverbed (where water actively
flows), floodplain (area of land which experiences
flooding during high discharge periods), river terrace,
deeply incised stream, hillslope (slopes with angle
>15°), fan (fan-shaped deposits of water-transported
material (alluvium)), hilltop (flat areas at the top
of hill slopes) and cliff (vertical, or nearly vertical,
rock exposure).
The definition of the thickness of the Quaternary
deposit (T) constitutes a significant factor in the
generation and evolution of sinkholes. These deposits
are characterised by a high heterogeneity: highly
permeable polygenic gravels alternate strata of clays
and silty-clayey terrains, which decrease the overall

International Journal of Speleology, 46 (2), 191-204. Tampa, FL (USA) May 2017

Improving sinkhole susceptibility models

permeability. A detailed description of these deposits
is given in Zini et al. (2015a) describing the Quinis
subsurface deposits. The thickness was calculated
from the stratigraphies of 146 boreholes, which are
widespread in the study area (data available in the
General Municipal Development Plans- PRGCs). Some
of them reach the bedrock, whereas others stop in the
overlying deposits. The thickness of the Quaternary
deposit was ranked into four classes: 0-10 m, 10-20
m, 20-40 m, and >40 m.
Streams and rivers (H) can play an important
role in sinkhole generation and evolution. The
spatial distribution of streams and rivers shows
the areas where the infiltration of shallow waters
is concentrated. This factor can be considered an
indirect indicator of the dissolution of the evaporites
underlying the Quaternary deposits. The Tagliamento
River is the major river in Friuli Venezia Giulia Region
and flows in a W-E direction in the southern part of the
study area. The rest of the drainage pattern is mostly
parallel, related to the fact that many streams flow
in an approximately NW-SE, structurally controlled
direction. We computed the straight-line distance
(Euclidean distance) of sinkholes from the rivers.
Evaporite sinkholes are often aligned with geological
structures such as faults (F). A map of the faults was
constructed using the geological map Carta Geologica
delle Alpi Carniche (Foglio occidentale), 1:25,000
scale, from Venturini et al. (2001) and F°31 Ampezzo
(Venturini et al., 2010), and then the Euclidean
Distance tool was used to compute the required map
based on the straight-line distance from the faults.
The elevation (D) and gradient (S) measure the
angle of the slopes and control the direction and
speed of the runoff waters and erosion of the terrain
slopes. For this study, we computed these maps
using the Spatial Analyst tool of ArcMap 10.4,
produced by ESRI.
For the field survey analyses, the study was realized
at a 1:5,000 scale (Calligaris et al., 2017b). The
elevation and the products derived from the Digital
Elevation Model have a cell size of 1 m.
Susceptibility modelling
The susceptibility models of the Enemonzo area were
constructed using a method based on the Likelihood
Ratio (λ) function (Chung, 2006). This function
compares the empirical distributions of the values of
a conditioning factor in the pixels with sinkholes and
in the pixels without sinkholes. The λ function can be
expressed by
  (1)
where f { factor|X } is the empirical distribution
function of the values of a factor in the area affected by
sinkholes and f { factor|X } the empirical distribution
function of the values of a factor in the area not
affected by sinkholes. If these two distributions are
very similar, it indicates that the conditioning factor
does not explain the distribution of the sinkholes,
while if they are very different, this means that the
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conditioning factor has a high capacity to predict the
spatial location of the sinkholes.
The λ function can be estimated in each categorical
factor (x1, x2, ... , xi ) represented in a raster map
(i.e., land use or geology) by applying the following
equation:
(2)

The continuous factors are traditionally reclassified
into several classes to apply this equation. However,
there is another way to estimate λ using continuous
data by applying a kernel density estimation. A kernel
is a smooth function used to spread values of a
distribution of numerical data. This function avoids
the abrupt jump of frequency values from one range
to the next, as can be observed in a conventional
histogram formed by block diagrams. We used a
normal kernel, namely, a kernel function with a
Gaussian distribution, in a shape that has the form:
  (3)
where σ is the standard deviation of the distribution.
In our case, this kernel function produces a bellshaped curve that describes the distribution of values
of a conditioning factor. We generated two kernel
density functions for each conditioning factor, which
represent the distribution of values in the areas with
and without sinkholes. The ratio calculated in each
value using the data of these two curves represents
the λ function of each conditioning factor. This
methodology was described in detail by Chung (2006)
and applied in sinkhole susceptibility analyses by
Galve et al. (2008).
The estimation of λ for a set of categorical and
continuous factors was performed by multiplying
each pixel by the value of λ of each factor. See Chung
(2006) for a detailed description of the method and
Galve et al. (2008, 2009b, 2011) for its implementation
to produce sinkhole susceptibility maps.
Additionally, we included the variable Nearest
Sinkhole Distance (NSD) in the conventional procedure
for estimating λ and producing susceptibility maps,
as described in Galve et al. (2011). Our innovation
is the use of a kernel density function to incorporate
in the calculations the NSD as a continuous factor
instead of as a categorical factor. First, we carried
out a nearest neighbor analysis to calculate the
proportion of sinkholes within a given distance from
another sinkhole. The results of this calculation are
referred to distance ranges and not to continuous
distance values. At this point, we estimated the value
of this proportion at every distance value by applying
a kernel method. We used a normal kernel as in the
λ estimation for the other conditioning factors. Figure
4 shows the results of this analysis in the Enemonzo
area and the Gaussian kernel density function derived
from them.
Another factor associated with the sinkhole
distribution, the Orientation to Nearest Sinkhole
(ONS), has been considered and added to the analysis.
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The generation of a map with this causal factor follows
a procedure similar to that used for the NSD. First,
the probability of finding another sinkhole following
a specific orientation was assessed by observing the
frequency of the azimuths of the lines that connect
each sinkhole with their nearest neighbors. The
result is creating orientation frequencies divided into
16 azimuth ranges of 22.5º. These frequencies (F)
were transformed into proportions (P) (Eq. 4), and the
proportions were divided by 0.0625 (1/16) to estimate
λ in each azimuth range.
  (4)

out to generate Prediction-Rate Curves (PRCs).
These curves graphically show the proportion of the
study area, ordered from the highest to the lowest
susceptibility, that contain a certain proportion of
the test dataset sinkholes (Chung & Fabbri, 2003;
Remondo et al., 2003). Thus, PRCs can be used to
obtain information such as the area of the model
in which a certain proportion of future sinkholes
may occur. For example, we can estimate that a
certain percentage of the future sinkholes may
occur in a certain percentage of the area with the
highest susceptibility. Moreover, the Area Under the
Prediction-Rate Curve (AUPRC) was extracted as a
quantitative measure of the model forecasting power.
We compared the AUPRCs of the models to identify
the factors with the highest prediction capability and
the best combination between them for forecasting
the locations of future sinkholes (Table 2 and 3).
Then, the best model was selected using the following
steps: (1) models using only one conditioning factor

The division by 1/16 has been done because it is
assumed that the proportion of pixels in each area
covered by the pixels of an azimuth class is the same.
Second, an orientation map is produced from the
sinkholes and reclassified into 16 classes according
to the 16 azimuth ranges of 22.5°. Third, the
λ value calculated for each azimuth range Table 2. Prediction capability of variables. AUPRC: Area Under Prediction-rate Curve.
ID
VARIABLE
NICKNAME
AUPRC
was assigned to each class of the latter map.
This causal factor was shown to be a good
N
Nearest Neighbour Distance
NND
0.82
predictor in areas where sinkholes show clear
L
Land use
LANDUSE
0.81
lineaments, such as in the Dead Sea sinkhole
G
Geomorphology
GEOMOR
0.73
fields (e.g., Abelson et al., 2006).
T
Thickness of Quaternary deposits
THICKNESS
0.71
D

Sensitivity analysis through crossF
validation techniques
S
The prediction capability of the conditioning
H
factors was assessed through the evaluation
O
of the susceptibility models constructed by
using each of them or their combinations.
This evaluation was carried out through a two-fold
cross-validation. Thus, the sinkhole population was
divided randomly into two groups, a training dataset
and a test dataset. The training dataset was used
to produce the susceptibility model, and then this
model was evaluated by analyzing the distribution
of the sinkholes in the test dataset with respect to
the susceptibility values. This evaluation was carried

Fig. 4. Likelihood ratio of distance ranges to sinkholes
estimated from the observed frequency in each distance
range (pink columns; see Galve et al., 2011 for more
details about the elaboration of this plot) and empirical
frequency distribution of distance to sinkholes using a
Gaussian kernel (blue line).

Elevation

DEM

0.71

Distance to faults

FAULTDIST

0.67

Slope gradient

SLOPE

0.64

Distance to drainage network

HYDRODIST

0.58

Orientation to Nearest Sinkhole

ONS

0.45

Table 3. Prediction capability of combinations of the variables
in Table 2. The acronyms of the models are produced by
combining the IDs of the variables (see Table 2). The PRCs
of the combinations highlighted in grey tones are shown in
Fig. 5A. VAR: Number of variables combined in the model;
AUPRC: Area Under Prediction-rate Curve.
MODEL

VAR

AUPRC

NLT*

3

0.885

NLT

3

0.879

NL

2

0.878

NLTD

4

0.873

NLTDF

5

0.870

NLG

3

0.868

NT

2

0.857

NO

2

0.827

LTDF

4

0.817

LTDHF

5

0.817

LTDH

4

0.811

LTDS

4

0.809

LTD

3

0.809

LGTDFSH

7

0.807

LGTDF

5

0.806

LTF

3

0.803

LT

2

0.798

LD

2

0.797

LGT

3

0.791

LTH

3

0.788

LG

2

0.777
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were evaluated and ordered according to their
prediction capability; (2) the combinations of the
factors were evaluated from the models combining
all the available factors to produce models that
combine only the factors with the best performance.
We analyzed the trend of the AUPRC value when a
factor is included or not. A factor was rejected when
the AUPRC did not increase when it was included in
the combination. (3) The combination with the highest
AUPRC was used to produce a definitive susceptibility
map using the entire sinkhole inventory. The
contributions of factors when they are incorporated
in the analysis can be studied by comparing the
spatial patterns of the models and the shapes of the
PRCs generated with and without each of the factors
(Fig. 5) (see Galve et al., 2009b). This procedure may
show how, where and why each factor improves or
worsens the model.

RESULTS
The results of the sensitivity analysis to study the
forecasting performance of the selected factors and
their combinations are presented in Tables 2 and 3
and Figure 5. The process produced 32 models, 9 with
only one factor and 23 with combinations of different
factors. As expected, the variable with the highest
prediction capability is the nearest sinkhole distance,
followed by land use. The thickness of the covering
deposits is the fourth parameter in the ranking of the
best-forecast performance, but its addition improved
the models more than geomorphology (the third in the
ranking).
The sinkhole susceptibility model with the best
forecasting performance was produced by combining
the following parameters: Nearest Sinkhole Distance
(NSD) as a continuous variable, land use and thickness
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of the covering deposits (the so-called NLT* model).
Only the combination of these three parameters
shows greater predictive power than the combination
of all nine parameters studied. Moreover, the
introduction of more than these three parameters
decreases the prediction capacity of the models.
The NLT* model shows very good performance, with
an AUPRC of 0.88, and predicts that 86% of future
sinkholes will occur in the 20% of the study area with
the highest susceptibility (Figs. 5 and 6).
The model with the highest forecast performance
was improved by including the parameter NSD as a
continuous variable instead of a categorical variable
through the use of kernel density functions. Although
the improvement seems to be modest with respect to
the AUPRC value, the model shows a 5% increment
in the forecasting performance within 20% of the
study area with the highest susceptibility. This 5%
indicates that the model produced without the kernel
density functions needs a greater area to predict the
same proportion of sinkholes as the best model. In
particular, the model generated using categorical
variables predicts 86% of future sinkholes using
30% of the study area with the highest susceptibility.
As mentioned before, this percentage of sinkholes
is predicted by the best model using only 20% of
the study area. Therefore, the “categorical” model
needs ~1 km2 more (~10% of the study area) to
predict the same proportion of sinkholes as the best
model (Fig. 7).
The Orientation to Nearest Sinkhole (ONS) has not
produced good results. The improvement generated
by this variable in the models is very poor because the
sinkholes of the Enemonzo area do not follow clear
preferential orientations.

Fig. 5. Prediction-rate curves (PRCs) of the most representative models. Acronyms of the
models indicate the combinations of variables (see Tables 2 and 3 for identifying the initial of
each variable. (A) PRCs of the combinations that best express the evolution of the prediction
capability by adding or subtracting variables from the models. The model LGTDFSH involves all
the independent variables, but this combination provides worse results than a model with only
four of the parameters (LTDF). The introduction of the N variable (Nearest Sinkhole Distance)
improved the latter combination, and this variable with only two additional parameters ultimately
generated the best model. (B) Comparison between the PRCs of the NLT model with (NLT*)
and without (NLT) the integration of a kernel density estimation. On the one hand, the two
combinations indicate an area where the probability of sinkhole occurrence seems to be very
low (“safe area”) that the other combinations could not define. On the other hand, it is apparent
from this plot that NLT* is better than NLT in almost all the areas of medium susceptibility, and
this gives the NLT* model the highest prediction capability.

DISCUSSION AND CONCLUSIONS
The produced susceptibility map
highlights the most sinkhole-prone
zones of the study area and incorporates
the parameters that better represent the
conditioning factors that generate and/
or accelerate the sinkhole processes.
This map is in a good agreement with the
outcomes of the in-depth investigations
performed in the past (as the Piano
Stralcio per l’Assetto Idrogeologico –
P.A.I. Plan, Autorità di Bacino, 2012).
Critical points are the area of Esemon
di Sotto and the Tagliamento riverbed.
In the former area, the susceptibility
map classifies the terrain with high
and very high susceptibility, although
sinkholes have never occurred. A
possible explanation for this could be
that a strike-slip fault has displaced
the evaporites towards the N, leading to
the absence of gypsum bedrock in the
Esemon di Sotto area. This hypothesis is
supported by geological data, as shown
in the map proposed by Venturini et
al. (2010), but needs to be confirmed
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Fig. 6. Sinkhole susceptibility model of Enemonzo area produced using as a training set only the sinkholes without
dates (black circles). Dated sinkholes are represented on the model to show the good spatial correlation between
the model and their locations (black stars). It is noted that the latter sinkholes were not used in the generation of
the model represented in the figure.

Fig. 7. Sinkhole susceptibility zonation according to the expected percentages
of future sinkholes that will occur in each zone. Dark grey zone covers the area
where 86% of future sinkholes will occur, medium grey colored zone covers the
area where 14% of future sinkholes will occur, and the light grey zone covers the
so-called “safe area” (see Fig. 4).

by direct investigations. Another critical point is
that the Tagliamento riverbed is classified as area
of very low or low susceptibility according to the fact
that sinkholes were not reported. This might not be
realistic. The area is not used for human activities, so
witnesses cannot confirm the occurrence of sinkhole
phenomena, as fluvial processes can easily hide all the
formed karst depressions. To support this hypothesis,
Gortani (1965) reported that the variations of the river
discharge generated by the upstream construction of
a dam caused several subsidence phenomena in the
riverbed and in adjacent areas.
The obtained susceptibility map is plausible. The
area where Enemonzo Village lies is classified as

moderately susceptible. Conversely, the two northern
areas of Fresis and Casolare Promeal are classified
as very high, in agreement with the sinkholes that
occurred in the past. In the central part of the
study area, between the villages of Enemonzo and
Quinis, sinkholes were not reported in the past. The
morphology factor, as well as the great thickness
of the deposits (T), seem to have affected the recent
formation of sinkholes in this area. Groundwaters
follow the bedrock morphology and flow from the
northern hills towards the SE depressed areas where
sinkholes recently (2012) occurred (Fig. 6).
It is worth noting that in the modelling process, the
information provided by the distance to the drainage
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network or faults, geomorphology, elevation and
slope was unable to increase the predictive power of
the models. The conditions that induce the sinkhole
formation at depth do not seem to be reflected at
the surface. Most of the aforementioned factors
represent characteristics of the landscape and show
a limited prediction capacity. It is interesting that the
geomorphology factor is the second in the ranking of
the best forecasting performance, but its participation
in the multivariate models does not improve their
prediction power. The geomorphology may affect or
be affected by subsidences, but its capacity to predict
sinkholes can be included in other factors, such as
NSD or land use.
The thickness of the Quaternary deposits is the only
variable in our database that represents subsurface
information; it shows a moderate capacity to define
the most sinkhole-prone areas. This result may be
explained by the fact that the available information
used to produce the thickness map does not have
sufficient detail to generate a significant improvement
in the model prediction. However, the slight
improvement observed when this factor is included in
the model seems to indicate that an upgrading of the
thickness estimation would be helpful.
Finally, in the applied methodology, it has not
been possible to take into account the role played
by the groundwater due to the lack of homogeneous
information in most part of the study area. As
shown in Quinis where we have an accurate amount
of hydrogeological data, the groundwater table
fluctuations play a key role in the generation and
evolution of ground-subsidence phenomena (Gortani,
1965; Zini et al., 2015a). Unfortunately, there is
not enough available information on the water table
fluctuation in the rest of the study area.
The discussed topics demonstrate how sinkhole
susceptibility modelling outcomes may guide all
types of reasoning and conclusions. This paper
highlights that the effort of constructing a database
and producing and validating a model may provide
more than one output: the susceptibility model and
the information on how to improve it. The sensitivity
analysis indicates which parameters can improve
the prediction capability of the best susceptibility
model, and thus the analysis process provides us
with some direction for further research. In this work,
the results indicate that the acquisition of subsurface
information and of a continuous inventory of sinkhole
occurrences as well as new techniques of analysis
may improve the produced model and adapt it to the
geological knowledge of the region. In this regard, the
susceptibility model should not be seen as a static
map, as it evolves as new information is implemented.
Seismic risk maps are good examples of that aspect
because they are always updated after earthquake
occurrences. In Enemonzo, a review of the information
used for producing the sinkhole susceptibility model is
foreseen. In this sense, (1) the classes of the land use
and geomorphology maps must be rethought and (2)
the hydrogeological information should be included,
as well as new geological subsurface information
where it is lacking.
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Abstract:

Keywords:

A Messinian succession containing gypsum beds crops out in northern Italy, mainly in
Piedmont and along the northern flank of the Apennine mountains in Emilia-Romagna. These
gypsum bodies have been extensively quarried at the surface, in outcrops, and through
underground quarries. In Emilia-Romagna these gypsum outcrops can be rather extensive,
several km long and up to 1 km wide, while in Piedmont they are mostly covered by silty-marly
deposits of Upper Messinian and Pliocene age and show only sparse and small outcrops. The
underground quarrying of these evaporite bodies in Piedmont has allowed studying in detail
their hydrogeology, and the ways in which water flows through these karst rocks. In contrast,
in Emilia-Romagna the hydrogeology of these aquifers has been studied with traditional spring
water monitoring and speleological methods. On the basis of the results it has been possible
to define three conceptual models regarding the water circulation in these evaporites, similar
to the models existing for carbonate aquifers. The models represent aquifers with decreasing
vulnerability to pollution, from the more vulnerable system with dominant conduit drainage,
characterizing most of the known gypsum aquifers, to those with interconnected conduit
drainage and with dispersive circulation.
karst hydrogeology, evaporites, flow models, gypsum caves, vulnerability to pollution
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INTRODUCTION
Although largely underexploited, karst aquifer
systems often deliver large amounts of high-quality
drinkable water and already serve about a quarter of
the world’s population (Ford & Williams, 2007). These
aquifers are hosted in limestones and dolostones,
and because of their increasing strategical role in
local, regional and national development plans, they
have often been intensively studied, especially the
Mediterranean area, where domestic water supply
can be ensured by these aquifers (Bakalowicz,
2015). Gypsum karst aquifers have been studied far
less than carbonate ones, because their waters are
normally undrinkable. However, in some regions,
these aquifers represent the only available water
resource, and therefore they have been studied from a
hydrogeological and geochemical point of view. More
often, gypsum karst springs have been studied in
detail because they interfere with fresh water bodies,
such as rivers, deteriorating the water quality of these
surface resources. This is the case of Sivas (Turkey)
*jo.dewaele@unibo.it

(Günay, 2002), where the two main springs of the area
(Göydün and Seyfe springs), being rich in salt and
gypsum, decrease the water quality of the Kizilirmak
River making it undrinkable for the Sivas city located
downstream (Kaçaroğlu et al., 2001). Gypsum
karst aquifers are also regularly studied in Iran, in
connection with large projects of dam construction
(Aghdam et al., 2012). Iran is one of those countries
where gypsum rocks cover large areas, reaching
almost 5% of the entire land surface of this country
(Raeisi et al., 2013). Aghdam et al. (2012) report the
progressive salinization of the Karun River, which
crosses gypsum-anhydrite and halite beds of the
Gachsaran Formation over a length of 4 km. Gypsum
aquifers have also been studied from a geochemical
point of view in the semi-arid South of Spain, mainly
in the Betic Cordillera (Calaforra et al., 2002), for
example in the Salinas-Fuente Camacho area close
to Granada (Calaforra & Pulido-Bosch, 1993, 1999),
in the Triassic Antequera diapir close to Malaga (the
salty Meliones spring reaching conductivity values as
high as 200,000 µS/cm) (Benavente & Carrasco, 1986;
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Andreo et al., 2016), at the Viñicas and Los Molinos
springs flowing out of the Sorbas karst (Pulido-Bosch
& Calaforra, 1993), and in the areas where wetlands
are caused by regional groundwater flow in which
evaporite rocks play a dominant role (e.g., Antequera,
Jarales and Brujuelo areas, Gil-Márquez et al., 2017).
In most of these case studies the hydrodynamics of
flow have been investigated only partially.
Gypsum crops out in almost all Italian regions, but
the most significant evaporite karst areas are located
in Piedmont, Emilia-Romagna, Marche, Tuscany,
Calabria, and Sicily (Madonia & Forti, 2003; De Waele
et al., 2017). Gypsum caves are often of the throughflow type, with a blind valley (sinking stream) and a
downstream spring. There are several long gypsum
cave-systems; the longest one is Aquafredda-Spipola
near Bologna, Emilia-Romagna (Lucci & Rossi, 2011)
reaching a development of over 10 km. Because of
the gradual uplift of the Apennines some systems are
still-active multi-level caves, formed over the last 500
ka (Columbu et al., 2015, 2017).
The hydrogeology of these Italian evaporite aquifers
has been studied only in two regions: Emilia-Romagna
and Piedmont (Fig. 1).
In Emilia-Romagna region the gypsum beds are
generally exposed, forming prominent large outcrops
of monoclinal evaporite ridges surrounded by less
permeable and easily erodible lithologies. These
gypsum groundwater circulation systems have
been investigated in the past including dye tests,
geostructural and speleological studies, and some
water analysis (Casali, 1972; Forti et al., 1985, 1989;
Forti & Francavilla, 1990). These studies were carried
out in areas where the most important caves are
known, such as Acquafredda-Spipola system near
Bologna and Rio Stella-Basino south of Faenza. Also
the major karst outlet of the region, the brackish
Poiano springs (6 g/L NaCl) and the nearby Tanone
cave, have been studied in detail (Forti et al., 1988;
Chiesi & Forti, 2009). The multiparametric monitoring
of Poiano has evidenced the salt concentration to
vary in time suggesting a slow uplift of the area,
causing the underground circulation to progressively
dissolve salty lenses (Chiesi et al., 2010). Finally, in

Fig. 1. North Italian gypsum outcrops. TPB = Tertiary Piedmont Basin;
VDG = Vena del Gesso Romagnola. 1) Rio Stella-Basino cave system
(see Fig. 4 for detail); 2) Tertiary Piedmont Basin with the Moncalvo
and Calliano aquifers (see Fig. 7 for detail).

the period 2010-2014, a detailed geochemical and
microbiological quality assessment of the waters in
the Emilia-Romagna gypsum areas was carried out
in the framework of the European Project “LIFE +
08NAT/IT/000369 Gypsum” (Bergianti et al., 2013;
D’Angeli et al., 2017).
In contrast to Emilia-Romagna, in Piedmont region,
gypsum crops out only sparsely, and these rocks are
often covered by a thick sequence of sandy-marly
and clayey sediments of Upper Messinian-Pliocene
age (Dela Pierre et al., 2007). The gypsum succession
is quarried underground, with a series of extensive
tunnels cutting the evaporite rocks. This favorable
situation has allowed obtaining a set of interesting
data regarding the underground water circulation.
The results of this monitoring of different gypsum
aquifers has allowed to define three conceptual models
regarding the water circulation in these evaporites,
similar to the models existing for carbonate aquifers.
For the purpose of this paper we report the data of
three different gypsum aquifers, chosen as the most
representative ones of the three hydrogeological
models discussed later. One of these is located in the
Vena del Gesso Romagnola area (Rio Stella-Basino cave
system), while the other two (Moncalvo and Calliano)
are hosted in the Tertiary Piedmont Basin (see Fig. 1).

STUDY AREAS
Geological outline
The Messinian evaporite sequence in EmiliaRomagna region crops out on northern front of the
Apennine Mountains, in a restricted belt striking more
or less parallel, to the mountain chain (WNW-ESE).
Gypsum beds are rarely horizontal, and often form
cuestas in the landscapes, with strata dipping steeply
toward the NNE. The gypsum sequence belongs to
the Gessoso-Solfifera Formation and is normally
underlain by marly or clayey, shaly, poorly permeable
sediments of Miocene age (Marnoso-Arenacea Fm.)
containing channelized sandy bodies in its lower part
and euxinic shales towards its top. The evaporite
sequence starts with a limestone bed, and is then
characterized by thick primary gypsum beds in
its lower part, divided by marly interbeds, whereas
towards the top the evaporite beds tend to decrease
in thickness and the marly interbeds to increase.
Finally, the last gypsum beds are overlain by marly
sediments of the Colombacci Fm. and, following,
by clays of the Argille Azzurre Fm., both of low
permeability (Vai & Martini, 2001) (Fig. 2A). The
complete evaporite sequence is characterized by
16 evaporite cycles, visible only in the eastern part
of Emilia-Romagna, in the well-known “Vena del
Gesso Romagnola” area (Vai & Ricci Lucchi, 1977).
Whereas in western Emilia-Romagna region, West
of the Santerno valley, the evaporite sequence has
been subjected to a northward displacement, and is
thus detached from its original basement, in eastern
Emilia-Romagna the gypsum sediments are in their
original stratigraphic position. As a consequence, in
western Emilia-Romagna the gypsum outcrops are
more fragmented, and show intense deformation,
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the evaporites, composed of 10-12 m thick beds of
gypsum separated by finely layered dark grey and
fossiliferous marly-clays up to 1 meter thick (Fig. 2B).
The fourth bed is characterized by 10-15 m of
microcrystalline gypsum, followed by ten more
metric to decimetric gypsum levels of progressively
decreasing thickness. The marly-clayey interbeds,
separating the evaporite cycles, are always dark and
laminated and increase in thickness (up to several
meters) going upward in the sequence. The total
thickness of the eleven microcrystalline gypsum
beds reaches 65-70 m. An erosional surface cuts the
evaporite sequence causing relevant lateral variations
in the quantity of preserved gypsum beds (between
20 and 70 m thick). The erosional surface is followed
by brown-yellowish clay-to-silt deposits sedimented
in hyposaline conditions, probably corresponding to
the “Lago-Mare” event.

Fig. 2. Schematic stratigraphic columns of the evaporite sequences
in A) Emilia-Romagna region, and B) Tertiary Piedmont Basin. Note
these stratigraphic columns are generalized and not to scale.

while in eastern Emilia-Romagna the outcrops are
more continuous and a little bit less disturbed.
In the central (Monferrato and Turin hills) and
southern part (Langhe) of Piedmont, an over
5 km thick Upper Eocene-Pliocene sedimentary
sequence, mainly composed of terrigenous
sediments is known in literature as Tertiary
Piedmont Basin (TPB). The Messinian succession
in this sequence can be found at the surface along
two W-E striking belts, and is deeply buried below
Pliocene-Quaternary deposits in the Savigliano and
Alessandria basins, and can be divided in three
main horizons. The lower part is mainly composed
of clays (pre-evaporitic phase) and formed under
normal to moderately salty conditions. These
clays are covered by true evaporites with a cyclic
repetition of marl and gypsum beds deposited in a
hypersaline lagoon environment (evaporitic or synevaporitic phase, Primary Lower Gypsum). These
evaporites are, in turn, covered with a succession
of salty-lagoon, deltaic and palustral sediments
(post-evaporitic phase) (Sturani, 1976; Dela Pierre
et al., 2011).
In the Monferrato area the Messinian deposits
are characterized by different facies, composed of
evaporite blocks of various dimensions embedded
in a fine matrix, resulting from submarine mass
wasting processes involving the primary shallow
water gypsum beds (Chaotic Complex of Valle
Versa) (Ghibaudo et al., 1985; Dela Pierre et al.,
2002, 2007). Close to Moncalvo and Calliano
(North of Asti), in contrast, the Primary Lower
Gypsum beds are still in place (Vigna et al., 2010a,
2010b). The marls at the base of the gypsum
beds, known as Sant’Agata Marls, contain some
decimeter thick carbonate-rich beds (Dela Pierre
et al., 2012). At Moncalvo and Calliano this
half-meter thick limestone is covered directly by

General hydrogeology
The extensive gypsum areas in Emilia-Romagna often
form the highest parts in the landscape, being more
resistant to erosion than the adjacent fine-grained
sediments (Fig. 3A). The gypsum sequence is mostly
exposed, with inclined beds and important WNW-ESE
and NNE-SSW faults. These gypsum ridges generally
host important karst aquifers, mainly localized along
a series of well-developed vadose galleries and cave
systems, with poorly extended or almost complete
absence of a saturated zone. The water transfer takes
place very rapidly along underground rivers and
is strictly controlled by rainfall events (Tedeschi et
al., 2015). Flow rates vary by orders of magnitude,
typical of a well-karstified aquifer. The recharge of
these systems is both autogenic (direct infiltration
into the gypsum rocks through numerous dolines)
and allogenic, through sinking rivers flowing from
adjacent low permeability terrains. Geochemical

Fig. 3. The studied gypsum areas: A) Vena del Gesso Romagnola ridge with the
blind valley of Rio Stella, disappearing underground at the base of the inclined
gypsum sequence; B) The hilly landscape around Monferrato mostly carved in
the Post-evaporitic sediments of Messinian age; C) The main macrocrystalline
gypsum beds exposed at the surface in the open pit quarry at Moncalvo.
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analysis of infiltrating and spring waters, together
with multiparametric monitoring of some of the most
important springs has allowed characterization of
these aquifers from a hydrogeological point of view
(Bergianti et al., 2013; Tedeschi et al., 2015; D’Angeli
et al., 2017).
The gypsum aquifers in Piedmont region, on the
contrary, are sandwiched between sediments with
low to very low permeabilities. The waters flowing in
these evaporite aquifers derive from slow recharge
from the upper and lower aquitards. These gypsum
aquifers are, thus, generally characterized by the
presence of an extensive saturated zone, along a
karstic network that is heavily influenced by the
fractures in the host rock.
In the area of Moncalvo and Calliano the surface
topography is characterized by a series of gentle hills
mostly carved into the post-evaporitic sediments
(marls and clays) (Fig. 3B). The evaporite beds are
inclined 10-20°, and are mostly buried underneath
the Late Miocene-Pliocene sediments (Fig. 3C).
The underground quarries in this gypsum follow
the overall geometry of these evaporite bodies, and
intersect different aquifer levels. A series of boreholes
with piezometers, together with kilometers of quarry
galleries excavated in the gypsum have allowed
reconstructing the hydrogeological structure of this
area with great accuracy.

METHODOLOGY

alcalinity (HCO3-) through a titration with HCl and
methylorange as indicator.
These studies have allowed characterizing these
aquifers from a hydrogeological and geochemical
point of view. The acquired data on the different karst
systems in Piedmont and Emilia-Romagna regions
enabled the definition of three conceptual models of
groundwater circulation in gypsum rocks, similar
to the classification of carbonate aquifers (Vigna &
Banzato, 2015), which is presented in this paper.

RESULTS AND DISCUSSION
The Rio Stella-Basino aquifer
One of the most typical through-flow systems in the
gypsum areas of Emilia-Romagna is the Rio StellaBasino cave system (Vena del Gesso Romagnola),
composed of a sink (Rio Stella), a completely transitable
underground stream passage with some underground
tributaries, and a spring (Rio Basino) (Fig. 4) (Forti &
Lucci, 2010). This spring has been monitored, from a
hydrogeological point of view, for one year and a half,
while water samples at the spring and at the sink were
collected for five years. The behavior of this system to
infiltration events is typical of all the analyzed gypsum
cave systems in this region.
The chemical parameters change quite rapidly in
response to the main infiltration events (rainfall),
showing a substitution of the resident waters by
neoinfiltrating ones (Fig. 5). Water chemistry shows
an increase in salinity (Total Dissolved Solids) from
the sink to the spring (Fig. 6A-B-C), but also less
mineralized waters during rainier periods, well
shown in the magenta line (conductivity in Fig. 5).
During spring rain periods we observed a decrease in
water temperature and conductivity and a respective
increase of pressure. In February 2012 it is possible
to observe a concurrent drop of water temperature
and conductivity in a period in which no rainfall is
recorded. This event was caused by snow melting

Gypsum aquifers were monitored using DL/N70
STS multiparameter loggers (electric conductivity,
temperature, and water level). All parameters are
measured every 60 minutes: pressure sensors have an
accuracy of <0.25 bar, and a resolution of ≤ 0.01%FS;
Temperature 0.1°C, precision +/- 0.25°C, electrical
conductivity 1 µS/cm accuracy and a resolution of
±2% of the measured value. Most piezometers have
been equipped with a water pressure logger of the
same characteristics as the multiparameter
loggers mentioned above.
In a couple of springs flow rates have
been measured by triangular weirs coupled
with automatic and manual water level
measurements. The water level lowering at
Calliano has been monitored in boreholes
since 2010 by manual measurements
carried out every month or so.
Waters have been analyzed for their
chemical content in different hydrodynamic
conditions. Two samples were collected at
each site, 250 ml of normal water and 100
ml of water filtered with a 0.45 µm sterile
filter (sterile cellulose acetate, Minisart©)
and acidified with 1 ml of concentrated
65% HNO3. Na+, K+, Mg2+, and Ca2+ were
analyzed with an Atomic Absorption
Spectrophotometer Thermo S (AAS). SO42-, Fig. 4. A) Northern Apennines Messinian gypsum outcrops (in red) showing the
Cl-, F-, Br-, PO43-, NO2-, and NO3- were location of the Rio Stella-Basino cave system in the “Vena del Gesso Romagnola”
(black square); B) Detail of the Rio Stella-Basino cave system in plan view (red areas
analyzed with Ionic Chromatography are the known underground cave passages). The pink shaded area represents the
+
(Metrohm 881bIC Pro), NH4 by Colorimetry outcropping Messinian gypsum rocks. The yellow dot represents Rio Stella sinking
(spectrophotometer
Hack
DR
2010), stream, while the blue one is the Rio Basino spring.
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(Total Dissolved Solids) during the flow from Rio Stella
(sink) to Rio Basino (spring).

Fig. 5. Rainfall (mm) represented with the green bars, water Temperature
(C°) in blue, pressure (mH2O) in orange and Electric Conductivity (mS/cm)
in magenta color at the Rio Basino spring during winter-spring 2012.
From the graph we observed a decrease in temperature and conductivity
subsequently to rainfall events during this period.

Fig. 6. A) Chemistry of the waters at Rio Stella (sink) and B) Rio
Basino (spring) sampling sites. Ludwig-Langelier diagrams show the
distribution of waters coming from sink and spring during the four
seasons. Waters coming from the sink are more variable than spring
waters. C) The diagram shows a clear distribution of sink-spring
waters. Almost all the waters exceed the natural water limits (NWL)
of 250 mg/L of SO42- and 1.0 g/L of TDS (Total Dissolved Solids)
fixed by the Council of the European Community (CEC, 1993). The
concentration of TDS and SO42- are well correlated.

processes. All these data clearly indicate this system
to belong to the “dominant conduit drainage” model.
Figure 6A-B shows two Ludwig-Langelier diagrams
that represent, respectively, Rio Stella sink (Fig. 6A)
and Rio Basino spring (Fig. 6B) during the four
seasons. The samples from the sink are quite scattered
(from the Ca-Mg-HCO3 to Ca-Cl-SO4 waters), while the
ones from the spring are well-clustered in the CaCl-SO4 waters. In Figure 6C it is possible to see that
waters increase the concentration of SO42- and TDS

The Moncalvo aquifer
Moncalvo, and also Calliano (described below)
quarries, are located in the Monferrato area, and
both exploit the gypsum rocks through underground
excavations (Fig. 7).
At Moncalvo the gypsum sequence is relatively
compact with an underground water circulation
mainly organized along two independent karst
networks, characterized by a relatively different
chemical fingerprint. Both surficial waters and
rising fluids follow a set of fractures in the host
rock (aquitard) and recharge these karst circuits. A
series of piezometers installed in the nearby quarry
have intercepted these feeding fissures and fractures
(Fig. 8). Such piezometers monitored continuously
water levels and showed their changes through
time are significantly different from those measured
in the cave conduits. Piezometers S31, S30, and
SN2 have their piezometric level at around 215,
205, and 180 m asl respectively, whereas the water
level in the Moncalvo cave stays around 135 m asl
(Fig. 9). Piezometer S4, that reached the intensely
karstified limestone bed at the bottom of the evaporite
sequence, registers the same water level as the
intercepted cave system (i.e., around 135 m asl).
Piezometer SVB31, on the other hand, intercepted a
still unexplored second cave system, and the water
level, instead of being at the same altitude as the
known cave, rose to 157 m asl (22 m higher than in
the explored Moncalvo Cave).
The main karst network thus appears to be
composed of a series of apparently independent
wide phreatic water-filled galleries. Originally, the
underground quarry levels that developed also below
the water level measured in the karst conduits were
completely dry and did not evidence any water inflow
(Fig. 10A). Only in 2005 one of these underground
excavations, incidentally, intercepted one of these
phreatic cave passages causing an inrush of
60,000 m3 of water mixed with muds causing the
complete flooding of the lower quarry tunnels (Bonetto
et al., 2008; Vigna et al., 2009, 2010b).
The speleological exploration of these caves after
their dewatering has allowed surveying of 850 meters
of cave passages characterized by typical phreatic
morphologies (Fig. 10B). A series of small phreatic
conduits recharged this karst system from below
(hypogene gypsum cave, Banzato et al., 2017) and a
gauge has monitored the flow rate of this recharge.
These systems, before the quarrying in the area,
probably discharged along the valley floors, where the
gypsum beds were intercepted by the river network.
After the inrush, in 2010, a set of boreholes has been
drilled at a lower elevation to allow pumping the water
out and thus lowering the local water level. The level
of the water, however, continuously monitored by the
S4 piezometer at the base of the evaporite sequence,
is rather stable with only slight variations in response
to the most significant rainfall episodes (Fig. 9).
The flow rate changes, measured since 2006, vary
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Fig. 7. Simplified geological sketch map showing the gypsum areas in Piedmont
(in red) and the two studied areas (Moncalvo and Calliano) using two light blue
stars. Modified from Dela Pierre et al. (2011).

Fig. 8. Monitoring points of the water levels (dots), the underground gypsum quarry
development, and the two discovered caves. S4 piezometer reached the limestone bed
at the base of the evaporite sequence and water level was at 135 m asl. SVB31 in the
center of the map is the piezometer that intercepted the second unexplored cave system,
with water level 22 m higher than in the Moncalvo caves and S4.

Fig. 9. Rainfall, water levels in the piezometers S30, S31, and SN2 and
in the karst network (SVB 31 and S4) at Moncalvo.
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Fig. 10. A) Schematic profile of the Moncalvo area based on drillholes. The three macrocrystalline and the upper microcrystalline gypsum beds are
shown. The formation unconformably covering the upper microcrystalline gypsum bed is the “Lago-Mare” sequence, whereas the yellow covering
sequences are the post-evaporitic sediments. The blue colored part is the Moncalvo cave system recharged mainly from below (hypogene gypsum
cave), and the blue dashed horizontal line represents the water table before the cave was intercepted by the underground quarry in 2005. The white
voids in the gypsum sequence (shown with “v” filling) are underground quarry tunnels; B) The wide phreatic passages in the Moncalvo cave system.

between 6 and 13 L/s, and show slight variations
not correlated significantly with the local rainfall
(Fig. 11A). Also electric conductivity (EC) and
temperature (T) of the waters vary slightly,
without being correlated with the flow rate and
the rainfall events (Fig. 11B-C).
During 2009, the second karst system has been
intercepted by a series of horizontal exploration
drillholes and a vertical borehole (SVB31), in the
southeastern sector of the underground gypsum
quarry (Fig. 8). These drillholes have entered a
karst conduit filled with water, and the water
level in SVB31 was approximately 22 m higher
than the level measured in the earlier discovered
cave. Until now the operations to drain this new
cave have not yet started, but they will allow the
exploration of this karst void in the near future.
The Moncalvo Aquifer can be defined as a system
with “interconnected conduit drainage”.
The Calliano aquifer
The gypsum quarry of Calliano, although only
around 5 km away from Moncalvo, shows a
completely different hydrogeological situation.
The stratigraphical characteristics of this area
see gypsum beds sandwiched between low
permeability sediments (aquitards). The gypsum
beds, however, are characterized by a much
more intense fracturation and contain numerous
small karst conduits with diameters less than
20 cm (Fig. 12A-B). The gypsum aquifer in this
area recharged a spring with a flow rate close
to 70 L/s.
During 2009, some underground quarry
excavation works, located several tens of meters
below the ground surface, started close to this
spring. To allow the quarrying of the gypsum
rocks below the local groundwater level a set of
drainage galleries has been realized up to a depth
of 60 m below the spring altitude (Fig. 13A).
These galleries have intercepted a large quantity
of small karst conduits and water-bearing
fractures showing there was a clear water
circulation many meters below the external
surface. These subterranean waters are collected

Fig. 11. A) Rainfall and flow rate; B) Flow rate and Electric Conductivity (EC); and
C) Flow rate and Temperature (T) measured in Moncalvo waters during 2013.
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in a series of underground tanks and pumped to the
surface (Fig. 13B).
From 2010 to 2015 the water abstraction quantity
has passed from 100 to 70 L/s and allowed lowering
of the local water level by a couple of tens of meters,
causing the spring to dry out completely. A series
of piezometers has been installed in the hilly area
around the quarry to monitor the water level changes
and the underground water flow (Fig. 14). These
piezometers, some reaching more than 100 meters
of depth below the ground surface, have allowed
definition of the geometry of the potentiometric
surface, showing a striking similarity with that of

porous aquifers, in continuity and more or less
following the surface topography (Fig. 15). The water
level changes measured in these piezometers and
caused by the pumping in the drainage galleries
show a very similar behavior (Fig. 16). These
observations are in agreement with a model that is
based on an extensively fractured and karstified
aquifer with very good interconnection among
fractures and karst conduits. The sudden lowering
of the water level measured in piezometer S20 is
due to its interception by an underground quarry
tunnel. Calliano is a classical example of a “dispersive
karst circulation system”.

Fig. 12. Calliano underground quarry. A) A water-bearing fracture intercepted by the quarry tunnel; B) A small
phreatic karst conduit along the walls of a quarry tunnel.

Fig. 13. A) Schematic cross-section of the Calliano Quarry; B) A drainage tunnel in the Calliano Quarry: some inflowing
waters can be seen in the foreground, while the collection system and the pumping devices are in the background.

Fig. 14. Monitoring sites of water level in the underground quarry of Calliano.
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Fig. 15. Piezometric surface as reconstructed based on the piezometers installed near
the Calliano Quarry.

Fig.16. Lowering of the water levels in several boreholes close to the quarry following the pumping at Calliano.
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Geochemistry
Geochemical analyses have been carried out in all
these described systems (Fig. 17). In the Schoeller
diagram are reported six sampling sites (E9, VE5, F2,
F3, F4, and VBB). E9 represents Rio Basino spring,
VE5 is a sampling site in Calliano cave system and F2F3-F4-VBB are located in Moncalvo cave system. Each
sampling site has been investigated both in maximum
(M) and in minimum (m) mineralization state.
It is well-known that most waters that cross the
gypsum rocks get saturated in gypsum almost
immediately (Klimchouk, 1996). Their chemistry
is of the Ca-SO4 type (Ca2+ > Mg2+ > Na+ and SO42> HCO3- > Cl-). In the karst systems like Moncalvo
and Calliano the chemical variations are rather
subdued. These variations mainly concern Mg, Na, K,
Cl, and NO3, whereas in karst systems such as Rio
Stella-Basino also Ca, SO4, and HCO3 values show
significant variations. Total mineralization is greater
in the Moncalvo and Calliano systems respect to Rio
Stella-Basino system, due to the longer water-rock
interaction in the first two. At Moncalvo two different
waters have been identified: a calcic-sulfate one
(samples F2, F3, and F4) with an important amount
of nitrates and a positive redox potential (Eh), similar
to the waters encountered at Calliano (VE5); and a
second type (VBB) with a main calcic-sulfate facies
and a secondary chloride-alcaline facies, with low
levels of nitrates and a negative redox potential
(Eh). The last waters (VBB) are related to a deeper
circulation with rather long residence times, leading to
the negative Eh, reduction of nitrates in ammonium,
and a major content in calcium and sulfates, related
to the higher presence of dissolved sodium-chloride
that increases the solubility of the sulfates.

CONCLUSIONS
The hydrogeological data collected in the gypsum
aquifers of Emilia-Romagna and in the hilly area
around Monferrato, in Piedmont region, have allowed
the definition of three very different conceptual
underground drainage models in gypsum rocks, similar
to those generally known from carbonate aquifers
(Vigna & Banzato, 2015) (Fig. 18). Whereas the first
model (systems with dominant conduit drainage)
appears to be the most common, characterizing most
of the known Italian gypsum aquifers, the other two
models (systems with interconnected conduit
drainage and systems with dispersive circulation)
have been recognized thanks to the presence of
underground gypsum quarries that have intercepted
these aquifers, and allowed their monitoring by means
of piezometers and direct underground observations.
In the extensive gypsum outcrops of Emilia-Romagna
the groundwater circulation is mainly developed
along a set of well-developed vadose karst conduits
and secondary tributaries allowing water to flow
rapidly from the recharge areas to the springs. The
landscape is characterized by gypsum ridges standing
out on the rest of the lithologies, creating orographic
barriers to the waters flowing at the surface, leading
to the formation of sinks and related subterranean
cave systems. Generally the phreatic zone is scarcely
developed if not completely absent, and the recharge
from the surrounding gypsum rock is very low. Flow
rates are very variable, depending on rainfall, and
flow velocities can be very fast, up to 500 m/h. The
geochemistry and temperature of the waters is very
variable, with a lowering of EC (Electrical Conductivity)
and often also of T (Temperature) after important

Fig. 17. Schoeller diagram representing six sampling sites of the three cave systems: Rio Basino spring (E9);
Calliano cave system (VE5); surficial waters from Moncalvo (F2-F3-F4) and deep waters from Moncalvo cave
system (VBB). M represents the maximum mineralization state, whereas m the minimum one of the same
sampling site.
International Journal of Speleology, 46 (2), 205-217. Tampa, FL (USA) May 2017

Hydrogeological flow models in gypsum karst

infiltration events (and thus increase in flow rate) due
to the fact that infiltrating waters rapidly substitute
the waters resident in the system. These systems can
be classified as systems with dominant conduit
drainage (Fig. 18A).
In the areas where the evaporite rocks are covered
by important low permeability sediments (typical of
Piedmont region) the hydrogeological situation is
completely different, very much depending on the
fracturing of the host rock. The landscape in these
areas is hilly with no evident gypsum outcrops,
and no sinking streams. Near the town of Moncalvo
d’Asti the gypsum rock is very compact, but in the
presence of thin marly-clayey interlayers separating
the different gypsum beds a well-developed karst
aquifer has developed, in which water flows at rates
around 10 L/s. The interception of these karst voids
in the quarry tunnels (several tens of meters below
the surface) has unveiled large natural caves with
typical phreatic morphologies. In adjacent gypsum
compartments, boreholes have intercepted similar
water-filled karst voids, with water levels that are at
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different altitudes. The genesis of these circuits can
be put in relation with both slowly infiltrating waters
from the surrounding aquitards and rising (hypogene)
flows as shown by the very different chemistry of
these fluids with respect to the surfacial waters
(Vigna et al., 2010b). The flow rate variations and the
chemistry of these waters evidences that most of the
recharge originally comes from the surface (with long
routes), with rather subdued variations in flow rate,
related to the recharge of the above lying aquitards.
This aquifer can be classified as a “system with
interconnected conduit drainage” characterized by
a rather developed phreatic zone with large phreatic
conduits (Fig. 18B).
In the area close to the town of Calliano (Asti
province) a gypsum aquifer originally fed a spring with
a rather constant flow rate close to 70 L/s. A set of
boreholes has allowed definition of the water table
that demonstrates the system to be classifiable as
a “system with dispersive circulation” (Fig. 18C).
The gypsum rock is intensely fractured, has a
rather low general permeability, and does not show
preferential drainage paths or karst conduits.
Monitoring boreholes have intercepted many small
karst conduits and water-containing fractures
up to a depth of over 60 m below the spring,
demonstrating a subterranean flow well below
the level of the potentiometric level. Geochemistry
is rather constant in time, and flow rates show
only slight variations not directly correlated to
infiltration events. In general, a water table level is
created, similar to a classical piezometric surface in
porous aquifers.
These three conceptual models of underground
water circulation in the evaporite karsts are very
similar to the models explaining the flow in carbonate
aquifers (Vigna, 2007, Vigna & Banzato, 2015). The
gypsum aquifers most vulnerable to pollution are those
with a dominant drainage system, where pollutants
can travel very far and fast without undergoing a
significant modification from their injection points to
the springs. The system less vulnerable to pollution
is the one with dispersive circulation, behaving in
a similar way as a porous aquifer (with a higher
filtration power), albeit with more rapid responses.
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Abstract:

The geomorphological characteristics and hydrogeological functioning of a geologically
heterogeneous evaporitic karst plateau in Southern Spain were studied. Land surface
information (LiDAR data) was used to analyze the shape and distribution of closed
depressions. An artificial tracer test and monitoring of the natural responses of the main
spring have allowed to infer the karstic development of the studied system. Three dyes were
injected in selected swallow holes to trace the main groundwater flowpaths and to estimate
the dimension of the conduit network. Discharge, electrical conductivity and temperature
were monitored in the groundwater that drains the evaporitic plateau during an individual
and intense recharge pulse. Tracing techniques were adapted to high salinity environments
by using specific calibration standards (NaCl + dye). The hydrological connection detected
between two of the swallow holes and the outlet, and the deduced orientation pattern for
closed areas, would suggest that the karst evolution (internal and external) is related to fault
orientation. The rapid tracer detection (16-20 h) and high estimated maximum flow velocities
(125-192 m/h), together with the fast impulsional response of the controlled physicalchemical parameters in spring waters (~15-16 h) demonstrate the existence of quick flows
under recharge conditions with well-defined system drainage, indicating a high degree of
internal karstification (estimated master conduit diameter ~1.5 m). However, flooding of the
depressions feeding swallow holes and analysis of the spring response times from natural
and artificial tracers point to a restriction of the system´s drainage, most likely due to the
constrained morphology of the karst conduits. This results in sustained recharge periods and
delayed spring responses of some parameters, highlighting the relevant role of concentrated
recharge in the hydrogeological behavior of the studied evaporitic karst.
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INTRODUCTION
Karst terrains developed in both carbonate and
evaporite rocks cover approximately 20% of the icefree continental surface (Ford & Williams, 2007),
holding water resources large enough to supply almost
a quarter of the global population. Major research
efforts traditionally aim to understand hydrologic
and hydrogeological processes in carbonate media
(White, 1988; EC, 1995; Ford & Williams, 2007),
and many techniques have been customized to that
end (Goldscheider & Drew, 2007). In contrast, less
*josemgil@uma.es

attention has been paid to investigations focused on
evaporitic karst formations, particularly those hosted
throughout the Mediterranean area (Klimchouk et
al., 1996; Gutiérrez et al., 2008; Liguori et al., 2008;
Parise et al., 2008). Such studies generally address
speleogenetic and karstological issues (Johnson, 1997;
Klimchouk & Aksem, 2005; Gutiérrez et al., 2008),
or natural and human-induced geo-hazards (Galve
et al., 2009; Gutiérrez et al., 2014). Hydrogeological
advances in evaporitic karst are scarce (PulidoBosch & Calaforra, 1993; Klimchouk, 1996, GilMárquez et al., 2017a), so little is known about the
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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functioning of such aquifers (Chiesi et al., 2010).
Groundwater flowing through evaporitic karst is often
of poor quality, owing to high mineralization. Despite
their limited interest for the drinking water supply,
evaporite aquifers are of great value in that they are
often associated with wetland dynamics (Sánchez
et al., 2009; Andreo et al., 2016) and may support
cave environments and interesting surface landforms
(Williams, 2008). Furthermore, sinkhole formation
and land subsidence are favored by groundwater
table variations, particularly in evaporitic settings
(Fidelibus et al., 2011; Acero et al., 2015). Therefore,
the hydrogeology of evaporitic karst terrains has
relevant societal and environmental implications.
The high solubility of evaporite rocks promotes
intense geomorphological development, resulting
in distinctive exokarstic features (e.g., dolines,
poljes, swallow holes, etc.) and endokarstic ones
(e.g., shafts, caves, conduits, etc.) features (Forti,
2004). Hydrologically, evaporite karst develops both
autogenic recharge (through dolines, poljes, sinkholes)
and allogenic recharge, through swallow holes (Ford
& Williams, 2007). The identification of infiltration
features at the surface is useful for groundwater
recharge assessment in karst systems (Andreo et al.,
2008). In recent works, GIS-based specific methods
(i.e., digital processing of elevation data) have been
developed to detect characteristic landforms and
define their geometry (Siart et al., 2009; Anders et
al., 2011). Additionally, Laser Imaging Detection
and Ranging (LiDAR) airborne systems can provide
accurate altitudinal data that can be used to generate
high resolution Digital Elevation Models (DEM), with
a spatial resolution <1 m (Zhou et al., 2004). DEMs
created from LiDAR data have proven useful for the
identification of karst depressions in diverse evaporite
media (Mudarra et al., 2016; Yechieli et al., 2016).
Like exokarstic landforms, endokarst features play a
significant role in the functioning of evaporitic systems.
One of the most reliable methods for investigating
underground karst forms is based on speleological
surveys (Jeannin et al., 2007). Yet scarcely developed
conduit systems and/or their difficult accessibility very
often restrict exploration to a reduced proportion of
the speleological network. Tracing techniques provide
detailed information about the conduit organization
and groundwater pathways, even in complex geological
or topographic settings (Goldscheider et al., 2008).
When tracer tests are combined with the continuous
monitoring of spring natural responses, they provide
broader insight into the global functioning of the
hydrogeological system (Lauber & Goldscheider 2014;
Mudarra et al., 2014). Published works on dye tracing
in evaporite karst settings are scarce (Klimchouk,
1996; Birk et al., 2004; Chiesi et al., 2010), rarely
describing specific techniques (Strasse et al., 2016)
and possible limitations in detail. The latter issue is
particularly relevant if halite is present in the bedrock,
given the potential effect (positive or negative) of
NaCl on dye tracer detection (Käss, 1998). Moreover,
salinity can also contribute to sorption-desorption
processes of organic fluorescent tracers on clays
(Magal et al., 2008).

The so-called Chaotic Subbetic Complex (CSC) is
an olistostromic unit (Vera & Martín-Algarra, 2004)
located by the southern border of the Guadalquivir
River basin (Andalusia), in southern Spain. This
melange is basically formed by clays and evaporite
rocks (containing gypsum, anhydrite, and halite),
as well as other blocks of diverse lithological nature
(Perez-López & Sanz de Galdeano, 1994). The rocks
forming the CSC are highly folded and brecciated as
a result of the large displacement and gravitational
loading that they underwent during the Miocene age
(Vera & Martín-Algarra, 2004). Karst development
within the CSC is most frequent on extensive
exposures of gypsum, where numerous karst
depressions develop, many of them hosting wetlands
of high environmental value (Rodríguez-Rodríguez et
al., 2010; Andreo et al., 2016). Endokarst features are
likewise common within the CSC, and several caves
have been surveyed: Cueva del Agua in Archidona,
province of Malaga (Durán & Burillo, 1985); Sima
del Aguila, in Antequera, also in Málaga (Calaforra &
Pulido-Bosch, 1999); and Cueva del Yeso in Baena,
province of Cordoba (González Ríos et al., 1994).
The length of the explored passages ranges from
300 m, in Cueva del Agua, to nearly 2,000 m in Cueva
del Yeso, while the differences in height are from a
few meters in Cueva del Agua (galleries practically
horizontal) to more than 100 m in Sima del Aguila.
With some exceptions, the typical conduit systems
in this geological unit appear to be poorly developed
and inaccessible, though having considerable length.
Surface karst depressions are often drained by
swallow holes, which govern the recharge response,
and, the speleogenetic network therefore has great
implications for the hydrogeological functioning of the
CSC (Andreo et al., 2016).
Recent studies (Andreo et al., 2016; Gil-Márquez et
al., 2017a) focused on the hydrogeological functioning
of the CSC, have led to valuable knowledge about
groundwater flow dynamics within this olistrostromic
unit. A hydrogeological conceptual model, inspired on
the Gravity-Driven Regional Groundwater Flow Model
(Tóth, 1963, 1970), was proposed by Andreo et al.
(2016) and adapted to the geological particularities
of the CSC. This conceptualization consists of a
hierarchized system including groundwater flowpaths
of different lengths and residence times within the
aquifer, from shallow local flows to deep regional
ascending flows. The massive presence of clays in
the bedrock determines the aquitard functioning of
the CSC, where groundwater usually moves through
a diffuse flow system. However, where evaporite rock
formations are largely present, the water flow is also
organized by karst conduits, which enhance the
hydrogeological heterogeneity of the CSC.
The aim of this work is to obtain a deeper insight into
the geomorphological and speleological characteristics
of an evaporitic plateau within the CSC, exemplified
in the Jarales Area (S Spain; Fig. 1), and assess
their influence on the hydrogeological functioning of
a geologically and hydrogeologically heterogeneous
karst system. In addition, a better comprehension
about the groundwater flow organization within
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Fig. 1. Geographic location and geological-hydrogeological sketch of the Jarales area (Cordoba province, S Spain). Modified from
Martín-Serrano (1986) and Divar et al. (1988). Hydrogeological connections deduced from the multi-tracer test results (PYR: pyranine,
SRB: sulforhodamine B, URN: uranine) and groundwater table contours, (Andreo et al., 2016), are also displayed.

the evaporite karst is pursued. Several methods
were jointly applied to analyze the structural
implications of exo- and endokarst features on
system hydrodynamics. Digital high resolution
elevation data from Airborne LiDAR were used to
characterize the shape and distribution of exokarst
landforms, some of them containing functional
swallow holes. A multiple-injection tracer test
was performed and physical-chemical parameters
(discharge, electrical conductivity —EC— and water
temperature) of the main spring draining the CSC
outcrops were monitored during an individual and
intense recharge pulse. Dye tracing in evaporitic
settings can be challenging because of saline water
and high sediment loads. Hence, the integrated
knowledge obtained from different approaches might
open new research perspectives allowing for a better
characterization of evaporitic karst systems and,
consequently, reliable management of their geological
and hydrological heritage.

SITE DESCRIPTION
Location, climate and geology
The Jarales area (Fig. 1) is an 80 km2 evaporitic
karst plateau located in the southern part of Cordoba
province (Andalusia, Spain), between the Genil River
(to the south) and its tributary, the Anzur (to the north).
Land use is predominantly extensive olive orchards
(Fig. 2A), both rain-fed and irrigated. The prevailing
climate is temperate Mediterranean, with a marked
seasonal pattern in the annual rainfall distribution,
which occurs mainly in autumn and winter (very often
in a torrential way). The mean historic annual rainfall
in the Jarales area is 412 mm, and air temperature
is 18ºC (CMA, 2005).
The main lithologies cropping out in the Jarales
area belong to the CSC, the olistostromic geological
unit that occupies the northern sector of the socalled Subbetic Domain in the Betic Cordillera. This
megabreccia comprises Triassic (Keuper) multi-colored
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clays and evaporitic rocks (gypsum, anhydrite and
halite) as well as blocks of diverse age and lithology:
Triassic and Jurassic carbonates, Cretaceous marls,
Miocene sandstones, etc. (Vera & Martin-Algarra,
2004). Gypsum is commonly found both as massive
rock minerals and as a polygenic breccia. Although
halite is absent from the near surface because of
its high solubility, its existence at depth has been
inferred from brine springs draining the evaporitic
system (Gil-Márquez et al., 2017b; Fig. 1). The
CSC is highly deformed as a consequence of the
gravitational displacement that they have undergone
during the Alpine orogeny (Pérez-López & Sánz de
Galdeano, 1994). Therefore, the original stratigraphic
relationships are seldom preserved.
Geomorphology, hydrology and speleological
exploration
The test site is characterized by gentle hills with
modest relief (Fig. 2A), a poorly defined drainage
network and the presence of numerous endorheic areas
(closed depressions). Karst-derived depressions often
host wetlands of diverse size and variable hydroperiod
(Figs. 1 & 2B), resulting from hydraulic interactions
with the water table. The most significant wetlands are
Jarales (Fig. 2B) and Amarga (Fig. 1), which together
with other ephemeral lakes, constitute a complex of
wetlands at the central part of the evaporitic karst
area. The altitude of the bottom of such karst features
diminishes from the center of the plateau (410430 m a.s.l.) towards its borders, reaching heights
near 300 m a.s.l. towards the north, where they are

aligned along a north-south direction (Andreo et al.,
2016). In the northern sector, the endorheic areas
are naturally drained through constricted swallow
holes (Fig. 1), resulting in occasional flooding during
wet periods (Fig. 2C). One of the swallow holes is
wide enough to be explored and is the entrance to
Argamasilla Cave (Figs. 1 & 2D).
Argamasilla Cave has been known locally for a
long time, but was only recently described in the
literature (González-Ríos et al., 1994; CMA, 2005).
The entrance to the cave was formerly used as a
dump for agricultural wastes derived from olive oil
production, which were later detected at the most
significant discharge point (Lower Anzur Spring,
247 m a.s.l.; Figs. 1 & 2E), indicating a connection
between the two points (Mora, 2006). The cave has
been explored for 30 m (Aljama-Martínez, 2016) and
its main morphometric characteristics are described
in Fig. 3. The entrance, 1 m high and 1.5 m wide, is
located below a 3-m vertical wall, in a small depression
excavated by sinking waters (Fig. 2D). The gallery
is 1-1.5 m wide and starts with a 7 m gentle slope,
followed by a sequence of short shafts (Fig. 3). After
approximately 10 m of drop, an 8 m long half-flooded
corridor extends, tracing several curves until reaching
a sump (Figs. 3 & 4A), which has impeded further
explorations for the time being (Aljama-Martínez,
2016). No speleothems were found along the explored
section of the cave.
Besides the direct infiltration of runoff into the
swallow holes, recharge also takes place by diffuse
infiltration of rainwater through gypsum and

Fig. 2. A) Olive orchards, the prevailing landscape in Jarales area; B) Overview of the Jarales seasonal
wetland (August, 2013); C) Flooding of the closed depression drained by Argamasilla swallow hole;
D) Entrance to Argamasilla swallow hole on Triassic clays connected with a gypsum cave (IP1);
E) Lower Anzur Spring; F) Gauging station equipped with water level logger.
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Fig. 3. Cross section of Argamasilla Cave including pictures taken at different sections. Modified from Aljama-Martínez (2016).

calcareous outcrops, and probably through the
bottom of wetlands and other closed depressions
as well (Gil-Márquez et al., 2017b). Given the
general aquitard behavior of the CSC, groundwater
predominantly flows within a diffuse-type system.
Flowpaths are radially divergent, from the higher
altitudes of the plateau to its borders (Fig. 1). Natural
discharge mainly occurs northwards, via springs
located along the Anzur River bed. Outflow towards
the Genil River completes the groundwater system
drainage (Andreo et al., 2016). Despite the fact that
regional groundwater discharge is associated with
a diffuse flow system, having long residence times,
the springs show rapid natural responses to recharge
events that are typical of karst conduits. This karst
behavior is even more remarkable at the Lower Anzur
spring, where high discharge variability and dilution
effects on water mineralization have been registered
(Gil-Márquez et al., 2017b).

METHODS
Automatic detection of karst depressions
For the automatic identification of negative relief
karst landforms, GIS-based approaches were applied,
focused on the data processing of high resolution
digital elevation models (DEM). The raster dataset
used in this work was created with a 0.5-m resolution,
from LiDAR airborne point cloud information (PNOA,
2016), with a spatial density of 0.5 points/m, and an
altimetric accuracy of 0.2 m. Using the Pit Removal
tool of ArcMapTM software (ESRI), a new DEM was
created, in which all closed depressions were filled
up to their overflowing thresholds. Then, the original

DEM was subtracted from the newly generated raster,
resulting in a modified DEM that shows the location
and morphology (including depth) of all depressions
in the selected area (Siart et al., 2009; Anders et
al., 2011). Final results were validated for those
depressions bigger than 500 m² by field observations
and areal image checking. This method has provided
satisfactory results in other karst areas in S Spain,
both in carbonate (Pardo-Igúquiza et al., 2013) and
evaporitic media (Mudarra et al., 2016). Finally, the
orientation of the main axis of the closed depressions
was calculated and classified using GIS tools.
Multi-injection tracer test setting
and other field methods
Three active karst swallow holes in the northern
sector of the pilot site were selected (Fig. 1): IP1,
coinciding with the entrance of Argamasilla Cave (347
m a.s.l.); IP2, at the bottom of a small doline (323
m a.s.l.); and IP3 (307 m a.s.l.), the main drainage
point of a large polje (Fig. 1). Tracers were injected
during a high intensity rainfall event between 1 and 2
November 2015, which permitted the direct infiltration
of generated runoff through the swallow holes. The
selected fluorescent dyes were uranine (URN; CAS RN:
518-47-8), pyranine (PYR; CAS RN: 6358-69-6) and
sulforhodamine B (SRB; CAS RN: 3520-42-1). A total
mass of 1 kg of URN was released into IP1 at 9 p.m.
(Fig. 5A), 0.98 kg of PYR was injected into IP3 at 9.45
p.m., and 1.5 kg of SRB was introduced into IP2 at
11.40 p.m. (Fig. 5B). The estimated sinking flow into
IP2 and IP3 amounted to 15 l/s in both cases. On
the other hand, infiltration flow into IP1 progressively
increased, from 1-2 l/s to approximately 200 l/s. EC
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Fig. 4. A) Half-flooded lower gallery of Argamasilla cave, partially
filled by silty-clayey sediments. The conduit walls are constituted by
massive gypsum; B) Detail of a polygenic-breccia inside the cave;
C) Accumulation of plants and organic matter within the main gallery
(Photos by Abén Aljama Martínez).

and temperature of recharge waters were in the range
of 1.2-1.5 mS/cm and 12.8-14.0ºC, respectively. At
the end of the rainfall event, the drainage capacity of
all swallow holes was exceeded, leading to flooding of
the endorheic areas that they drain (Fig. 2D). Flooding
conditions persisted for several days, and the swallow
holes were active until 7 November 2016.
From 1 November to 2 December 2015, 129 water
samples were collected from the main discharge
points (Lower Anzur and Upper Anzur springs; Fig.
1), and from surface water points of the Anzur River
(S1, S2 and S3; Fig. 1). During the first three days,
the sampling routine was performed hourly at Lower
Anzur spring, and twice a day at the other control
points. Sampling periodicity was progressively
decreased, ending with once a week. All water
samples were collected in 75 ml amber glass bottles
and were stored in the laboratory of the Center of
Hydrogeology of the University of Malaga (CEHIUMA),
isolated from light to prevent photodegradation of the
dye substances. Prior to fluorescence determination,
the samples were settled to separate the liquid phase
from the suspended solids.
Discharge of the Lower Anzur spring was
simultaneously observed at a gauging station
equipped with a 60º V-notch weir (Fig. 2F), a water
level stage, and a pressure-depth (water level) probe
(ODYSSEYTM depth/temperature logger) with 0.8
mm accuracy. The hourly water level variations were
subsequently transformed into spring discharge data
by applying the corresponding rating curve, whose
accuracy was checked from single discharge flow
measurements (OTTTM C2 flow meter) and water level
readings. In addition, electrical conductivity (EC) and
temperature of the Lower Anzur spring waters were
measured hourly using a conductivity/temperature
meter with data logger function (WTWTM Cond
340i) installed in the outlet. To check the accuracy
of the recording physical-chemical parameters,
discrete EC and temperature measurements were
also performed (WTWTM Cond 3310) with the same
periodicity as sample collection. Rainfall data were
recorded hourly by an automatic weather station
located at 390 m a.s.l., 1 km NE from the Jarales
wetland (Fig. 1).

Fig. 5. Left: Uranine injection into the Argamasilla cave swallow-hole (IP1);
Right: Sulforhodamine B injection into the IP2.
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Analytical determination of tracer concentration
and conduit volume estimation
The analysis of fluorescent tracers was performed
in the laboratory within 48 h after sampling, by
means of the synchronous scan method, using a
luminescence spectrometer PERKIN ELMERTM LS-55.
Since URN and PYR show similar wavelength spectra
for maximum excitation values, the simultaneous
detection of both substances in a water sample
required the analytical separation of the tracer
signals. For that objective, the software PeakFitTM
was used to remove the base line (background
levels) in the raw curves, while for its decomposition
in independent tracer peaks (one per each dye)
the Gaussian deconvolution method was applied
(Alexander, 2005). The coefficient of the determination
(R²) of the obtained concentration curves was higher
than 0.99.
Calibration entailed serial dilution of a master
dissolution of each tracer. Due to the effect of salinity
on the tracer concentration (Käss, 1998; Magal et
al., 2008), each solution was prepared using salt
water with a NaCl concentration of 150 g/l. This
value is close to the mean NaCl content of Lower
Anzur spring waters (Gil-Márquez et al., 2017b).
No additional calibration curves were made for
distinct salinity values, as it was empirically checked
(Fig. 6) that the observed salinity variations, in the
range of 110-160 g/l of NaCl, had a minor influence
on tracer detection.
The water volume drained by the Lower
Anzur Spring was quantified by integrating the
continuous discharge record during the study
period. The volume of the whole karst network
was estimated as the volume drained by the outlet
from the centroid of the recharge event to the
peak discharge time (Luhmann et al., 2012). To
account for the water volume of single conduits
that connect injection points with sampling sites,
various reference times in BTCs were considered
(Vojtechovska et al., 2010). Mean conduit diameters
were estimated from conduit sections, which were
previously calculated by dividing the conduit
volume by its length (after applying a sinuosity
factor of 1.5).
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RESULTS
GIS-based automatic detection of
evaporitic-karst depressions
Figure 7 shows the results derived from the automatic
identification of closed depressions in the Jarales area.
The GIS-based approach revealed depressions from
meters to hundreds of meters in diameter, and made
it possible to analyze their morphometric properties
below the overflow thresholds. It should be noted
that the Pit Removal tool fills the closed depressions
identified in the original DEM up to their threshold,
and therefore the resulting DEM is useful to point out
the endorheic areas but not for delineating their whole
catchment area. A total of 64 closed depressions larger
than 500 m² were recognized by the GIS algorithm,
53 of which were confirmed by field checks. The other
11 areas correspond to anthropogenic, generally small
(<0.5 ha) structures (e.g., irrigation pools, quarries,
etc.). Towards the east, some ephemeral ponds
delineated as wetland areas in Figure 7 were not
recognized by the DEM geoprocessing. Later validations
indicate that those areas were artificially drained by
ditches, impeding their automatic identification.
In general terms, the depressions located at the
central part and to the SW of the evaporitic plateau
are shallower than those situated towards the N,
NW and SE (Fig. 7). In the northern sector, where
endorheic areas are drained by swallow holes, the
GIS-based algorithm provides detailed information
on the morphometric properties of the above features
(Fig. 7A-C). For example, it is possible to observe the welldeveloped drainage network existing in the endorheic
area drained by Argamasilla swallow-hole (Fig. 7D).
Figure 7 also displays the spatial distribution
and direction of the predominant set of fractures
affecting the CSC materials and other lithologies in
the Jarales area. The trace of mapped faults in this
area shows three predominant directions (Fig. 7):
NE-SW, NW-SE and N-S. Preliminary results show
that the main axes of 70% of the largest identified
closed depressions (>0.5 ha) are aligned either in
N-S or NE-SW orientations (Fig. 7). This percentage
reaches 85% if the closed depressions with NW-SE
axes are also considered.

Fig. 6. Variation of fluorescence intensity signal as function of salinity for uranine,
pyranine and sulforhodamine B at 2.5, 10 and 10 ppb concentration, respectively.

Tracer test results and analysis of tracer
breakthrough-curves (BTCs)
A total rainfall of 67 mm accumulated
during the month before the performance
of the tracing experiment, promoting the
activation of the system drainage in the
Lower Anzur Spring (Fig. 8). During the day
of the injection, an intense rainfall event
(44 mm in 6 hours) occurred, provoking
a rapid generation of runoff and its flow
into the swallow holes. Since no significant
rainfall was recorded in the following weeks,
the tracer test was carried out coinciding
with a large unitary recharge event (Fig. 8),
a few weeks after a smaller one, which
led to the activation of the whole karst
drainage network.
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Fig. 7. Results of the automatic detection analysis of depressed landforms. Wetland areas previously identified
by CMA (2005) are outlined in red. Rose diagrams of the mapped faults and the main axes of the largest closed
depressions are presented. Detailed geoprocessed images of depressions hosting swallow holes are displayed
in the right column.

Fig. 8. Hydrographs of Lower Anzur Spring and Anzur River at point S2 from
1 October to 15 December 2015. Mean spring discharge (March 2014 to August
2016 period) and rainfall distribution are also shown.
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Among the three injected tracers, only URN and
PYR were detected at the Lower Anzur Spring water
during the control period. They also appeared at
sampling point S3 of surface water, located in the
river, downstream from the main outlet (Fig. 1). SRB
was not detected during the test, nor throughout
the following year. The analytical results of the
tracer test obtained for the Lower Anzur Spring
are summarized in Table 1. PYR was first detected
at the outlet, 16 hours after the injection and 17 h
after the gravity center of the rainfall event (10 p.m.,
1 November), the latter understood as the moment
in which half of the total rain has fallen. Maximum
tracer concentration reached 9 µg/l, after 26 hours
(Tab. 1 & Fig. 9). The fastest groundwater flow velocity
calculated was 125 m/h, while the average (i.e.,
predominant) one was 78 m/h. URN appeared 4 h
later than PYR, with a more diluted and delayed peak
concentration (0.6 µg/l after 54 h; Tab. 1 & Fig. 9).
As the traced hydrogeological connection is almost
double in length, the maximum flow velocity calculated
for URN is 192 m/h, the average flow velocity
(70 m/h) being slightly lower than that for PYR.
Since a karst flow route is unlikely to be straight,
any sinuosity would result in proportionately
higher flow velocities. The recovery rates of both
dyes were very low: 13% (127.4 g) for PYR and 0.9%
(9 g) for URN.
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PYR and URN BTCs show sharp rises in dye
concentration, followed by slower decreases to an
increased background level (Fig. 9). This observation
is much more evident for PYR, reflecting a welldefined exponentially decreasing curve, while URN
BTC is more elongated (Curtosis coefficient of 4.17,
Tab. 1). In both cases, but particularly for URN,
travel times and dispersion indicate a low mixing
efficiency in the conduit flow and/or the existence of
retardation processes.
PYR and URN were first detected at S3 on the third
day after injections, coinciding with the highest spring
discharge rate, and after the Anzur River flow peak
passed (Fig. 8). The highest concentrations of PYR
and URN in S3 waters were found to be substantially
lower (Tab. 1) than those measured simultaneously
at the Lower Anzur Spring, suggesting that there may
have been a dilution of the dye drained by the Lower
Anzur spring when mixing with the river waters. The
recovery rates calculated for both tracers at S3 were
much lower than that at the spring (Tab. 1) and even
lower than that expected from a theoretical mixing
between the river (S2 gauging station) and the spring
waters. Nevertheless, recovery rates calculated for the
Lower Anzur River for the same period in which the
dyes appeared at S3 (when the dilution influence was
lesser) were 3.5% for PYR and 0.5% for URN. While
these values are still higher than those calculated at

Table 1. Main hydraulic parameters deduced from the multi-tracer test. * Mean spring discharge refers to the study period
(1 November to 2 December 2015).
Injection Point
Tracer
Injected mass
Altitude
UTM coordinates

IP1
(Argamasilla Cave)

IP2

URA

SRB

PYR

1

1.5

0.98

kg
m a.s.l.

IP3

347

323

307

X

358,787

358,339

358,874

Y

4,133,703

4,134,105

4,134,963

Mean

Maximum

Unit

m

Analytic results
Sampling Point

Lower Anzur spring

Discharge rate*

Minimum

17.9

98.9

1.2

l/s

3,800

2,700

2,000

m

First detection time

20

n/d

16

h

Time to peak concentration

54

n/d

26

h

Peak concentration

0.6

n/d

9.0

µg/l

Maximum flow velocity

192

-

125

m/h

Maximum average flow velocity

70

-

78

m/h

Recovery rate

0.9

-

13

%

Skewness

1.78

-

0.23

Kurtosis

4.17

-

1.05

Mean

Maximum

Minimum

723

48,376

81

l/s

3,300

2,300

2,500

m

First detection time

64

n/d

63

h

Time to peak concentration

64

n/d

92

h

0.04

n/d

0.45

µg/l

0.2

-

1.9

%

Distance from injection point

Sampling Point

S3

River flow rate
Distance from injection point

Peak concentration
Recovey rate
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Fig. 9. Time series of spring flow, electrical conductivity, water temperature and tracer concentrations at the Lower Anzur Spring. Estimated response
times and recovery rates are also displayed. It should be noted that X axes are broken. (*) Tracer response times are referred to the gravity center of
the rainfall event, which for PYR differs from values in table 1, unlike URN times.

S3 (Tab. 1), they are more reasonable. The remaining
difference could be due to a light degradation of the
tracers, retention by sediments and vegetation, dilution
caused by runoff from other creeks located between the
outlet and S3, or to the minor sampling frequency of
the river waters (2-3 times a day). Furthermore, there
are some uncertainties related to tracer concentration
determination at S3. Salinity of S3 waters during dye
positive detection was in the range of 21-42 g/l, and
the enhancement of fluorescence intensity was lower
than that for the spring. This, together with the low
concentrations of both dyes (particularly URN) and
their simultaneous appearance, led to poorly defined
peaks and, therefore, to less accurate separation of
the tracer curves.
The conduit volumes calculated from the test
results are displayed in Table 2. The estimation of the
volume of the whole network was obtained from the
delay between the recharge pulse centroid and the
discharge rate peak. As this volume is referred to the
whole karst network, whose entire length is unknown,
no section sizing was possible. For each one of the
traced connections, two times were considered: the

delay between the injection and the concentration
peak, and the dye mean transit time within the
system. Regarding PYR, the estimation is lower for the
first time, whereas in the case of URN both times were
the same, and so were the corresponding volumes.
Although the two PYR volumes are not very different,
the peak time volume is chosen for discussion, as
the mean transit time does not provide reliable data
when the BTC curve has a high long-lasting tail (Käss,
1988). The conduit volumes estimated from URN
velocities are not consistent with the smaller volume
calculated for the whole network.
Analysis of natural responses of the Lower
Anzur Spring
During the study period, a relatively quick flow
variation in response to the main recharge event (from
16.9 l/s to 91.9 l/s) was detected in the Lower Anzur
Spring, with a time lag of 60 hours between the center
of gravity of precipitation and the discharge peak in
the spring (Fig. 9). This peak appears to coincide with
the highest concentration of URN in the spring water,
followed by three days of gentle decrease until 61 l/s
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Table 2. Times of reference in BTCs and estimated volumes and mean diameters of the master conduit.
Time period
(min)

Estimated
volume (m³)

Mean conduit
diameter (m)

Recharge centroid to peak discharge

2,460

10,488

-

Injection time to URN peak (max)

3,240

14,993

1.83

Injection time to PYR peak (max)

1,485

5,263

1.49

URN mean transit time

3,240

14,993

1.83

PYR mean transit time

1,665

6,206

1.62

Time of reference (BTC)

(1 p.m., 6 November), and then by a sudden and faster
fall in the spring hydrograph, which coincided with
the end of the waterlogging period in swallow hole
depressions. No data for the first 14 h after recharge
is available (stripped area in Fig. 9) due to the increase
in Anzur River flow that produced complete flooding
of the spring area, which impeded a correct spring
monitoring.
The impulsional response of the spring provoked
an EC peak (160.4 mS/cm), with a 16-hour timelag, followed by a delayed fall of water mineralization
(dilution up to 120.6 mS/cm, 136 h after recharge
peak) and a later slow recovery during the spring
depletion (Fig. 9). Groundwater temperature in Lower
Anzur Spring displays a similar pattern to that of the
EC, especially during the period in which depressions
were flooded (Fig. 9). Thus, simultaneously to the
EC peak, a quick rise of 0.5ºC (from 20.6 to 21.1ºC)
was observed, followed by a slow decrease of similar
magnitude (up to 20.3ºC) with a 94-hour lag.
Later, this physical parameter remained relatively
stable. Maximum EC and water temperature values
respectively occurred 1 and 2 h before the first
detection of PYR. In other words, the arrival of storm
recharge from IP3 to the spring marks the beginning
of the dilution effect.

DISCUSSION
Rock fracturing is one of the main genetic factors
affecting the morphology, density and distribution
of karst landforms (Ford & Williams, 2007). The
occurrence of dolines and other karst-related
depressions aligned with the main set of fractures,
in NE-SW and N-S directions (Fig. 7), confirms that
the development of surface karst features in the
Jarales area is governed by tectonics. This fact was
already pointed out as the most likely origin of the
depression that hosts the Jarales wetland (MMA,
2008). Likewise, the location and alignment of the
inventoried swallow holes along the N-S axis in the
northern half of the test site (Figs. 1 & 7), suggests
that karst conduit development in the subsurface
is significantly controlled by fracturing. In addition,
the existence of such concentrated recharge features
in the Amarga wetland (360 m a.s.l.), together with
the NE-SW fault system between this wetland and
Argamasilla Cave (347 m a.s.l.; IP1 in Figs. 1 & 7),
may indicate that the two sites are connected
through a preferential groundwater pathway. It
has been suggested that under extremely high flow
conditions, waters entering the Amarga swallow hole
are directed toward the Lower Anzur Spring (MMA,
2008). However, this hydrogeological connection has

not yet been proved, and therefore, groundwater
flow towards the Genil River cannot be discarded.
In any case, fracturing that affects massive gypsum
blocks as well as the polygenic gypsiferous breccia
(Figs. 4A & B, respectively) predetermines the genesis
and development of karstification, as revealed by a
recent speleological survey carried out in Argamasilla
Cave (Aljama-Martínez, 2016).
Additionally, the altitudinal contrast existing between
the evaporitic karst plateau and its surrounding areas
(25-50 m to the N and up to 150 m to the S) could be
related to halokinetic processes. Diapirism has been
described in other CSC outcrops and its influence on
karst development has been confirmed (Calaforra &
Pulido-Bosch, 1999). Hence, if the ground elevation of
the study area were linked to halokinesis, it would also
have affected the karst evolution, at both surface and
subsurface. This assumption cannot be considered
conclusive however, as further research is needed.
The dome morphology of the land surface also
determines the hydrogeological characteristics of
the study area (Andreo et al., 2016). Groundwater
flows in a radial and divergent way, from the highest
altitudes of the area to its borders, preferentially
northwards, to the Anzur River. The location of the
karst sinkholes used for the tracing experiment is
coherent with this interpretation of the groundwater
flow systems organization. Moreover, the detection of
PYR and URN in the water drained by the Lower Anzur
Spring validates the hydrological connection between
the northern sector of the evaporitic plateau (IP1 &
IP3; Fig. 1) and the main outlet of the system, while
also revealing the active role of exokarstic forms in its
recharge (Fig. 10). The lack of detection of SRB in the
monitored points does not prove the disconnection
between IP2 and the controlled points (Fig. 1),
especially considering the geological-hydrological
context where this tracer was used: a karst system
developed within predominantly clayey-evaporitic
lithologies. Smart & Laidlaw (1977) reported up to
49% of SRB retention on suspended minerals, Magal
et al. (2008) proved 100% sorption of this dye on
clays and other minerals (quartz and calcite) when Clexceeds 100 g/l, and several authors documented
the decreasing tracer fluorescence intensity when
salinity increases (Feuerstein & Selleck, 1963; Smart &
Laidlaw, 1977; Magal et al., 2008). The latter statement
is furthermore confirmed in the present study (Fig. 6).
The predominant clayey lithology of the CSC, the
high turbidity of waters sinking into the swallow
holes during tracer injections (Fig. 5), and also of the
spring waters during the control period (>1,000 NTU
coinciding with the highest concentrations of PYR and
URN), together with their high salinity, would support
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the lack of SRB detection in this field test. At the
same time, the intermediate position of IP2 (between
IP1 and IP3 and the main outlet) and the high
development of karstification along the N-S direction
(Figs 1 & 7) point to a probable hydrogeological
connection between IP2 and the system drained by
the Lower Anzur spring (Fig. 10).
As with SRB, the capacity of PYR and URN to be
absorbed by rock minerals increases with salinity
(Fig. 6); yet in such cases the effectiveness of tracer
detection is enhanced by salinity, contrary to
SRB (Magal et al., 2008). Therefore, the low tracer
concentrations and recovery rates obtained for PYR
(9 µg/l and 13%) and, particularly, for URN (0.6 µg/l
and 0.9%) in the Lower Anzur Spring (Tab. 1), are
mostly due to the predominant physical processes
(sorption, dispersion, retardation, etc.) and chemical
reactions (matrix diffusion, cation-exchange, etc.)
occurring within clayey materials (Smart & Laidlaw,
1977; Kasnavia et al., 1999), rather than to a poor
connection. The sum of such processes promotes
the loss of tracer mass during its migration
through the clayey fractures and conduit walls
and, possibly because of the suspended particulate
matter in groundwater. Additionally, the geological
complexity of CSC materials and the high solubility
of evaporite rock minerals provoke faster dissolution/

karstification processes, resulting in heterogeneous
conduit morphologies (i.e., conduit narrowing at the
beginning of Argamasilla Cave; Fig. 3). A complex
conduit geometry may also favor the development of
stagnant (dead) zones or lateral storage areas that
induce larger tracer dispersivities, as deduced from
the long-tailed BTCsrecorded (Fig. 9).
In any case, the URN breakthrough curve, and
especially the one for PYR (Fig. 9) are typical of
well-developed karstic drainage (primarily in the
unsaturated zone), with relatively steep rising limbs
and sustained recession in tracer concentrations.
This highlights the existence of a preferential
flowpath running S-N (Fig. 10). Furthermore, the
maximum effective flow velocities estimated in the
tracer test (Tab. 1), particularly in the case of PYR
(192 m/h), are equivalent to those deduced from
other field experiments performed in highly karstified
carbonate areas in southern Spain (Mudarra et al.,
2014; Barberá et al., 2017). The apparent discharged
groundwater volumes are relatively high compared to
other tracer test results obtained in different evaporitic
settings (Tab. 3), except for the investigations
described by Forti (1993), which correspond to
enormous speleogenetic networks (Forti & Sauro,
1996; Calaforra & Pulido-Bosch, 2003) that are
not comparable.

Fig. 10. Sketch of the hydrogeological functioning of the system drained by the Lower Anzur Spring, showing the contribution of closed
depressions to the spring flow, deduced from tracer test results and monitoring of natural responses to an intense recharge pulse.
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Even though the distance between the IP1 swallow
hole and the Lower Anzur spring is almost double
that for IP3-Lower Anzur spring (Fig. 1), the first
detection of URN occurred only 4 h after the arrival
of PYR (Tab. 1). Still, mean effective flow velocities in
both cases are of the same order (Tab. 1), according
to the double lag time observed between each tracer
injection and its respective peak tracer concentration
in the outlet (54 vs 26 hours). Meanwhile, the
maximum flow recorded during the field experiment
(Fig. 9 & Tab. 1) occurred a few hours after the URN
concentration peak, giving rise to a decrease of both
flow rate and tracer concentration. This suggests a
strong relationship between infiltration occurring
through IP1 and the hydrodynamic response of the
outlet. Thus, IP1 could be considered as a relevant
recharge point of the system. According to these
results, a limited drainage capacity through a master
karst conduit should be expected (Fig. 10), although
it could be slightly higher at the initial segment
(e.g., in Argamasilla Cave, Fig. 3) and presumably
have less effective diameter in the remaining length
(Hauns et al., 2001). Concentrated recharge coming
from other endorheic areas located at intermediate
positions (IP2 and IP3) would contribute to the
complete saturation of the main conduit that
hydraulically connects IP1 and the Lower Anzur
spring, stemming the groundwater flow coming
from IP1. As a consequence, the temporal reduction
of drainage capacity would lead to the flooding of
exokarst depressions if runoff generated over the
endorheic areas exceeded their sinking capacities,
as was observed during the test. After the spring
drains most groundwater filling the principal conduit,
the fraction of recharged water through IP1 would
progressively increase. Subsequently, flooding
conditions at the endorheic areas could be interrupted
due to the drainage of groundwater stored in the
conduits network (returning to vadose conditions)
by the outlet, as is reflected in the hydrograph of the
Lower Anzur Spring (Fig. 9). The constrained conduit
morphology along the N-S flow path therefore has
direct implications for the hydrogeological functioning
of the evaporitic system, determining the natural
response of the Lower Anzur Spring.
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The estimates of groundwater volume draining the
IP1-spring (URN) and IP3- spring (PYR) connections
during the field test result in mean conduit diameters
of 1.83 m and 1.49 m, respectively (Tab. 2), which
are slightly narrower than those estimated by Birk et
al. (2004) for the Urenbrunnen gypsum karst spring
(S Germany). These conduit sections resemble the
surveyed segment of the Argamasilla Cave (Fig. 3).
Yet, the difference between the computed volumes of
the entire drainage network and the IP1-Lower Anzur
spring connection (URN) is not consistent. If, despite
uncertainties related to the lack of recorded data
during the first hours of the test, the first estimated
volume (whole conduit network) is taken to be correct,
then the latter must be considered overestimated. The
observed delay in the URN peak detection resulting
from groundwater saturation of the conduits could be
at the root of such anomalous volume computation.
Considering the same mean diameter as for the IP3spring, the resulting volume calculated for the IP1spring conduit system is 9,938 m3, which could be
coherent if recharge waters through both swallow
holes quickly reached the master conduit (connecting
IP1-spring; Fig. 10) almost simultaneously. In
any case, the mean diameter of the latter conduit
could not be greater than 1.49 m, regardless of the
plausible existence of further tributary inflows (e.g.,
underground pathway connecting IP2 to the master
conduit). The total volume drained by the spring
during the test as a response to the recharge pulse
is estimated at 31,900 m3 (from the recharge pulse to
the beginning of depletion). Accordingly, the volume of
the water temporarily stored in the karst depressions
can be estimated as the difference between the
latter volume and that of the total karstic network,
giving 27,600 m3. The monitoring of water levels
into depressed areas, together with the accurate
morphology data provided by the LiDAR DEM, would
therefore allow one to calibrate this sort of estimate in
further studies.
The increase in EC and water temperature recorded
in the Lower Anzur spring, reaching maximum
values 16 hours after the recharge pulse (Fig. 9), are
attributable to a piston flow mechanism (Chiesi et
al., 2010). The groundwater previously stored in the

Table 3. Comparative table of different dye tracer tests performed in diverse evaporitic settings and the obtained effective flow velocities.
Reference
Forti (1993)
Klimchouk (1996)

Location

Geological/hydrogeological setting

Gypsum karst of Sorbas (Spain)
& Emilia-Romagna (Italy)
Jazovsky sulphur deposits
(Ukraine)

Barren exposed karst. Through flowing underground
streams
Deep-seated karst setting. Borehole-borehole
connection
Entrenched gypsum karst overlying sandy-carbonate
aquifer. Ponor-spring connection

Apparent flow
rates (m/h)
360-5,400
17-104

Klimchouk (1996)

Podolsky area (Ukraine)

Birk et al. (2004)

Urenbrunnen gypsum karst
spring (Germany)

Gypsum and marls layer aquifer

31-77

Caspe Dam (Spain)

Water seepage beneath clayey-evaporite deposits

<1

Bikshe et al. (2014)

Upmale hillock plain (Latvia)

Gypsum and carbonaceous rocks covered
by Quaternary low to high permeable deposits.
Complex structure

21-42

Strasser et al. (2016)

Weir lock Hessigheim, Neckar
River (Germany)

Deep confined clayey-anhydrite aquifer

0.07-0.3

Lower Anzur Spring (Spain)

Clayey-evaporite mélange with local karstification

70-192

Mancebo Piqueras
et al. (2012)

This research
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12.5-21

Gil-Márquez et al.
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saturated conduit (where water with higher salinity
and warmer temperature is stored) is pushed out
to the discharge point (Fig. 10), as a result of the
transfer of the water pressure from the intense and
concentrated recharge episode (Gil-Márquez et al.,
2017b). After the drainage of stored groundwater
(Fig. 8), a mixture of recently infiltrated runoff through
the swallow holes (i.e., in which dye tracer dissolved)
and old groundwater arrives to the spring, leading to
the progressive dilution and cooling of spring water.
The lowest EC values (120.6 mS/cm; chemograph in
Fig. 8) were recorded after 120 h, approximately 1 day
after the swallow holes fully emptied the flooded
endorheic depressions, and it started to rise from
that moment onward (Fig. 8). This fact, together with
the marked fall in the spring flow observed between
6 and 7 November 2015 (Fig. 8), suggests that once
the karst depressions are fully emptied (i.e., after
rapid infiltration stopped), the spring depletion begins
and physico-chemical parameters in groundwater
progressively tend to reach the pre-event values.
This finding underlines the influence of the limited
drainage capacity of karst depressions and conduits
on the Lower Anzur Spring hydrodynamics. During the
flooding of the swallow holes, the spring hydrograph
undergoes smooth variations in the range of higher
flow (phreatic conduit), tracing a flattened discharge
evolution that lasted for several days (Fig. 9). The slow
water table lowering at the endorheic depressions
hosting swallow holes would also produce a subtle
depletion in spring discharge and, hence an inertial
response. However, when the water inflows through
the swallow holes are depleted, the spring flow
diminishes more rapidly (epiphreatic conduit) and the
amount of recently recharged water that is drained
by the spring gradually decreases. The EC positive
trend observed (from 9 November; Fig. 9) could be
due to either a greater water-rock interaction, as a
result of the gradual groundwater flow reduction, or
to a greater participation of diffuse groundwater flows
in the karst drainage, with higher residence time and
mineralization, or to both processes simultaneously.

CONCLUSIONS
The geomorphological study of an evaporitic
plateau using LiDAR airborne data and GIS-based
algorithms for the automatic detection of closed
depressions, and the analysis of spring impulsional
responses and tracer migration along a defined
karst underground flowpath, have led to a deeper
understanding of (exo- and endo-) karst development
and the groundwater flow mechanisms of an evaporitic
karst area in S Spain.
The geo-processing of digital elevation models made
it possible to automatically recognize numerous
karst-related depressions, as well as determine their
depth and preferential alignments. Landform analysis
suggests that karst development, at both surface and
subsurface, is linked to the regional fault systems,
and in particular to fracture density and orientation.
The multitracer test performed in the Jarales area
helped to define the main karst hydrogeological

connections between closed exokarst areas and the
Lower Anzur Spring, to roughly estimate the conduit
network geometry, and to advance in knowledge of
the system´s functioning. Analysis of the natural
responses of the outlet, together with the dye tracer
results, revealed its clearly karstic behavior, with
estimated effective flow velocities similar to others
described in carbonate karst areas and slightly higher
than those documented in European evaporite karst
setttings. Furtermore, a very substantial contribution
of the concentrated recharge through swallow holes
to the spring flow and its influence on the spring
hydrodynamics is inferred. The methodological
procedure for tracer concentration determination
was specifically modified due to the high salinity
of the groundwater, and some key issues related to
the clayey nature of the bedrock (e.g., turbidity, dye
sorption) have been discussed, in view of their utility/
replicability in similar applications worldwide.
The analysis of readily available spatial information
in conjunction with the application of conclusive
tracing techniques (using both environmental and
artificial tracers) has proven useful as a proxy to
attain a global knowledge of the genesis, evolution
and hydrogeological functioning of an evaporitic
karst area. The combined approach used in this
study could be adapted to other evaporitic systems
worldwide, whether at local or regional scale,
given that is application is technically feasible and
economically affordable. Advances in evaporitic karst
hydrogeology are essential for the proper management
of related ecosystems (i.e., wetland areas), for dealing
with related geo-hazards appropriately, and for
mitigating the environmental impact of highly
mineralized waters downstream.
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Abstract:

Keywords:

Evaluation of karst hazards benefits from the integration of different techniques, methodologies
and approaches. Each one presents a different signature and is sensitive to certain
indicators related to karst hazards. In some cases, detailed analysis permits the evaluation
of representativeness either from isolated approaches or by means of integrated analyses.
In this study, we present the evaluation of an area with high density of karstic collapses at
different evolutionary stages through the integration of surficial, historical, geomorphological
and geophysical data in order to finally define the evolutionary model for karst activity
development. The obtained dataset permits to identify different steps in sinkhole evolution:
(i) cavities and open sinkholes, (ii) filling of these cavities, with materials having different
signatures, (iii) the progression from collapses to subsidence sinkholes and (iv) enlargement
through collapses in marginal areas of previous sinkholes. The presence of different stages
of this evolutionary model permits to determine their own signatures that can be of application
in contexts where analysis cannot be so systematic and also to evaluate the definition of the
marginal areas of previous sinkholes as the most hazardous sectors.
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INTRODUCTION
The use of geomorphological analysis based on
aerial photographs with stereoscopic coverage has
been one of the most usual and useful approaches in
the characterization of sinkholes and development of
sinkhole inventories. Information for these inventories
can be complemented by field inspection, records of
infrastructures and building damages, inhabitant
interviews and topographical analysis. All these data
can permit the overall definition of the karst matter,
its characterization and its historical recent evolution
(e.g., Waltham et al., 2005; Cooper et al., 2011).
These datasets can allow to the exclusion of high
susceptibility karstic zones in urban or infrastructure
planning and also help in the evaluation of geological
factors that favor karst sinkholes. This evaluation
can also lead to understand the conditions that
favor karst development in areas where historicalgeomorphological datasets are scarce or ambiguous,
and to predict future unstable zones. These procedures
can include heuristic, deterministic or statistical
*opueyo@gmail.com

evaluations (e.g., Simón et al., 1991, Soriano &
Simón, 1995; Simón & Soriano, 2002; Simón et al.,
1998; Yilmaz, 2007; Lamelas et al., 2008; Galve et al.,
2009a,b; Thierry et al., 2009; Perrin et al., 2015), and
are often based on long records of sinkhole activity
and the assumption that new subsidence foci are
prone to develop in sectors where previous evidences
exist. This generalization resides in the indirect
evaluation of the geological, geomorphological,
geotechnical, hydrogeological, etc. factors that favor
the development of sinkhole clusters.
Geomorphological datasets or sinkhole inventories
can be integrated by using satellite data (topography),
LiDAR and InSAR technologies, in order to identify
recent subsidence processes (e.g., Berardino et al.,
2002; Lindsay & Creed, 2006; Castañeda et al.,
2009). These approaches can ultimately lead to the
creation of inventories in more or less automatic
manners (e.g., Wu et al., 2016; Zhou et al., 2016).
Poor data accessibility, requirements of wide
time-span intervals for the historical analysis or
anthropogenic or natural modifications can limit the
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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representativeness, completeness and accuracy of
inventories (e.g., Galve et al., 2009; Al- Kouri et al.,
2013; Gutiérrez et al., 2014).
In this sense, both geomorphological maps and
sinkhole inventories can be the background for
subsequent evaluation of susceptibility and definition
of hazard maps that can improve the prediction
availability. These approaches and the statistical
regression of previous data allow the identification
of karstic evidences and definition of their overall
boundaries. However, they cannot be directly used
to map voids prone to collapse (Norman & Watson,
1975). Moreover, when karst processes involve very
soluble rocks and high water availability, karst can
evolve at very high rates, thus requiring the prediction
and delimitation of susceptible areas or near-to-thesurface cavities for the definition of unstable sectors
(Martínez et al., 1998; Walthan et al., 2005; Gutiérrez
et al., 2008).
Geophysical approaches have also been used
as another data source for sinkhole inventories,
permitting to reduce uncertainties related to recent
surficial anthropogenic or natural modifications, and
also for the prediction of collapses without surface
expression (Benson & Yuhr, 1993; Pueyo Anchuela et
al., 2011a; Kaufmann, 2014 and references therein).
In many cases, geophysical results allow to define,
with high resolution, the limits of pre-existing karstic
evidences and their underground geometry. However,
they are strongly dependent on the particular features
associated with karst processes, such as sinkhole
fillings, decompaction of underground materials,
water table changes, more dense vegetation growth
and/or structural and geometrical changes of the
underground units affected by cavity propagation;
see for example Pueyo Anchuela et al. (2016). The
integrated evaluation using different geophysical
techniques can allow to improve, having in mind a
constrained geological evolutionary karst model,
sinkhole predictive models (Pueyo Anchuela et
al., 2010a, 2011b; Frumkin et al., 2011 and
references therein).
In this work, a detailed analysis in a sector
with recent and active karstic evidences has been
performed. Geomorphological, field inspection and
geophysical data were integrated in order to evaluate
sensitivity of the different approaches to the definition
and inventory of karst sinkholes. The proposal and
evaluation of the sinkhole evolutionary model led
to the improvement of sinkhole knowledge and the
evaluation of data representativeness in future
progression of karst processes.

STUDY AREA
The studied zone is located in the central part of
the Ebro Basin (NE Spain), which represented the
foreland basin to the Pyrenees and the Iberian Chain
and evolved as an endorheic evaporitic basin during
the Miocene (Pardo et al., 2004). This basin contains
different evaporitic facies including mainly gypsum,
and other more soluble salts, notoutcropping but
identified by boreholes and mining activities (halite

and glauberite; Salvany et al., 2007; Salvany, 2009).
The drainage system changed after the connection of
the Ebro River with the Mediterranean Sea causing
the beginning of erosion of the endorheic basin.
The geomorphology of the studied region is
characterized by a stepped progression of Quaternary
terraces from South to North. The Ebro River is located
along the northern border of the alluvial deposits
(Fig. 1) and the Miocene evaporitic materials are located
at different depths below the Quaternary deposits.
Quaternary deposits crop out extensively both to
the S and N of the studied zone, having thickness
between 7 and 15 m. In exposures, evaporitic units are
characterized by alternating gypsum and marly levels,
while halite is also known in the mining exploitations
at Remolinos, less than 10 km East of the studied
zone (Fig. 1); glauberite has also been identified in
boreholes in the same area (e.g., Pueyo Anchuela et
al., 2010b).
The studied area is located in one of the Holocene
terraces near to the transition to the river flood
plain (Fig. 1). according to borehole data the water
level related to the Ebro river aquifer is 3 m deep
and the evaporitic substratum is between 5 and 7 m
deep. Gravels and interbedded sands forming terrace
levels can present carbonate cementations near to
the surface. Soils are scarce and only have some
centimeters thick when cemented gravels are the
outcropping unit.

FIELD EVIDENCE
This study has been performed in a farming field
with an area of nearly 9,000 m2 where agricultural
activities ceased because to the high density of
collapses developed in the last decades. The surficial
evidences are diverse, including open collapses and
subsidence zones (Fig. 2). In some cases, collapses are
related to cavities located at some centimeters from
the surface. These cavities are stable at near-to-thesurface conditions due to the presence of cemented
gravel deposits. In these cases no karst evidences
preclude collapses; in other cases, concentric cracks
surrounding collapses can be mapped.
The vertical sedimentary series identified within
collapses comprises a scarcely developed soil and a
cemented gravel subsurficial unit interbedded with
sands and gravels. Collapses do not permit to identify
the original soluble series in the subsoil, but nearby
boreholes indicate the presence of a marly grey
unit below the terrace level, with variable content
of gypsum and alternating gypsum and marls with
horizontal bedding.
The evaluation of historical photographs permits to
identify the recent evolution of sinkholes since 1927
(Fig. 3); this analysis was completed with a new drone
flight performed in 2013 (Fig. 4a). At this moment,
different open collapses and topographical depressions
having denser vegetation growth can be identified.
In the first evaluated photograph from 1927, the
whole studied zone is still cultivated but some black
shadows can be identified (this photograph does
not have stereoscopic coverage). In more modern
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Fig. 1. Distribution of soluble rocks in Spain (modified from Ayala et al., 1986) and geological map of the studied
zone (modified from Castiella et al., 1977; Hernández et al., 1995, Esnaola et al., 1995, and Gil Marín et al., 1995).

Fig. 2. Field photographs of surficial karstic evidences from the studied area. In the photographs,
open collapses and concentric rings of cracks surrounding previous collapses can be identified. Note
the shallow cavities due to the presence of a cemented gravel level.

photographs, agricultural activities ceased in several
zones; in 1945 the occurrence of collapses led to
exclude several zones from cropping. The comparison
of this series of photographs with the recent drone
flight permits to make some general remarks about
the present-day features of the studied zone. On one
hand, distinct collapses (e.g., 1956 in the eastern
sector close to the road; dotted zone in photographs
shown in Fig. 3) are identified, whereas in the 2013
photograph this area is associated with a wide
subsidence area that exceeds the 1956 collapse (see
Fig. 4a for the present-day aspect). Something similar

can be observed in most of the collapses identified
in the aerial photographs that present densely
vegetated areas with slight topographical changes.
The fact that topographical changes disappeared
in recent times is interpreted in terms of collapse
filling and recent soil development. The presence of
a shallow, strongly cemented level precludes quick
vegetation growth, and therefore aromatic plants
such as thyme, rosemary and wild chamomile expand
in those areas These differences permit to relate the
presence of grass growth with previous collapses and
subsidence zones.
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Fig. 3. Collection of aerial photographs showing evolution of cavities from 1927 to 2012. The main anomaly
described in the text is marked by an arrow.

GEOPHYSICAL METHODOLOGY
A dense geophysical campaign, including
magnetometry, multifrequency electromagnetic (EM)
survey and ground penetrating radar (GPR) using
different central frequency antennas was performed.
Magnetometry was carried out with an Overhauser
proton magnetometer with GPS as rover through a
systematic, two normal directions survey including
the whole barren area (Fig. 4b). Control of diurnal
changes of the Earth’s magnetic field was carried
out with a second magnetometer as base during
the survey. Diurnal correction was carried out and
residual and vertical gradient magnetic data were
used to draw maps. EM and GPR surveys were carried
out through parallel profiles geolocated by GPS at the
ends. Due to this survey manner, the zone surveyed
with EM and GPR was reduced to a rectangular area
respect to magnetometry.
EM was performed along parallel profiles in one
direction (Fig. 4c) using a GEM-2 device with 5
different frequencies ranging from 0.5 to 65 KHz
(Huang, 2005). The survey consists in the measurement
of in-phase and quadrature waves allowing for the
apparent conductivity and apparent susceptibility of
subsoil materials to be calculated for each frequency
(Huang & Won, 2000). These frequencies represent,

for average soils, survey depths between 5 to 25 m
from the surface, penetrating the whole alluvial series
and the upper part of the evaporitic substratum.
From the obtained results, maps of apparent
conductivity and susceptibility for each frequency
were obtained.
GPR profiles were performed with a CUI-2 unit from
RAMAC with 50, 100 and 250 MHz antennas through
parallel profiles (Fig. 4d). Based on the obtained
results, the detailed analysis presented in this
work makes reference only to 100 MHz profiles that
permitted the evaluation of the whole alluvial series.
In all the profiles, the surveyed depth is similar, being
equal for 50 and 100 MHz because of the existence
of a conductive contact in the subsoil, and lower for
the 250 MHz antenna. Processing of data consisted in
filtering of frequencies out of range from the central
frequency of the used antenna, running average for
smoothing small changes due to vegetation, and
lineal and exponential gain filtering and subtracting
of mean trace to avoid the usual banded horizontal
distribution in GPR profiles. Propagation velocity was
calculated from the geometrical analysis of hyperbolic
anomalies, although the exact position of reflectors
was not the main objective of this analysis. In
addition to the described geophysical prospection, a
topographic survey was also performed for the general
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Fig. 4. a) Drone flight performed in 2013; b) rover tracks of the magnetometry survey;
c) location of EM profiles performed; d) location of GPR profiles (some of the named profiles
are included in others).

evaluation of the studied zone (Fig. 5b). Topographic
changes are not significant except along the marginal
areas, at the contact with the cropped areas and along
the eastern sector. Differences in elevation hardly
reach 1 m, but most part of the studied zone only
presents changes of some decimeters.

GEOPHYSICAL RESULTS
Two different maps were constructed from
magnetic data including the intensity of the Earth’s
magnetic field (Fig. 5c) and vertical magnetic gradient
(Fig. 5d). Both maps present very similar results.
Magnetic data permit to identify a clear magnetic
dipole, identified both at total field intensity and
magnetic gradient maps, at the central zone of the
southern border (S anomaly in Fig. 5c and d). Other
dipoles show a poorly defined negative part, and
in some cases only the positive peaks are clearly
identified. In addition to these changes, the NE sector
(NE anomaly in Fig. 5c and d) also shows a particular
cluster of magnetic anomalies. Several dipoles can be
identified, some of them at the borders of the surveyed
zone. However, a general increase of total intensity,
depicting a crescent shape open to the E, can be
defined. In detail it can be described as containing
two clear dipoles with a nearly E-W orientation at
the south and north and a heterogeneous domain
in-between (see changes in the vertical gradient in
Fig. 5c and d).
EM data coincide with the magnetic anomalies,
especially along the zone with anomalous behavior
at the northeastern sector (Fig. 6), showing an

increase of apparent conductivity. The wavelength of
anomalies decreases as frequency increases: shorter
when using the 475 Hz frequency (deeper interval;
Fig. 6a), and longer for 18 KHz (Fig 6b) and 65 KHz
(Fig. 6c). Another interesting peak (see Fig 6a, d, and e)
coincides with the most important magnetic dipole
shown in Fig. 5. This anomaly is also identified in
the apparent susceptibility maps for the lower and
intermediate frequencies (Fig. 6d, e). The NE anomaly
also shows an increase in apparent susceptibility. The
higher frequency maps do not show clear anomalies
but rather a progressive change from W to E and low
apparent susceptibility values (Fig. 6f).
The GPR survey shows an irregular distribution
of penetration, from 7 m, which is the expected
thickness of the alluvial deposits, to some decimeters
(Fig. 7a). These changes in penetration can be gradual,
defining plane-concave geometries, or sharp, showing
subvertical lateral limits. The low penetration areas
are surrounded by on-lap geometries that define a
deepening of reflectors towards the low penetration
area (see northern sector of profile 7 at Fig. 7a, for
example). Moreover, the analysis of the GPR profiles
also shows reverberations, especially in the western
profiles. It is interesting to note that the survey area is
free of pipelines or other metallic elements, and some
of these anomalies can be followed along parallel
profiles or define irregular sectors (some of these
anomalies are marked at profiles in Fig. 7a). Other
irregularities identified in the GPR-profiles are related
with the loss of definition of reflectors in some of the
areas where high penetration is achieved (see marked
domains at Fig. 7a).
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Fig. 5. a) Drone flight from 2013 showing the area where the geophysical survey has been carried
out and the location of main profiles described in Fig. 8; b) Topographic map; c) Earth magnetic
field intensity map and d) vertical magnetic gradient map. In both c) and d) the main described
anomalies are also marked.

Fig. 6. Main results obtained from the multifrequency electromagnetic (EM) survey including three different frequencies for
a, b, and c) apparent conductivity and d, e, and f) for apparent susceptibility. The presented frequencies are 4750, 18325,
and 65325 Hz, respectively. Some of the main identified anomalies are also marked.
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Fig. 7. Main GPR results. Different profiles carried out with the 100 MHz antennas are included (see Fig. 4d for the GPR profile location). Over the
profiles different types of anomalies have been included making reference to the geometrical changes defining on-lap geometries pointing to subsidence
zones, reverberation domains and low definition of reflectors within reflective media; b) Apparent reflectivity map for shallow intervals; c) apparent
reflectivity map for deep conditions; d) map of penetration of GPR survey. Anomalies are marked using the same drawing used in Figs. 5 and 6.

GPR data have also been subjected to two additional
evaluations: 1) Apparent reflectivity maps have
been performed in order to compare the changes of
penetration and reflectivity of GPR data (Fig. 7b and
c; see Pueyo Anchuela et al., 2011c for methodology).
These results define a NE sector with highly reflective
behavior and some isolated peaks in near-to-thesurface maps. At deeper levels, well defined circular

geometries are identified (Fig. 7c), coinciding with
some of the previous anomalies identified by previous
techniques, and 2) Analysis of reached depth of
the GPR penetration (Fig. 7d). A NE sector and
a southern domain with low penetration against
sectors with higher penetration can be distinguished,
in agreement with the expected thickness of
alluvial deposits.
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DISCUSSION
Integrated evaluation
The described results show different signatures
that can be interpreted, according to the surficial
and historical inventory, and the well-constrained
geological model, to karstic evidences. Some of the
identified anomalies permit the direct correlation
between techniques and indicators, whereas other
anomalies are not identified in all of the techniques
or present different sizes or distributions. In order
to evaluate these changes, three different sections
(profiles 1–3 in Fig. 8) that include some of the
main identified anomalies, have been constructed
(see Fig. 5a for profile location). These sections
integrate historical, geomorphological and field
inspection information with the data obtained from
geophysical analysis. This comparison permits to
establish general considerations about collapses
observed in aerial photograph, that generate magnetic
anomalies reaching amplitudes of 60 nT coincident
with conductivity anomalies and decrease of GPR
penetration depth (e.g., southern sector of Fig. 8a).
These anomalies can be explained by the use of
urban debris in the collapse filling. This filling
contains ferromagnetic elements, showing higher
values of magnetic susceptibility than local natural
materials. The presence of urban debris at surface
overlying previous historical collapses confirms this
interpretation (see for example Mochales et al., 2008).
Other magnetic dipoles do not show a direct
correlation with the apparent conductivity anomalies.
In this case, magnetic dipoles are included within the
conductivity and susceptibility anomalies and can be
related to subsidence sinkholes inferred from aerial or
surficial data (case of the northern domain of profiles

shown in Fig. 8b and c). In these sectors penetration
depth of GPR is severely limited. In other cases,
magnetic dipoles coincident with collapses in the aerial
photographs are identified in the marginal areas of
the conductivity anomalies and subsidence sinkholes.
This is the case of the collapses surrounding the
subsidence zone having a conductivity anomaly and
low GPR penetration located in the central-northern
sector of the profile shown in Figure 8c.
The map view distribution of anomalies can also
help in the interpretation and integration of results
obtained from the different used techniques and
approaches (Fig. 9). In order to evaluate the map view
distribution of indicators, the size of the anomalies
has been established following simple geometries
that include the anomalous areas, depending on the
particular characteristics of each technique. Some of
the anomalies coincide in all the maps, while others
are only identified in some of them. A first data
evaluation permits to identify a strong parallelism
between the maps obtained from historical evolution
of geomorphological evidences and the geophysical
maps. A simplified map (Fig. 10) considering the
amplitude of the anomalies shows clear correlations
between the NE sector coincident with a collapse in the
1956 photograph, and a subsidence zone with higher
vegetation growth in the rest of aerial photographs
on one side, and: (i) an overall increase of magnetic
field intensity, the occurrence of two groups of dipoles
with a general E-W distribution and a heterogeneous
behavior in vertical gradient, (ii) an increase of both
apparent conductivity and susceptibility, (iii) a zone
having very low GPR penetration surrounded by onlap geometries pointing towards the center of the
anomaly, and (iv) recent collapses surrounding the
marginal areas of the subsidence zone, on the other.

Fig. 8. Comparison of geophysical results in three profiles (see Fig. 5a for location) including the different evaluated approaches and their interpretation
and correlation. The three profiles include the main described anomalies, namely (from E to W): a) profile 1; b) profile 2 and c) profile 3. The recent
collapses postdating the geophysical survey are included in the central section.
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Fig. 9. Map of geomorphological karst evidences and geophysical anomalies for the different geophysical techniques and methodological approaches.

In other cases, sharp peaks in magnetic intensity/
gradient, apparent conductivity or susceptibility and
reduction of GPR penetration correlate with isolated
collapses identified in the aerial photographs that
have been subsequently filled.
The comparison of geophysical data with
geomorphological evidences shows that geophysical
(GPR and electromagnetic) anomalies usually exceed
the limits of geomorphological collapses, whereas
apparent susceptibility or magnetic anomalies
are similar in size. Field inspection shows that
sectors associated with previous collapses present

wider extension of vegetation growth and smaller
topographical changes than the true collapses.
In other cases, as for example the recent collapses
related to open cavities, the geophysical signature
in magnetometry and EM is usually poor and
they occur in sectors with high penetration
of GPR data.
Sinkhole progression model
The integrated data evaluation permits to describe
the evolution of sinkholes over time and to define
the geophysical signatures that can be used as
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Fig. 10. Cartography of the studied changes in the surveyed area considering the extension of interpreted collapses and subsidence areas from
historical and recent geomorphological evidences, magnetometry (intensity and vertical magnetic gradient), electromagnetic apparent conductivity
and susceptibility integrated results, GPR distribution of interpreted subsidence and collapse zones and GPR penetration for the 100 MHz
antennas. The location of reverberation and net hyperbolic anomalies identified in the GPR profiles is superimposed on the plots.
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indicators of their evolutionary stage. Due to the
identified. This new collapse (Fig. 11) can be used as
good record of aerial photographs, this evolutionary
a test for geophysical data. In this sense, the location
model can be followed and compared with the
of the collapse (included in Fig. 8b along the central
geophysical data.
profile), was compared with the geophysical data
The sinkhole located in the NE sector shows the
obtained over the cavity before the recent collapse.
clearest evidences: it is identified as a preliminary
The collapse happened in a sector with high
collapse in the 1956 photograph, and was
penetration of GPR, low definition of reflectors or a
nearly transparent record at GPR profiles and near
subsequently filled as indicated by vegetation growth.
to one of the described reverberations. The other
At present, there exists a topographical depression that
geophysical techniques do not show significant
engulfed the collapse and developed several marginal
anomalies, at least at the exact position and size of
collapses. This geomorphological description can be
the new collapse. This contrasting result permits to
interpreted in terms of an initial cavity propagated
establish the resolution limits of magnetometry and
from the substratum, that can persist in near-to-theEM techniques to predict new collapse development
surface conditions due to the presence of a highly
vs. GPR, which shows potential anomalies that can be
cemented level, which progressed to finally form an
interpreted in terms of shallow cavities.
open collapse. This collapse was filled, at least in the
studied zone, by anthropogenic activity, and the filling
In this sense, hazard evaluation presents limitations
was colonized by vegetation and soil development.
for the prediction of future karst development
The sinkhole increased its size and concentric
at least from the perspective of historical and
cracks and collapses appeared surrounding the
geomorphological inventory and some of the
previous collapse.
evaluated geophysical techniques. Moreover, in nonThe evaluation of the rest of the studied zone
cohesive covers, hazard zoning is usually based on
permits to identify other different stages of the same
the distance to the sinkholes (higher hazard close
process showing shallow cavities, open collapses, and
to existing sinkholes). However the propagation in
collapses filled by natural or anthropogenic materials.
the vertical (subsidence phenomena in previous
Some of them were affected by later subsidence and
collapses that will evolve progressively due to solution
increased in size.
processes), and horizontal directions, due to the
increase of their radii by formation of new cavities
These data can permit the interpretation of collapses
surrounding the subsidence areas, are the cause of
filled by anthropogenic materials by means of the
hazard concentration in marginal areas of previous
well-developed magnetic dipoles or lower amplitude
sinkholes. In this context (changing rheology within
anomalies when the filling is composed of natural
the alluvial cover), the most hazardous areas are
materials. In other anomalous sectors, a parallelism
shifted towards the marginal areas (collapses) respect
between subsidence zones surrounding collapses
previous sinkholes (subsidence).
with moderate positive magnetic anomalies (tens of
nT) and clear increases in apparent susceptibility
and conductivity and low penetration of GPR data is
CONCLUSIONS
identified. In these cases, this penetration change is
interpreted in terms of an increase of clay content in the
The evaluation through a multi-technique and multideveloped soils at the overall subsidence zone exceeding
methodological approach has permitted to identify the
the observed collapse. This evolutionary model
expected evolution of karstic phenomena in a context
defines the location of cavities at sectors surrounding
of mantled karst having shallow cemented levels.
previous subsidence areas that later produce open
This evolution is related to the presence of soluble
collapses. GPR reverberations and low definition of
materials in the substratum that results in upward
GPR-reflectors at high penetration sectors usually
propagation of cavities, where they are metastable
until the alluvial, non-soluble cemented level collapse.
surround previous subsidence zones. These GPR
reverberations, hyperbolic anomalies or
low definition of reflectors do not show
clear correlation with magnetic data,
although slight decreases of apparent
susceptibility can be identified over
some of these anomalies. In this sense,
this kind of anomalies could be the
expected signature of shallow cavities
but they cannot be directly correlated
with results from other techniques
(Fig. 10). These anomalies coincide
with those identified by other
techniques or define clusters around
previous evidences of karst activity.
During the stage of interpretation
of geophysical data, after the drone
photograph and the geophysical Fig. 11. Location of structures on the drone photograph obtained in 2013 including the collapse
survey (April 2016), a new collapse was identified during April 2016. Field photographs of the 2016 collapse are also included.
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Karst evolution in this setting can be described
through different stages including a collapse that
subsequently becomes a subsidence sinkhole
increasing its size. Subsidence phenomena persist
in the early sinkhole but also undergo horizontal
propagation through the development of collapses in
its marginal areas. This evolution has been attested
by means of a wide and complete repertory of aerial
photographs that have been compared with detailed
field and geophysical surveys. Geophysical signatures
were used to characterize each evolutionary stage in
order to model and evaluate karst hazards related to
the identified indicators. This comparison permits the
identification of the limits and resolutions of the applied
methods and to evaluate the representativeness of the
different approaches. Interpretation of their meaning,
especially regarding hazard evaluation, requires
considering the representativeness and origin of the
identified anomalies and their correlation with karst
hazards. Special care must be taken when partial
approaches are applied without the consideration of
the evolutionary model of karst phenomena, in this
case, a mantled karst with a thin alluvial cover (less
than 10 m in general), a heterogeneous behavior of the
alluvial deposits, the presence of a shallow cemented
level and with close interactions between natural and
anthropogenic processes.
The main conclusion of this evaluation is the
identification of the highest hazard zone in the
marginal areas of previous karstic features that
define a centrifugal hazard evolution, contrasting
with the more common centripetal interpretation.
This evaluation is of interest to improve sinkhole
inventories and hazard zoning, urban planning or
even at the construction scale.
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Abstract:

Keywords:

This article reviews the state of the art of speleogenetic investigations in gypsum karsts from
numerous studies carried out over the past 50 years in Spain. A classification of gypsum karsts
is proposed based on the hydrogeological, tectonic and stratigraphic criteria that decisively
control the evolution of gypsum karsts. In this respect, lithological aspects of Messinian and
Triassic-Permian gypsum series in south-eastern Spain are considered, such as the alternation
of rhythmic levels of marl and gypsum, as well as geodynamic aspects. The influence of
the hydrogeological characteristics of evaporite aquifers on gypsum cave speleogenesis is
discussed; this includes speleogenetic processes in confined, semi-confined or free aquifers
controlled by regional and local base levels. Also, the importance of intense saline diapiric
uplift is examined. To illustrate our classification, examples of gypsum caves developed in
Spain are presented. Their similarities and differences with gypsum karsts in other regions
(Italy, Ukraine, and USA) are discussed. A first general division addresses: (1) caves controlled
by stratigraphic factors and (2) caves controlled by tectonic factors. Several typologies can be
described, including (A) multilayer caves with confined hydrogeological origin, (B) confined
hypophreatic caves with linear or maze configurations, (C) caves controlled by the variation
or remanence of regional or local base-levels, and (D) caves controlled by the halokinetic
evolution of salt/gypsum diapirs. The proposed classification is flexible and adaptable to each
case, because different genetic mechanisms can coincide in time and space. Likewise, most
considerations stated in this work about gypsum karst are valid for speleogenesis in other
rock types.
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INTRODUCTION
The present article summarizes the knowledge
compiled over recent decades on the speleogenetic
processes of the main gypsiferous areas in the Betic
Range (Southern Spain). This region hosts significant
gypsum outcrops of Triassic and Neogene age that have
been affected by a wide variety of karstic processes
(Fig. 1). We examine several gypsum karsts in this
region to exemplify the most common morphologies
and speleogenetic processes in gypsum, to generate
a classification of gypsum karst on the basis of
hydrogeological, morphological and tectonic criteria.
Based on their geodiversity and speleogenesis, the
following caves were used as examples: the gypsum
caves of “Covadura” and the “Barranco del Infierno”
in the Sorbas gypsum karst (Almería); the “Sima del
Águila” Cave in the gypsum karst of Gobantes-Meliones
(Málaga) and the “Cueva del Yeso” of Baena (Córdoba).
*jmcalaforra@ual.es

Each of these cavities shows particular features that
suggest different speleogenetic mechanisms were
involved in their evolution. Although these processes
are intrinsically linked to local/regional geological
and hydrogeological aspects (e.g., lithology, external
geodynamics), these gypsum karsts show common
elements with other gypsum areas worldwide (i.e.,
Italy, Ukraine, and USA). Therefore, the possible
existence of common speleogenetic mechanisms with
other gypsum karst is also discussed here.

CAVE MORPHOTYPES – EXAMPLES OF
GYPSUM SPELEOGENESIS
The geomorphological characteristics of the various
areas have been described in various compilation
publications on Spanish gypsum karst (Calaforra &
Pulido-Bosch, 1996; Calaforra et al., 2002; Gutiérrez,
et al., 2008; Sanna et al., 2012, 2015; Gázquez &
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Triassic and Neogene gypsum outcrops in the Betic mountain range. The selected areas and caves are
A) Gypsum Karst of Sorbas (Covadura and Barranco del Infierno caves); B) Gobantes- Meliones karst (Sima
del Águila); C) Baena gypsum Triassic outcrops (Cueva del Yeso).

Calaforra, 2014; Gázquez et al., 2015; Calaforra et al.,
2015). Many studies have demonstrated the strong
link between the hydrogeology and geomorphological
evolution of these areas (e.g., Calaforra & Pulido, 2003).
This is even more evident in the case of gypsum karst
speleogenesis with respect to karstification in other
rock types. The connection between geomorphological
features and their genetic processes is the basis of the
classification proposed in this paper.
The caves described in this study cover the main
types of gypsum outcrops, of both the Triassic and
Messinian materials in the Betic Domain (Fig. 1).
In terms of hydrogeology, examples of vadose and
phreatic evolution are presented. The current
morphology of the galleries includes examples of
variations in piezometric level and regional base level,
as well as tectonic aspects related to halokinesis,
defined as the uplifting of salt masses (usually
halite), which are relatively less dense than the
surrounding geological materials. In this respect,
there is a wide range of situations, but it must be
considered that it is always possible to find mixed
speleogenesis in the examples given, and so the short
explanation of each example should be considered
as an oversimplification to provide a very simple
and unpretentious general model.
Covadura: an interstratified cave
The gypsum karst of Sorbas is located in the
province of Almería (SE Spain), with an outcrop area
of some 12 km2 and up to 1,000 catalogued caves
(Calaforra, 1995; Calaforra & Pulido-Bosch, 1996;
Calaforra et al., 2002). It lies within a topographic
depression bounded on the north by the Filabres
Mountains and on the south by those of Alhamilla
and Cabrera. The region has a semi-arid climate,
with a mean annual precipitation of less than 250
mm (Calaforra & Pulido-Bosch, 1988). It is located
within the Sorbas-Tabernas intramountain basin,

part of the Betic Cordillera. The series consists of a
cyclic sequence of interlayered gypsum and peliticmarly beds, called the Yesares Member (Dronkert,
1976, 1977).
Covadura Cave is one of the largest gypsum caves
in Spain. With more than 4 km of explored galleries
(Calaforra, 2003b), it crosses the Messinian series
of the Yesares Member, reaching a depth of ca. 120
m (Calaforra, 1995). In the gypsum series in which
the cave is developed, massive selenitic gypsum
strata alternate with marly strata. This arrangement
of sedimentary beds has a great influence on the
morphology of the cave. It is without doubt, one of
the most peculiar caves in terms of its speleogenesis
(Calaforra & Pulido-Bosch, 2003). The cave is
developed in six levels following the stratification
planes between marls and gypsum. Indeed, the
horizontal sections of the cave coincide with the
marl-gypsum contacts (Fig. 2A). The vertical sections
correspond to vertical shafts that cross the massive
selenitic gypsum strata and interconnect the various
strata-levels of the cave (Fig. 2B). The general plan
of the cave survey resembles “octopus-braided” limbs
at different levels (Fig. 3). This is due to the vadose
erosion of the interbedded marly strata following the
dip slope of the strata themselves (Fig. 2D).
The speleogenesis of the cave is due to the
evolution of a multilayer aquifer (Calaforra & PulidoBosch, 2000). Figure 3 shows the formation of the
protoconduits (Fig. 2A and C) with their phreatic
tube morphology, which have developed at different
levels of the aquifer marked by the interval between
each gypsum stratum and the pelitic/marly stratum
immediately beneath. In this way, an entire network
of protoconduits (Fig. 3.1) developed, which are well
isolated hydraulically, or at times linked by diaclases
and intersections of vertical fractures. Under these
conditions, dissolution of the gypsum predominated
over erosion of the pelitic materials (Fig. 3 profile A).
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Fig. 2. Interstratification galleries in the Covadura Cave and other interstratal cave systems in the
gypsum karst of Sorbas. The roof and floor of the gallery are made of gypsum, while the gallery
itself develops in the marly-silty interstratum. A) Typical triangular cross section in a vadose-erosion
gallery; B) The different horizontal levels are connected by shafts which can reach up to 40 m;
C) Some galleries have preserved protoconduits in the ceiling as evidence of the early phreatic
stages in the speleogenesis of the cave; D) The protoconduits have a meandering path and follow
the dip of the gypsum strata. Photos by Paco Hoyos (A and C) and Víctor Ferrer (B and D).

This initial speleogenetic phase occurred when the
base level of the Sorbas aquifer was tens of meters
above the current groundwater level. Erosion and
incision of gullies (see next section about Barranco
del Infierno) caused the lowering of the regional
phreatic level.
As a result of the lowering of the phreatic level, a
second stage occurred when the aquifer gradually
changed to vadose conditions. The underground
network, which initially would have been practically
isolated from the surface network, began to receive
vadose infiltration from the numerous dolines that
were forming on the surface, both by sinking and
collapse and by dissolution.
The galleries receiving these vadose waters began to
enlarge and the cave developed within the interstrata.
Erosion dominated over dissolution and the galleries
enlarged due to erosion of the detrital, partially
unconsolidated, interstratified layers (Fig. 3 profile B).
The detrital materials were swept out to the surface
and into the canyons. These erosional processes

are still active in the gypsum karst of Sorbas, as
evidenced by high turbidity of the springs that drain
the karst (e.g., Viñicas-Marchalico/Cueva del Agua
spring) after extreme rainfall events (Dell’Aglio, 1993)
and movements of sediments in caves after flash flood
events (Gázquez et al., 2016).
Covadura Cave could be considered as an exceptional
natural laboratory to observe the relationships
between early phreatic processes in gypsum and
extreme vadose incisions in marls.
The various levels became interconnected by means
of large sinkholes that cross one or several gypsum
strata at a time (Fig. 3 profile B). The lower levels
of Covadura and the narrow lateral passages along
the contacts with the marly interstrata still preserve
the morphology of the protoconduits, while in the
large erosive galleries, with their typically triangular
morphology, the protoconduits appear on the roof in
the form of ceiling channels.
In addition to Covadura Cave, the gypsum karst of
Sorbas hosts other clear examples of interstratified
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Fig. 3. Evolution of the interstratal gypsum karst, using the example of Covadura Cave. Above:
present survey plan of Covadura Cave (Ayuso et al., 2014) showing the wide vadose galleries
connected by phreatic protoconduits. Below: 1): in a multilayer aquifer under phreatic conditions the
protoconduits are formed along the stratigraphic contacts between the gypsum and marls (profile A);
2): under vadose conditions, the marly layers only in some galleries are eroded and the different
levels become connected via shafts traversing the gypsum strata (profile B). The speleogenesis
is closely linked to the hydrogeological evolution (p.l. = piezometric level) and the lithological
constraints of the gypsum-marls rhythmic series).

International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017

Gypsum Speleogenesis

caves that show similar geomorphological and
speleogenetic evolution, such as Sima del Corral and
Sima del Campamento (Ayuso et al., 2014) and C3
Cave (Gázquez et al., 2015), among others.
Cueva del Barranco del Infierno:
a fluvio-karstic cave
Another example of the speleogenetic evolution
of the gypsum karst of Sorbas is the fluvio-karstic
complex of Barranco del Infierno (“barranco” = gully,
ravine). The gypsum fluvio-karst morphology in this
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zone is characterized by deep and subvertical walls
(Fig. 4A and B) generated by the combined action of
fluvial erosion and karst dissolution linked to the
progressive fall of the piezometric and fluvial base
level (Braga et al., 2003; Calaforra, 2003a).
The fluvial network was established at an early
stage, according to the structural and lithological
conditions of the area (Fig. 5.1), where only two main
gypsum strata and one interbedded marl bed coexist
above the impervious marl level of the Abad Member Late Miocene (Baggley, 2000).

Fig. 4. Surface and underground morphologies of the Barranco del Infierno and Cueva del Yeso (gypsum karst
of Sorbas). A) Gully incisions and perched notches due to the falling of the local base level; B) The upstream
capture of the main gully by the cave entrance; C) the outflow of the cave consists of a temporary spring with
large, falling unstable blocks; D) ‘Stratified Chamber’ of the Cueva del Yeso where the marly strata have been
eroded; E) the configuration of galleries at times relates to collapses of large layers of gypsum, destabilized by
the erosion of the marl levels; F to I) the lower level of the cave looks like a surface stream canyon with vertical
walls and rounded boulder deposits. Photos by Paco Hoyos.
International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017
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The area is covered by the Sorbas Member, postevaporitic Messinian sandstones and silts (Dabrio
& Polo-Camacho, 1995) and separated from the
Yesares Member by a significant subaerial erosion
(or sedimentation hiatus) at 5.6 - 5.46 Ma, caused by
the almost complete desiccation of the Mediterranean
Sea before the practically instantaneous marine
reflooding, accepted at 5.46 Ma, and subsequent,
continuing sea-level rise (Clauzon & Estrada, 2015).

Probably, the first karstification processes under
phreatic conditions started in this early stage.
After the incision of the gullies, the upper
gypsum strata started to crop out and the capture
of the main gully transformed the stream into
a blind valley and underground river. Dolines
began to form at the bottom of the perched
gullies, connecting the cave with new surface
entrances (Fig. 5.2).

Fig. 5. Evolution of a fluvio-karstic cave, using the example of the Barranco del Infierno (known as Cueva del Yeso).
Above: cave survey plan projection of the Cueva del Yeso (Ayuso et al., 2014) showing the lower river-active level and
upper galleries. Some cross sections of the cave show both levels (see also photos in Fig. 4). Below: block diagrams
showing the fluvio-karstic evolution. (1): fluvial erosion of the overlying materials; (2): formation of blind valleys and
dolines; (3): cave capture of the stream, fall of the piezometric level, perched valleys and springs, erosion of the upper
level of galleries; (4) view of the underground structure of the fluvio-karstic cave and relationship to surface morphology.
International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017
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Gradually, the fluvial network incised due to
local intensification of karst dissolution processes
and erosion. Some fluvial courses evolved rapidly
and remained active while others progressed to dry
perched barrancos, abandoned by the permanent
streams (Fig. 4A and Fig. 5.3). Today, the water flow
can reach peaks of up to 1 m3/s after extreme rainfall
events, which are relatively frequent in this area
(Gázquez et al., 2016).
Groups of galleries appeared in the upper strata,
whose genesis was related to the progressive fall of
the base level and consequent erosion of the marls
(Fig. 4D and 5.3). After the fall in piezometric level, these
thick strata became unstable and chaotic chambers
with huge strata-blocks were formed (Fig. 4E).
The Barranco del Infierno and Cueva del Yeso
constitute the most notable and clear examples of
fluvio-karstic evolution in the gypsum karst of
Sorbas. Cave captures, gully incisions, blind valleys,
perched streams and springs give clear evidence for
speleogenesis connected to the dynamics of the local
groundwater base level (Fig. 5.4).
Águila Sinkhole: Halokinesis, diapirism, and
gypsum caves
Most outstanding evaporite karst systems developed
in the western sector of the Betic Cordillera are found
in certain halokinetic formed developed in the so-called
“Triassic of Antequera” (Carrasco et al., 2007). This
geological unit corresponds to a chaotic megabreccia
with gypsum bodies at the ground surface and halite
and gypsum/anhydrite masses at depth, derived from
Triassic formations in Miocene times by olistostromic
processes (Pérez-López & Sanz de Galdeano, 1994;
Rodríguez-Fernández et al., 2013).
The Sima del Águila (Fig. 6A) is the finest example
in Spain of a cave whose genesis was dominated by
the effects of diapiric activity, both from mechanical
(tectonic) and morphological (speleogenetic) points of
view. This cave reaches 120 m in depth and contains
a chamber 25 m high and some 200 m2 in extent
(Fig. 6A and 6B). The sinkhole opens at the top of
the Gobantes diapir, which is composed of large
olistostromic blocks. These large-scale landslides –
and possibly a large proportion of the diapiric activity
– occurred in the Miocene, though the materials that
comprise the large blocks are essentially Triassic.
Among the Triassic materials that comprise the
diapir are saccharoid masses of gypsum which, in
turn, contain blocks and pebbles of dolomite, ophite,
marly limestone, limestone and gypsum itself. The
overall appearance of the hostrock in which the cave
has formed is, therefore, a tectonic breccia of variable
lithology within a gypsum matrix (Fig. 6.3).
A close relationship between the geological structure
and the karst morphology and hydrochemistry has
been documented in several evaporitic outcrops, like
Gobantes-Meliones and Salinas-Fuente Camacho
(Calaforra & Pulido-Bosch, 1993, 1999). The
Gobantes-Meliones outcrop, where the Sima del
Águila is developed, consists of two dome structures
with sandstones, limestones and ophites in the outer
zones, and evaporites in the core (Calaforra & Pulido-
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Bosch, 1999). Here, the collapse sinkholes and the
calcium-sulfate springs are concentrated in the
central part of the halokinetic structures, whereas the
outer zones are characterized by broad subsidence
depressions and springs with sodium chloride facies
because of dissolution of Triassic halite and gypsum
at depth (Fig. 6B).
The diapir salt structures have induced the
development of deeply incised karstic canyons, like
the Guadalhorce River canyon (Durán, 1984) and
perched springs like the Cueva del Agua of Antequera
(Calaforra & Pulido-Bosch, 1989). The existence of
halite at depth is evidenced by the hydrochemistry
of the spring waters. The shallower halite deposits
have been reached by boreholes at the depth of 100200 m below the level of the Meliones Spring, which
has a mean discharge of 1–2 L/s and an electrical
conductivity in excess of 200,000 mS/cm (Gutiérrez et
al., 2004). This spring, located in the upstream sector
of the Guadalhorce River reservoir, issues around
5,000–10,000 tons of sodium chloride per year,
causing severe degradation of the reservoir waters
that supply the city of Málaga (Gutiérrez et al., 2008).
Probably both the gypsum and the halite were placed
at a much deeper position in the past. Therefore, deep
saline flows were responsible for the karstification of
Sima del Águila.
Another important point to highlight briefly is
that the Sima del Águila was subject to a disastrous
environmental ‘management’, promoted by the Water
Administration of the Southern Basin of Andalusia.
The vicinity of the sinkhole was sealed and its entrance
“lined” in order to prevent infiltration of water into
its galleries and, therefore, to the nearby hypersaline
spring of Meliones. For this purpose, several “antikarstic” measures were attempted to mitigate the
problem, but with no success. For instance, several
dolines and cave entrances, including the Sima del
Águila (Fig. 6A), were sealed with compacted clays
and concrete to reduce water infiltration. Obviously,
this measure did not reduce the discharge in the
Meliones spring, fed by deep underground flows
(Fig. 6B), and caused a serious adverse impact on the
karst environment (Calaforra & Pulido-Bosch, 1999;
Gutiérrez et al., 2008).
The Antequera Triassic outcrops also contain a large
number of ephemeral lakes of great environmental
value constituting the so-called “Betic endorheism”
(Almécija, 1997; Calaforra, 2004). The origin of these
closed depressions is largely related to subsidence
phenomena caused by rising groundwater flows and
dissolution of halite and gypsum. Calaforra (2004)
links this phenomenon also to hyperkarstification
processes (enhanced gypsum dissolution because of
mixing of waters with different salinities and sulfate
contents; Calaforra, 1998) of the gypsum caprock
by upwelling of hypersaline groundwater (Fig. 6B),
an aspect that has been taken into account in more
recent works on the hydrogeology of the Triassic of
Antequera (Andreo et al., 2016).
The most important aspects of the cave concern
how its genesis is linked to the halokinetic processes
themselves, and can be summarized as follows:
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1) The deepening of the sinkhole is related to the
continual uplifting of the diapir itself. The salts
– which are less dense – tend to form positive
reliefs, helped by the local tectonics. In response
to this groundlevel rise, the cavity continues to
develop vertically in order to reach the local base
level (Fig. 6A).
2) The cave passages do not cut into the halite
levels; its waters are of the sulfate type and
drain towards the reservoir close to the River
Guadalhorce, but they do not contribute as
significantly to the increase in salinity as the
hypersaline springs that surround the diapir
(Fig. 6B). The water flow in the cave can reach
up to 40 L/s after heavy rain events, but the base
level is around 1-3 L/s and relatively stable
in time.
3) The salt at depth is possibly connected with
the formation of large chambers (like the last,
32-meter-deep shaft in the final reach of the
Sima del Águila). These large chambers might
have been generated due to the presence of deep
saline waters that mixed with the sulfate waters,
tripling the solubility of the gypsum up to 7 g/L
(Blount & Dickson, 1973; Li & Duan, 2011;
Acero et al., 2013) and due to the common-ion
effect by precipitation of carbonates forming huge
flowstones on the shaft walls (Fig. 6.4).
The Baena Gypsum Cave: hypophreatic
genesis in gypsum
The Baena Gypsum Cave, also known as Las
Palomas Cave (Ramírez-Trillo, 1995; Mora-Luque
et al., 2011; Mora-Luque, 2014), opens in the same
lithological series as the Sima del Águila in Gobantes,
but in a completely different geomorphological and
hydrogeological setting.
The cave is situated in another large olistostromic
block, where the gypsum breccias predominate. In this
part, the carbonate blocks are less frequent and the
texture of the gypsum is quite uniform, namely fine
to medium-grained saccharoid gypsum facies. The
overall appearance of the cave, especially if entering
from the historic access passages (Fig. 7A) is of a cave
of phreatic origin that has almost completely been
silted up with sediment. This general assessment of
its evolution is not wrong but it is incomplete. The
descent to the lower levels, which currently is part of
the tourist entrance, gives the key. The morphology of
the cave changes completely with large chambers and
large scallops that mark the direction of a very slow,
rising flow.
Geomorphological evidence in the various sectors of
the cave (Fig. 7) indicates that the cave was formed by
a more complex process, in which rainfall infiltration
was not directly involved in the formation of the
cave (epigenetic cave) but rather the presence of
groundwater in a confined aquifer (hypogenic cave).
This process was controlled by the base level of the
fluvial catchment, which was also related to the
general evolution of the alluvial terraces of the River
Guadalquivir on a larger scale, previously determined
by Baena & Díaz del Olmo (1994). Consequently, the

cave can be considered as hypogenic – in the sense
that it was formed by confined upward flow and not
by vertical downward flow in an unconfined aquifer
(Klimchouk, 2009).
While the order in which these zones developed
over time is difficult to establish (they could also have
formed at the same time), it is possible to conceptually
divide the cave into three zones or “levels”:
Zone 1 (Zone of conduits and upper passages):
this is possibly one of the most recently developed
conduits of the cave. This cave level is at least
equivalent in age to those generated during the last
stages of hypogenic formation, if we consider that
the void of the cave would have been generated
from the bottom up. The passages are narrow, or
less wide and low, with smooth rounded walls,
typical of phreatic and paragenetic conduits
(Fig. 7A). Many of them are totally or partially
filled with very fine, often clayey sediments.
These detrital sediments are autochthonous in
origin and remobilized from interbedded clay
sediments of Triassic age, in a process similar to
that observed in other hypogenic gypsum caves
in Ukraine (Klimchouk, 1996, 2009, 2015).
The upper levels connect to the lower zone by
means of vertical fractures that might have acted
as “outlets” from the large lower chambers or –
on the contrary –“inlets (feeders)” towards these
conduits (Fig. 7B).
Zone 2 (the great chambers zone): this is the
lower level of large chambers, which are currently
easily accessible, since they are equipped
as a show cave (Fig. 7C). This is the zone of
greatest dissolution in the cave and where the
piezometric level has remained most constant
over time, receiving inflow from beneath. These
large chambers are partially filled with large
quantities of sediment. These sediment banks are
certainly linked to fluctuations in the fluvial flow
associated with the hydrogeological context of the
cave, which must have marked the fluctuation
in base level and therefore of the gypsum aquifer
and the cave.
Zone 3 (the lakes zone): its name refers to the
present-day levels of the lakes, but which during
the geological past would have behaved as water
inflow fractures (“feeders”) to the cave. They
reflect the current piezometric level controlled by
the river and its fluctuations in flow (Fig. 7D).
Clearly, this is the least explored zone, but its
presence indicates that the confined artesian
flow was distributed out from this zone and
slowly generated the gypsum cave.
Nevertheless, within the general scheme (Fig. 7.1)
there are still many questions to be answered,
including, ‘What is the relationship between the
Pliocene and Quaternary fluctuations of the base
level of the cave and their age?’, ‘What materials
confined the gypsum levels and what comprised the
lower aquifer that fed the system?’. In general, we
can hypothesize that the cave was formed in a single,
hydraulically isolated olistostromic block, where the

International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017

Gypsum Speleogenesis

Fig. 6. Relationship between gypsum karstification, hyperkarstification and diapirism in the Triassic of Antequera
(Málaga); A) Cross section of the Sima del Águila (Ramírez-Trillo, 1995) with the different levels of dolostone
at the entrance and gypsum galleries and large chambers at the bottom; B) The large sinkholes like the Sima
del Águila are on the gypsum “caprock” of the diapir with associated sulfate springs. The hypersaline springs
suggest the possibility, at depth, of saline hyperkarstification in gypsum due to the presence of halite masses;
1): The entrance of the Águila sinkhole was sealed with concrete tubes to avoid infiltration to the hypersaline
aquifer, obviously with no success; 2): The entrance shaft follows a contact between Triassic dolostone and
gypsum before reaching the gypsum breccia galleries; 3): View of the olistostromic gypsum breccia in which the
cave developed. The galleries consist of microcrystalline gypsum matrix and pebbles of all types of redeposited,
earlier lithologies; 4): Large chamber [hyperkarstification (?) and common ion effect (?)] near the end of the Sima
del Águila containing a large carbonate flowstone. Photos courtesy of Sociedad de Espeleólogos Granadinos
(1, 2, and 3) and Víctor Ferrer (4).
International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017
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materials surrounding the olistolite have been acting
as feeders (bottom) and impervious caprock (above)
of the gypsum block in a general context of terrace
level fluctuations of the River Guadalquivir. However,

a polygenetic origin of the Baena Gypsum Cave,
including paragenetic and epigenetic mechanisms,
cannot be ruled out and further investigations will be
necessary to shed light on the formation of this cavity.

Fig. 7. Various speleogenetic zones in the Baena Gypsum Cave. A) Zone 1. Upper phreatic and paragenetic
galleries and narrow passages, containing clay sediment infillings; B) Connections with lower zones are via
narrow vertical shafts; C) Zone 2. Large dissolution chambers (the zone currently equipped for tourism) with
large banks of sediment filling the cave; D) Zone 3. Lakes indicate the current piezometric level and the old
vertical inflow conduits. 1): speleogenetic scheme for the Baena Gypsum Cave. The development of the cave
occurred from the bottom upwards, under confined hypophreatic conditions. Relationships between the various
zones is differentiated; 2): Cave map showing the position of the different levels surveyed (map based on the
survey made by the G40 Speleological Group, after Mora-Luque et al., 2011).
International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017
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SPELEOGENETIC CLASSIFICATION
OF GYPSUM CAVES
A simple way to group the various types of gypsum
caves according to their speleogenesis was initially
proposed by Calaforra (1998) and is revised and
extended in the present paper. It should be noted that
the present classification is not intended as a closed
system in which each cave is circumscribed to a single
speleogenetic group. Obviously, many intermediate
interpretation cases are possible.
Gypsum caves can be initially differentiated into
two groups – those in which lithology (e.g., bedrock
stratification) is the dominant determinant, and those
controlled by tectonic activity in the area (Fig. 8).
The different cave models diverge from a general
scheme, where the gypsum strata or series of strata
comprising the karstic gypsiferous formation occur
between a permeable layer above (or even no overlying
layer in the present day) and an underlying material
that can either be permeable or impermeable. Based
on this general scheme a variety of hypotheses can
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be developed to explain the subsequent speleogenesis
that affected the rocks. Obviously, some cave systems
can be linked to various stages throughout their
speleological history.
aa) Gypsum
multi-strata
caves. Gypsiferous
materials interstratified with marls, which
have undergone various phreatic and vadose
speleogenetic phases in multilayer aquifers.
There are several examples of this in the
gypsum karst of Sorbas where cave passages
follow the dip of the strata (Calaforra & PulidoBosch, 2003). Examples in other regions include
some interlayer cavities in the Emilia Romagna
gypsum outcrops (NE Italy), although in this
case the cave systems (e.g., Grotta de la Spipola)
are developed in one or two gypsum/marl
strata that are inclined by 40-60o. Here, the
speleogenesis was strongly controlled by
tectonics and paragenesis and frequently share
characteristics with “multi-base level cave”
typology (Columbu et al., 2015, 2017; De Waele
et al., 2017).

Fig. 8. Speleogenetic classification of gypsum caves (see text for discussion). Gypsum caves are previously divided
in two general groups: Stratigraphy determinant or Tectonics determinant. Following the hydrogeological behavior
and evolution of the landscape and geological formations the caves are divided into A) Caves with multi-strata
control and multilayer aquifer; B) Caves of hypophreatic origin and confined aquifer; C) Caves controlled by the
fluctuation of the regional base-level under free aquifer hydrogeological conditions and, D) Caves developed in a
context of uplift by halokinetic and hyperkarstification processes. See text for discussion and examples worldwide.
International Journal of Speleology, 46 (2), 251-265. Tampa, FL (USA) May 2017
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bb) Gypsum hypophreatic and maze caves. These
caves result from a confined system that is capped
by an impervious/semi-impervious material. The
karstificable materials receive an inflow of water
from below (artesian-hypophreatic, “hypogenic
sensu lato”), which leads to the development of a
labyrinthine configuration and typical morphology
of “feeders and outlets”. A novel example – in as
much as it is the first time this cavity is described
from this speleogenetic point of view – is the
Cueva del Yeso of Baena, described in this paper.
Other previous examples are the Estremera
Cave (Tajo Basin) (Calaforra & Pulido-Bosch,
1989; Calaforra, 1998; Gutiérrez et al., 2004;
2008) the labyrinthine macro-cavities (“maze
caves”) of Podolia in the Ukrainian gypsum karst
(Klimchouk, 1996, 2009, 2015), the confined
aquifer of Coffee Cave in New Mexico (Stafford et
al., 2008a) the Moncalvo Cave in Piedmont, Italy
(Vigna et al., 2010a,b; De Waele et al., 2017), the
cave in Monticello d’Alba (Banzato et al., 2017; De
Waele et al., 2017), and the gypsum/anhydrite
hypogenic caves of the Zechstein karst of the
South-Harz region, Germany (Kempe, 1996).
cc) Gypsum multi-base level caves. Occasionally
the multilayer configurations described in
a) above are strongly controlled by the base
level fluctuation (usually downward) but the
lithological component does not play the main
role in the multilevel configuration. One clear
example of this type of evolution described in
the present paper is the Barranco del InfiernoCueva del Yeso system, but the best examples
have been described in the Messinian outcrops of
Emilia Romagna, including the Monte Tondo-Re
Tiberio cave system (Columbu et al., 2015, 2017;
De Waele et al., 2017), Grotta della Spipola and
Rio Basino-Rio Stella (De Waele et al., 2017) and
the Monte Conca in Sicily (Vattano, 2004, 2008;
Madonia & Vattano, 2011). The epiphreatic
gypsum caves where only one, well-developed
cave base-level is apparently present, with
horizontal conduits and circular and paragenetic
sections, could be considered as a subtype of this
group of caves. They are frequently linked to the
evolution of a river, which has marked their recent
speleological history and cave morphology. Some
examples of such cave conduits are the Mosquera
Cave in Beuda (Girona, Spain) (Calaforra &
Pulido-Bosch, 1989; Miret & García, 1999), the
Rio Stella-Rio Basino in Emilia Romagna (Forti,
et al., 1989; De Waele, 2010, 2017), the Grave
Grubbo-Vallone Cufalo in Calabria (Ferrini &
Pasqua, 1998; Ferrini & Moretti, 2003), the actual
Aquafredda level in the Spipola cave system (De
Waele et al., 2017) and the Parks Ranch Cave in
the gypsum plain of New Mexico related to the
Black River (Calaforra & Forti, 1994; Calaforra,
1998). Interestingly, this last example of gypsum
multi-base level cave also shows vestiges of an
early hypogene genesis (Stafford et al., 2008b).
dd) Gypsum halokinetic caves whose speleogenesis
is linked to the presence of halokinetic (diapiric)

phenomena that produce a continuous upward
movement on a large geological scale. In
consequence, deepening of the caves in an
essentially vertical and vadose development
is expected. Spectacular examples have been
described in the Triassic gypsum karst of
Antequera (Málaga) (Calaforra & Pulido-Bosch,
1993, 1999; Andreo et al., 2016) and the “Túnel
dels Sumidors” of Vallada in the province of
Valencia (Calaforra et al., 1986; Calaforra &
Pulido-Bosch, 1989). Nevertheless, one of the
finest European examples of caves and halokinesis
is described in the Val di Secchia (N Italy), which
is comparable to the Spanish examples in terms
of their speleogenesis, but which lies in the
active tectonic zone of the Northern Apennines
(AA.VV., 1988; Chiesi et al., 2010) and shows
evidence of gypsum hyperkarstification processes
(Calaforra, 2004) by mixing of sulfate (gypsum
and/or anhydrite), carbonate (limestone and/or
dolostone) and chloride (halite and other salts)
waters typical of Triassic aquifers in the Alpine
tectonic context.

CONCLUSION
Interest in the study of gypsum karst has been
growing steadily since the early 1980s and especially
in those regions and countries with potential research
and great profusion of gypsum outcrops, such as
Italy, Spain, Ukraine, and USA. Nowadays, numerous
studies have been placing gypsum karst research as
a new source of knowledge regarding karstological
and speleogenetic processes, contributing interesting
relationships to the classic studies of speleogenesis in
carbonate rocks.
Accordingly, the related studies in the gypsum karst
of these countries, using examples from the Triassic
and Messinian outcrops of Spain along with references
to the Italian, Ukrainian and North American gypsum
karsts have been used to compile this synthetic
article. There are many other examples of gypsum
karst around the world that are now being studied
step by step, such as those located in Central Asia,
North Africa and South America. All these regions, still
to be explored from the point of view of gypsum karst,
have a very promising future and we are certain that
it will lead to new advances and discoveries regarding
gypsum speleogenesis.
In the present study, and in accordance with
the above limitations, we have tried to provide an
overview of the context in which gypsum karst can
be developed, through a speleogenetic classification
with a clearly hydrogeological and geomorphological
basis. The four different typologies of gypsum karst
described here are not intended to be a closed
system. There are certainly many examples and
their number will grow as knowledge of gypsum
karst advances. In any case, we consider that this
classification can be valid at least for an initial
identification of the varied and sometimes unusual
speleogenetic processes that can occur in the
geological history of a gypsum karst.
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Abstract:

Keywords:

Exposed schlottenkarren karst terrains developed on gypsum-anhydrite evaporites in the
Canadian Maritime provinces might be post-Glacial landscape features (formed on glaciallydenuded rocks after they are uncovered by progressive erosion of overlying glacial tills) or
exhumed pre-Last Glacial Maximum (LGM) morphologies (filled with glacial till and revealed
by erosion of the tills). In this paper the hydrological conditions necessary for the formation of
schlottenkarren, the speleogenetic processes involved and their chronology are reconsidered
and reinterpreted. It is proposed that they are essentially pre-LGM features which have survived
from the Wisconsinan. It is concluded that the degree of glacial scouring and denudation
of evaporite karsts in the region is highly variable and many or most karst landforms and
associated caves probably have significant pre-LGM components in their development.
Attention is drawn to the potential value of the chronological records in sediments preserved
in these karsts for understanding the Quaternary in the region.
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INTRODUCTION
Limestone, dolostone and evaporites, aptly termed
‘the lithological trinity of soluble karst-forming rocks’ by
Friedman (1997), are all present in the eastern Canadian
Maritime Province of Nova Scotia (Fig. 1). There is
potential for karst terrains to form wherever any of
these rocks are exposed, but outcrops of limestone and
dolostone in the province are relatively restricted in area
and it is the evaporite karsts developed on the Windsor
Group gypsum-anhydrite beds which are the most
widespread and intensively-developed (Moseley, 1996,
Fig. 2). These Late Lower Carboniferous (Mississippian)
strata underlie extensive areas on the Nova Scotia
mainland and Cape Breton Island. Locally they can
be several hundred meters in thickness. The largest
areas of outcropping strata are in Halifax and Hants
counties in central Nova Scotia and here they have
been relatively lightly affected by Appalachian Orogen
earth movements and often retain nearly horizontal
bedding (Ford, 1997). In Cape Breton, Windsor Group
bedrock is exposed mainly in the lowland areas to the
west of the Bras D’or Lakes, although extensive areas
are also believed to be submerged under the lakes as
*maxmoseley@hotmail.com

a result of rising post-Glacial sea-level (Baechler &
Boehner, 2014). Evaporite sequences and karsts are
also present in the adjacent Maritime Province of New
Brunswick (Moseley, 1996, Fig. 2).
Surface expressions of karstic geomorphology include
doline fields, dry valleys, karren, sinks, springs and
cave entrances. The most extreme morphological form
is schlottenkarren. Very little work has been done on
the genesis of this type of karst in Nova Scotia. In 2010
the discovery of Wisqoq Cave (Moseley et al., 2013)
in an area of schlottenkarren on the Avon peninsula
(Fig. 2) of Nova Scotia provided an opportunity
to directly examine and describe the sub-surface
morphological features of an example this type of karst
development. Observations made here, supported by
a reconsideration of the literature, make it possible to
address unresolved questions about the chronology of
schlottenkarren genesis and also to propose a plausible
new model for the processes involved.

DESCRIPTION OF THE KARSTS
The surficial geology and karst terrains of Nova
Scotia were shaped by the interaction of glacial and
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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post-glacial as well as karstic and fluvial processes
(Ford, 1997; Baechler & Boehner, 2014). During
the Quaternary the whole of the present-day area of
the province was subjected to intensive continental
glaciation. Marine isotope data from core samples
of deep Atlantic Ocean sediments show that the
region experienced at least sixteen glacial episodes,
but in Nova Scotia only the last two glaciations, the
Wisconsinan (c.75-11 ka before present) and the earlier
Illinoian (c.190-128 ka), together with the intervening
Sangamon Interglacial (c.128-75 ka) have been
identified from stratigraphical evidence (Stea et al.,
2011). Pre-Illinoian sediments and geomorphological
features were presumably overridden and destroyed.
The Pleistocene glaciations profoundly changed the
landscape of Nova Scotia and the gypsum karsts were

Fig. 1. Outline area map to show main geographical features of
Maritime Canada. The asterisk shows approximate location of the
Avon Peninsula. (Outline courtesy of d-maps.com at www.d-maps.
com/carte.php?num_car=4721&lang=en).

deeply affected. Many of the effects were destructive:
karst surfaces were scoured and plucked; landforms
modified or erased; and beneath the surface, caves
and active conduits were chocked by glacigenic
sediment and debris. However, a particularly
important physiographic result of glaciation was that,
following the final retreat of the ice sheets at the end
of the Wisconsinan, most of the low-lying areas of
the province remained blanketed by a thick cover of
mostly impermeable unconsolidated ground moraine.
In contrast to the destructive effects of glaciation this
had a preservative effect on the karsts. Protected
beneath surficial deposits the underlying bedrock
remained shielded from direct dissolution by meteoric
waters and it is only where the glacial till has been
eroded away that the gypsum surface is exposed to
direct weathering (Goodman, 1952; Ford 1987, Ford
& Williams, 1989; Moseley, 1996; Ford, 1997).
Most of the present-day gypsum karst landscapes
of Nova Scotia are areas of low elevation with little
topographical relief. For the most part the karst
terrains are densely-forested areas of rugged nonarable land. Fields of suffosion and collapse dolines
on glacial till are common. Areas of closely-spaced
dolines resemble polygonal limestone karst (“eggbox
karst”). The densities are up to 100 dolines/ km2 and
the largest individuals are >500 m in diameter
(Martinez & Boehner, 1997). Individual dolines can
reach depths up to 12 m or more (Goodman, 1952)
and may be connected into underlying caves by
channels leading from the bottom (Moseley, 1996).
Many small active and inactive caves and cave
fragments are documented in the province (Moseley,
1976; 1988a; 1988b; 1996; Ford, 1997) and more are
being discovered. The longest gypsum caves known in
the province are Arch Cave (Baddeck, Victoria County)
and Hayes Cave (South Maitland, Hants County)
which are respectively 520 m and 365 m in surveyed

Fig. 2. Google Earth view of the Avon Peninsula, Hants County, Nova Scotia. The Kennetcook River and the St. Croix
River drain westward into the Avon River. There are large tracts of unspoiled evaporite karst within the wooded land in
the western interior of the peninsula. Extensive opencast workings clearly visible in the eastern part of the peninsula
are those of the now inactive Millers Creek Quarry (Fundy Gypsum Company). Note that the marked position of
Wisqoq Cave is approximate. [Google Imagery Date 9/6/2015 45◦ 00’ 48.62” N 64◦ 04’ 29.07” W].
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length. The existence of more extensive, integrated
systems of active conduits is inferred from patterns of
sinks and risings and other evidence (see below).
Widespread fields of dolines expressed on the
surface of till-covered areas reveal the existence of
hidden sub-surface karst. Although this buried karst,
termed ‘Deeply Till-Mantled Karst’ by Ford (1997),
is rarely accessible to direct investigation, stripping
of overburden prior to blasting in the course of
gypsum quarrying operations has provided temporary
exposures of concealed underlying glacially-scoured
karst surfaces, sediment-infilled sinkholes and other
morphological palaeokarst features that survived
(Stevenson, 1959, Plate IIIA; Moseley, 1996; Ford,
1997). The physical appearance of these uncovered
surfaces suggested that glacial scour had only
removed 1-2 m of rock, considered a surprisingly
small amount for such soft rocks (Ford, 1997, p. 18).
Other examples may be seen in cross-section in river,
lake or sea cliffs (e.g., Moseley, 1996 p. 6). There is
evidence that not all pre-last Glacial cavities were
infilled: open shafts up to 12 m deep were reported
to have been temporarily exposed in Fundy Gypsum
Company’s Millers Creek Quarry (Avon Peninsula,
Hants County) (Moseley, 1996).
Areas where the overlying glacial till is eroded
away exposing the bedrock were termed ‘Bare/
thinly-mantled Evaporite Karst’ by Ford (1997). Ford
reported that this is typically found where there are
steep physical or hydraulic gradients, for example
river valleys and coastal or lakeside cliffs. Bare karst
can however occur anywhere where there is sufficient
gradient to permit erosion of surficial deposits.
The most extreme erosional form that develops
on bare karst is ‘schlotten karst’ (Ford, 1987;
Ford & Williams, 1989), more accurately termed
‘schlottenkarren’ (Stenson, 1990; Ford, 1997).
This form consists of groups of densely-packed
dissolutional funnels draining into vertical cylindrical
shafts typically with connections to subsurface cavities
(‘schlotten‘) beneath (Fig. 3). Morphometric analysis of
examples in Canada (Stenson, 1990) revealed that at
most sample sites mean rim diameters range from
0.5 to 1.5m, with little variance: means were larger
(1.8-3.5 m) at the remaining sites. Mean nearest
neighbour distances between sinkhole centres were
between 1.0 and 3.5 m. Most reported schlottenkarren
are along river valleys or adjacent to coastal and
lakeside cliffs (Ford, 1987, 1997; Moseley, 1996;
Baechler, 2017, pers. comm.) but they also occur on
bare karst elsewhere.
Datable organic remains are present in Quaternary
palaeokarst infill sediments. Most appear to date from
the Wisconsinan interstades. At Millers Creek Quarry
a sample from under 20 m of glacial drift overlying the
gypsum surface was dated at 33.2 ka before present
(Roland, 1982). At Milford Quarry, East Milford
(Halifax County), wood at the base of a 12 m-thick till
unit containing remains of beaver (Castor canadensis)
yielded a radiocarbon date of >33.8 ka and tamarack
(Larix) wood in organic deposits sandwiched between
till filling karst depressions gave a date >50.0 ka
(Harington, 1990, and references therein). Earlier
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Fig. 3. BCRA Grade 3B map of Wisqoq Cave, Hants County, Nova
Scotia [surveyed 2011 & 2016]. P.7.5 and P.9 are the two entrance
shafts.

deposits have also been identified. A partial American
mastodon (Mammut americanum) skeleton and
associated coprolites found in 1936 beneath till in
a gypsum sinkhole in southern New Brunswick and
formerly believed to be Middle Wisconsinan are now
considered to be Sangamonian (Harington, 1990).
Organic remains recovered during excavation of a
fossilized stream sinkhole at Milford Gypsum Quarry
in Halifax County (National Gypsum Company) include
an American mastodon skeleton, frogs (Rana pipiens),
turtles (Chrysemys picta and Clemmys insculpta) and
pine cones, infilled during the Early Wisconsinan
c. 75 ka suggesting the fossil karst surface to date
from the preceding Sangamon interglaciation. At this
site the karst surface was buried by c.30 m of glacial
tills and interbedded sands (Grantham & KozeraGillis, 1992; Holman & Clouthier, 1995). Much earlier
remnants survive in places: sedimentary fills with
abundant Mesozoic plant remains and preserved in
fissures on a karstified gypsum surface near Windsor
(Hants County) are identified on palynological evidence
as Lower Cretaceous (Falcon-Lang et al., 2007) whilst
Baechler & Boehner (2014, p. 708) report karst infills
ranging from late Carboniferous through Cretaceous
in Cape Breton.
Whilst the buried karst surfaces themselves are
mostly hydrologically inert (Ford, 1997) the widespread
coexistence around the province of gypsum, glacial
deposits and sinkholes (Martinez & Boehner, 1997);
recent subsidence and the frequent opening up of new
dolines (Hughes, 1957; Adams, 1991); and surface
patterns of sinks and springs that reveal the existence
of concealed integrated drainage systems (Moseley,
1996), prove active dissolution by groundwater within
the gypsum strata beneath the till overburden.
The extent to which the schlottenkarren and other
morphological features developed on exposed bare
karst surfaces are post-glacial or, alternatively,
represent earlier karstified surfaces disinterred by
erosion of overlying till is unclear. Goodman (1952)
recognised an association between distribution of
the gypsum karst and glacial deposits, noting that
the modern karst terrains are only present where
there is no heavy cover of till. Hughes (1957) also
observed that the surface expression of dissolution
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features depends on the thickness of the overlying
glacial deposits. Hughes understood that there had
probably been pre-Pleistocene karst development but
concluded that rapid rates of dissolution evidenced
by widespread instances of recent subsidence implied
that exposed present-day solution features have
developed since the last ice retreat. Moseley (1996)
also surmised that the high solubility of gypsum in the
natural environment (James et al., 1981; Klimchouk
& Aksem, 2005) points to a Holocene timescale.
Stevenson was the first geologist working in Nova
Scotia to systematically observe and record karst
in the course of geological mapping. The maps
accompanying his Kennetcook and Shubenacadie
report (Map Areas 1075A and 1076A) (Stevenson,
1959) were the first to consistently delineate observed
areas of karst topography. A linear distribution
alongside geographical features such as river
valleys can be distinguished on these maps, though
not explained or commented on in the text. It was
not until nearly thirty years later that Ford (1987)
recognised the significance of this. He observed
that what he later (Ford, 1997) termed ‘Bare/thinlymantled Evaporite Karst’ is typically found where there
are steep physical or hydraulic gradients, for example
river valleys and coastal or lakeside cliffs. Moseley
(1996) also commented that the then known vertical
shafts are close to cliffs. In explanation of the observed
distribution of these features Ford (1987, 1997, Fig. 2)
and Ford and Williams (1989) proposed that Nova
Scotia schlottenkarren are a result of progressive
post-Glacial karstification of exposed surfaces where
the overlying till has been eroded away. However
Baechler and Boehner (2014 p. 711) pointed out that
bare karsts on Cape Breton Island “may represent
development of recent active karst systems and[or]
reactivation of exhumed older karst erosion surfaces.”
There has been almost no attempt to understand
the speleogenesis of schlottenkarren in Nova
Scotia. Moseley (1996) reported primitive phreatic
protoconduits ("dip tubes") exposed in cross-section
in a non-vertical joint at one site (The Honeycombs,
see below). He suggested that, once primitive active
conduits become large enough for there to be an airsurface (i.e., vadose flow), differential dissolution
will tend towards the development of vertical shafts.
Ford (1997) listed some essential requirements for
the formation of evaporite schlottenkarren, and
also pointed out the existence of outcrops of bare
schlottenkarren in unglaciated regions, such as
South Hartz of Germany, that are morphologically
essentially the same as those in the glaciated karst
of Nova Scotia (Kempe & Emeis, 1979; Vladi, 1979;
Ford, 1997). This implies that schlottenkarren do not
display characteristics which necessitate involvement
of glacial action in explanations of their creation.

AVON PENINSULA
The Avon peninsula, Hants County, Nova Scotia
is geographically defined by three tidal rivers: the
Kennetcook River to the north and the St. Croix
River to the south, both of which drain westward

into the Avon River (Fig. 2). Windsor Group gypsumanhydrite evaporites outcrop extensively on the
peninsula. These easily-accessible deposits situated
close to marine port facilities have been extensively
exploited by one of the major producers, Fundy
Gypsum Company. The eastern part of the peninsula
has been heavily impacted by opencast quarrying
operations (Fig. 2) during which the caves and other
karst features formerly existing within the affected
area were destroyed. In contrast, although there has
been some historical small-scale mining, the elevated,
wooded land in the interior of the western part of the
peninsula remains for the most part intact and large
tracts of unspoiled evaporite karst survive. This terrain
is characterized by a series of low rolling hills (referred
to locally as knobs or knolls), with moderately incised
drainages and shallow valleys. There are extensive
areas of bare karst terrain including outstanding
examples of polygonal karst, schlottenkarren and
associated caves.
A variety of cave morphological forms are described
on the peninsula, most displaying morphologies
indicating formation under shallow phreatic
conditions. They include small joint-guided maze
caves and a large truncated chamber apparently
formed by mixing corrosion in the four component
water-gypsum-calcite-CO2 system (Moseley, 1996 p.
10, 14, and Figs. 5, 9). Two caves, Wisqoq Cave and
The Honeycombs, are interpreted as schlotten.

WISQOQ CAVE AND THE HONEYCOMBS
Wisqoq Cave, discovered in 2010 by a local resident,
is situated in an area of schlottenkarren evaporite
karst terrain (Fig. 4) in the western part of the Avon
Peninsula (Fig. 2) (Moseley et al., 2013).
The cave (Figs. 3, 5) is entered through either of
two vertical shafts, P9 (Fig. 6) and P7.5 (Figs. 7, 8)
in deep dissolutional funnels on the top of a low
karstified ridge. The topography of the land surface
in the immediate neighbourhood shows two parallel
low ridges separated by a shallow valley, all trending
approximately east-west. The same primary structural
elements almost certainly guided development both
of surface and underground features. The known
cave development is confined within one of the ridges
and is oriented on a major joint or other structural
discontinuity extending at 100◦-280◦ along the axis of
this ridge. Passage orientations suggest the presence
of minor joints at c. 65°-245°.
The shafts open into a large essentially formless
low-ceilinged (≤2 m) horizontal cavern c. 20 m in
length and up to 8 m wide, floored at a depth of
c. 9-10 m below the present average land surface
(Fig. 9). Shaft P9 narrows downwards and opens
into the roof of the chamber. P7.5 is more regular in
cross-section and is notable for well-developed ‘flutes’
(Fig. 8). A standing pond and staining on the walls
indicate partial flooding of the chamber at some
time (Fig. 9). Several blind cupolas in the ceiling of
the chamber are evidence of former dissolution but
there is no surviving evidence of a ‘laugdecke’ (the
flat dissolutional roof typical of phreatic gypsum
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Fig. 4. Gypsum karst in vicinity of Shaft P.9, Wisqoq Cave. The shaft
(illustrated in Fig. 6) is situated immediately beyond and hidden by the
wall of gypsum behind the head of the caver (after Moseley et al., 2013).
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Fig. 6. Shaft P.9, Wisqoq Cave, from surface. The caving ladder
indicates scale (photo: author).

Fig. 5. Elevation sketch of Wisqoq Cave. Based on BCRA Grade
3B map (Fig. 3) but with all vertical profiles and depths estimated;
surface profile conjectural.

caves e.g., Kempe et al., 1975; Moseley, 1996). The
morphology of the chamber is a result of mechanical
cavern breakdown (Fig. 9). However, to the north and
west, low wet passages at what appears to be the local
water-table indicate on-going dissolution at a level
only c. 2 m below the chamber.
The Honeycombs (Fig. 10) and the adjacent
Honeycombs II were dry abandoned caves situated in
the eastern part of the peninsula. They were reported
informally in a magazine article (Major, 1966) and
described by Moseley (1974, 1996). The caves were
located on a low ridge of gypsum immediately above
the escarpment edge of the ridge. Adjacent marshy
ground was interpreted as a drained post-Glacial lake
bed. All of these features were destroyed in the early
1980s in the course of quarrying operations.
The Honeycombs consisted of six almost perfect
smooth-sided vertical shafts oriented in an
approximately northwest-southeast line parallel to
the escarpment. A separate similar shaft a few meters
away from the main cave was probably connected to the
main group via a constricted humanly-impenetrable
passage. All the shafts were uniform in vertical profile
apart from some widening due to weathering at the
top. In cross-section they were elliptical with their
long axis approximately northeast-southwest. The
shafts did not show any relationship to dip of strata
or fractures, but sets of small dip-tube-like features
associated with a joint or fracture were exposed in
cross-section in one shaft. The shafts expanded at
the bottom creating small interconnecting chambers
coalescing into a single passage formed mainly by
mechanical collapse. Remnant multiple facettes

Fig. 7. Shaft P.7.5, Wisqoq Cave, from the surface. The
scalloped cross-section visible lower down is due to the
vertical fluting illustrated in Fig. 8 (photo: author).

Fig. 8. Shaft P.7.5, Wisqoq Cave, looking up from underlying chamber,
and showing the well-developed vadose fluting in this shaft. Caving
ladder indicates scale (photo: Jonathan Guy).
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on the walls showed this to have originally been a
phreatic laughöhlen passage, and a well-preserved
laughöhlen passage extended beyond the area of
the shafts (illustrated on p. 13-14 of Moseley, 1996).
Facettes and laughöhlen (both described by Kempe et
al., 1975) are typical morphologies of phreatic caves
in gypsum.
The shafts were not situated within sinkholes and
the gypsum surface in the vicinity was flattened and
denuded by glacial scouring. A field of closely-spaced
shallow depressions, believed to be further shafts or
dissolutional funnels infilled by sediment and debris,
extended some distance back from the escarpment.

SPELEOGENESIS OF WISQOQ CAVE
AND THE HONEYCOMBS
There are substantial morphological resemblances
between Wisqoq Cave and The Honeycombs and they
are in the same general geographical locality. Both
display speleogenetically distinct horizontal (phreatic)
and vertical (vadose) morphological elements. The
vertical elements consist of shafts opening into
horizontal caves at a lower level, and appear to be
fracture (joint?)-guided in origin. Analogous, and
presumably contemporaneous, processes were
undoubtedly responsible for the formation of both
caves. However the modern gypsum surface in
the vicinity of Wisqoq Cave (Fig. 6) is substantially
less denuded than that formerly exposed at The
Honeycombs.
Laughöhlen gypsum cave passage fragments in
The Honeycombs displaying typical V-shaped crosssections and flat laugdecke ceilings (Fig. 10) were
consistent with dissolution by slowly-moving water at
or just below a local water-table (Gripp, 1912; Biese,
1931; Kempe, 1972; Pfeiffer & Hahn, 1972; Kempe et
al., 1975; Moseley, 1996, Fig. 3). It is evident that these
elements of the cave developed at a past water table at
the margin of an adjacent lake that previously existed
here (Moseley, 1996). The cave became hydrologically
inactive with the draining of the lake. In Wisqoq Cave,
remnant phreatic features and the absence of any

Fig. 9. Main chamber in Wisqoq Cave, from Shaft P.9 looking northeast. Gypsum blocks littering the floor together with the absence of
dissolution surfaces on the ceiling show that the present-day chamber
was formed by blockfall. Chocolate-coloured sediment on the rocks
and ‘tidemarks’ visible on the far wall above the pool are evidence of
intermittent changes in water-level (photo: author).

evidence of vadose stream action in the chamber and
lower passages show that these parts of this cave
also originated under submerged phreatic conditions
during a period when the local water table was higher
than it is today. The Wisqoq Cave chamber, which
is now drained, probably originated at the level of
this water table, extensive cavern breakdown having
resulted in upward propagation of the cavity.
Fluting and downwards narrowing of the shafts
in Wisqoq Cave are diagnostic of development in
the vadose zone, but the physical situation of both
caves on gypsum ridges, together with the absence of
any evidence of vadose action other than within the
shafts themselves, rules out involvement of surface
streams in their overall development. Alternatively,
the verticality, depths up to nearly 10 m, and
cylindrical or near-cylindrical cross-sections of the
shafts are consistent with schlottenkarren forms.
Both caves are therefore interpreted as well-developed
schlottenkarren morphologies draining into lower
phreatic schlotten caves.

A PLAUSIBLE MODEL FOR
SCHLOTTENKARREN GENESIS
Ford (1997, p. 14) listed some essential requirements
for the formation of evaporite schlottenkarren as:
exposure of rather pure bedrock, a high hydraulic
gradient and sufficient precipitation. Whilst these
are undoubtedly correct they are not in themselves
sufficient to explain the morphological features
of schlottenkarren. An acceptable genetic model
has to explain the deep funnel-shaped surface
morphologies, vertical vadose shafts, and underlying
phreatic cavities. The model must also address the
frequent (though not exclusive) close association of
schlottenkarren with places such as cliff edges and
the sides of river valleys, and be consistent with the
existence of schlottenkarren in unglaciated regions
(i.e., must not depend on any glacial or post-glacial
process).
A model consistent with the above is that
schlottenkarren develop as a result of the hydrological
conditions at locations where (a) a sufficiently large
hydraulic head above a water-table is combined

Fig. 10. The Honeycombs, plan and elevation based on Suunto and
cloth tape survey (BCRA Grade 3B). KEY: f = facette; mf = multiple
facettes; ld = laugdecken. Two impenetrable laughöhlen phreatic
passages (marked E and F) might have been outlets draining to an
adjacent lake (After Moseley, 1996, modified).
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with (b) essentially unimpeded egress of water at a
lower elevation. Where both these conditions are
present, meteoric waters become freely-draining from
the surface down to the water-table. Consequential
focussed dissolutional expansion of primitive conduits
within this vadose zone results in preferred conduits
becoming large enough for there to be stream flow
with free air-surfaces (vadose flow). Once stream
flow is established, differential dissolution of the
lower sides of the conduits results in development of
vertical, relatively smooth-sided cylindrical or subcylindrical shafts.
The necessary free, unimpeded drainage into the
phreatic zone from the bottom of the vadose shafts
can only occur where there are underlying cavities
of sufficient size to readily accept the flow, without
backing up. Suitable physical and hydrological
conditions exist along valleys and at river, sea and
lakeside cliffs. Here, there is the potential for formation
of underlying dissolutional cavities connected to and
draining with little impediment into a nearby body of
surface water, typically a river or lake. Here also, water
flow from the surface will tend to be preferentially
captured by those conduits closest to the external
drain, which in consequence will develop faster than
those further back. This explains the appearance of
chronologically progressive development observed by
Ford (1987). It follows that the commonly-observed
relationship between sites subject to progressive
erosion of overlying glacial tills and the presence of
schlottenkarren is therefore not due to cause and
effect: these processes are independent; both being
results of the same hydrological conditions.
Where schlottenkarren occur in Nova Scotia, the
maximum observed depth of the water-table below the
top of the karst surface is c. 20 m. It is not known if
the processes involved in their genesis are physically
limited by increasing depth of the water-table below
the surface, but it may be very tentatively conjectured
that restriction of water flow with increasing depth of
the vadose zone might be a limiting factor.

CHRONOLOGY
A widespread view has been that present-day Nova
Scotia gypsum karst surface morphologies and caves
are essentially post-Glacial phenomena (Hughes,
1957; Ford, 1987; Ford & Williams, 1989; Moseley,
1996; Ford, 1997). However, a review of the literature
reveals that there is no reported physical geological
evidence directly supporting a post-Glacial age. This
chronology is based on assumptions that the intensity
of glacial action on these soft rocks must have
destroyed pre-existing karst surfaces, and that rapid
rates of dissolution on exposed gypsum adequately
explain the extent of karstification observed on
exposed gypsum.
The alternative interpretation that at least some of
exposed present-day karst terrains are exhumed preLGM erosion surfaces has been raised (Hughes, 1957;
Baechler & Boehner, 2014) but not investigated. This
chronology offers a satisfactory explanation of the
genesis of The Honeycombs, Wisqoq and other caves
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and is consistent with and reconciles the known
geological evidence. Whilst it is difficult or impossible
to envisage any post-Glacial process that might
explain the unusual morphology of The Honeycombs,
this cave is readily interpreted as the surviving
remains, partly glacially-truncated, of schlottenkarren.
Interpreted in this way, it constitutes strong evidence
for survival of pre-LGM karst surfaces and caves. The
model for schlottenkarren genesis, proposed above,
does not invoke any Glacial or post-Glacial process
and is consistent with a pre-LGM chronology.
There is ample evidence that pre-LGM gypsum
karst surfaces have survived, buried beneath glacial
deposits. Dated organic remains in stratified sediments
infilling buried palaeokarst depressions are evidence
that many such features have survived at least the
Wisconsinan glaciations.
Stratified sedimentary
infills, for example at East Milford (Harington, 1990),
show that these deposits are not a result of postglacial slumping. Reports by local quarrymen of open
shafts temporarily exposed in the face of Millers Creek
Quarry also support this view.
Evidence from a probable coeval site in the Codroy
area in southern Newfoundland supports this
conclusion. As in Nova Scotia, active gypsum karst
in the area was initially interpreted (Sweet, 1978,
p. 118) as “probably post-glacial” citing the fact
that the karst is very active today as the reasoning.
However, a section on the coast cut through a large
(c. 200 m diameter) sediment-infilled doline revealed
a continuous sequence of glacial, freshwater and
marine fossiliferous deposits beginning from before
the Sangamonian and extending into the early
Wisconsinan (Brookes et al., 1982).
A difficulty that must be addressed in explaining
intact or partly-intact pre-LGM schlottenkarren
and other karst features is how features developed
on such soft rocks survived the intense glaciation
experienced in the region. One important explanatory
factor is that there can be considerable denudation
from ice scouring without complete destruction of
karst surfaces. Observed modern doline depths of
>10 m added to the similar depths of some associated
shafts show that in some places subject to glacial
scour removal of up to 20 m or more of rock would
have been needed to completely level many karst
surfaces, so, many areas could have experienced
only partial truncation of pre-existing morphologies
(Figs. 11 & 12). This appears to be what happened at
The Honeycombs, and it also resolves the apparent
paradox that the appearance of some newly-exposed
surfaces implied that these very soft rocks had
suffered as little as one metre of glacial scouring.
In other areas (such as the vicinity of Wisqoq Cave)
where there was less denudation and schlottenkarren
survived more or less intact, burial under static
ice explains preservation of the karst surfaces. The
presence of widespread static ice in Nova Scotia
has been proven by survival of unconsolidated prePleistocene saprolites developed on granitoid rocks
(O’Beirne-Ryan & Zentilli, 2003, 2006).
Formation of schlottenkarren during deglaciation
might be an alternative explanation. The most rapid
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rates of cave development anywhere probably occur at
glacier margins during the melting stages (Ford, 1987)
and Baechler & Boehner (2014 p. 711) suggest the
possibility of an origin at local ice margins to explain
three anomalous sites in Cape Breton where bare,
highly-karstified gypsum outcrops occur immediately
adjacent to deeply till-mantled or denuded karst
surfaces. However, whilst paraglacial processes could
have been involved in these particular cases, the
common occurrence of schlottenkarren in unglaciated
regions elsewhere in the world (see above) rules this
out as a universal or even general process.
A more precise chronology than ‘pre-LGM’ is
difficult to propose at this time. Considered in
isolation, the features observed in Wisqoq Cave
and The Honeycombs can be interpreted as having
being formed during the Sangamon interglaciation
or a Wisconsinan interstadial. However the dating
evidence from palaeokarst sediments elsewhere in the
region points to a Wisconsinan age as the most likely
for these two caves.

DISCUSSION AND CONCLUSIONS
Schlottenkarren develop on exposed gypsum
surfaces where a sufficiently large hydraulic head
above a water-table is combined with essentially
unimpeded egress of water flow into underlying
phreatic cavities. Those occurring in the study area are
exhumed pre-Last Glacial Maximum (LGM) features
which have survived from the Wisconsinian intact or
partly-intact. This implies that the degree of glacial
scouring and denudation of the gypsum terrains in
this region is highly variable (Figs. 11 & 12), and the
extent of post-glacial karstification has often been
overemphasized. It is probable that many or most
karst landforms and associated caves in Nova Scotia
and elsewhere in Atlantic Canada have a significant
pre-LGM component in their development.
It can be inferred that the nature of the landscape
at the end of the Sangamon Interglacial was similar to
that of today, comprising a complex mixture of both
active and inert buried and exposed karst. During the
following Wisconsinan ice age some areas under static
ice experienced little or no scouring, thus preserving
pre-existing morphologies and infill sediments.
The survival of early karsts, protected beneath thick
impermeable glacial deposits, is potentially valuable
for studies of the Quaternary, an epoch which is littleunderstood in the region. The extent of denudation
can indicate the distribution of moving versus static
ice. So far, although no known sites in the Maritimes
match the continuity and clarity of the Newfoundland
Codroy locality, sedimentary records preserved in
deep sediment-infilled sinkholes, vertical shafts and
underlying cavities are known to contain stratified
Sangamonian
and
Wisconsinan
chronological
sequences. These sediments contain well-preserved
palynological and macrofossil evidence of the Late
Pleistocene in this part of Canada, and it is likely that
sites preserving more detailed and comprehensive
chronological sequences exist. Importantly, the
presence of Mesozoic deposits associated with

gypsum karst shows that earlier sediments can
also survive, and it is therefore quite likely that
evidence of the Illinoian or pre-Illinoian glacial and
interglacial episodes which are almost unknown in
this geographical region has survived.

Fig. 11. Partly-denuded schlottenkarren karst surface exposed in
riverside cliffs, St. Croix River, Hants County, Nova Scotia. At this
point glacial action appears to have removed only a few meters of
rock, leaving pre-glacial surface morphologies largely intact. Several
(sub)vertical shafts are exposed in the cliff face (Photo: author).

Fig. 12. Highly-denuded karst surface exposed in riverside cliffs, St.
Croix River. Here the pre-glacial karst surface has almost entirely
been erased, but sub-surface features survive. The remnant of a
vertical schlottenkarren shaft is visible at ‘A’, and a small inactive and
sediment-choked phreatic cave (St. Croix River Cave) can also be
seen (B) (Photo: author).

Finally, some of the ideas offered here might also
be applicable to the dissolution pipes in calcareous
deposits that have been reported from coastal areas in
tropical or subtropical climates in many areas in the
world (De Waele et al., 2011). These display a number
of similarities with gypsum schlottenkarren. They are
composed of almost perfect cylindrical vertical holes
with no apparent relationship with dip of strata or
fractures, and are found near coastal cliffs. Examples
in Tunisia of closely-packed groups resembling
‘pinnacle karst’ appear to be remnants whose upper
parts have been removed by erosion (De Waele et al.,
2011, p. 465 & Fig. 1C).
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Abstract:
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Since the early 80s, a progressively increasing number of sinkholes appeared along the Dead
Sea coastal line. It has been found that their appearance is strongly correlating with the
lowering of the Dead Sea level taking place with the rate of approximately 1 m/yr. Location of
areas affected by sinkhole development corresponds to location of the salt formation deposited
during the latest Pleistocene, when the Lake Lisan receded to later become the Dead Sea.
Water flowing to the Dead Sea from adjacent and underlying aquifers dissolves salt and
creates caverns that cause ground subsidence and consequent formation of sinkholes. Before
subsidence, these caverns are not visible on the surface but can be investigated with surface
geophysical methods. For that, we applied Surface Nuclear Magnetic Resonance (SNMR),
Transient Electromagnetic (TEM) Seismic refraction and reflection, Multichannel Analysis of
Surface waves (MASW), microgravity and magnetic surveys and their combinations. Our
geophysical results allowed us to locate the salt formation and to detect caverns in salt thus
contributing to better understanding sinkhole development mechanisms. Comparison of
sinkhole appearance along the western DS shore derived from the recent database (2017)
shows that predictions made on the base of geophysical data (2005-2008) are now confirmed
thus demonstrating efficiency of our study. In this paper, we briefly present a summary of
up to date knowledge of the geology and hydrogeology of Dead Sea basin, of the physical
properties of the salt rock and the most popular models explaining mechanisms of sinkhole
development. We also share our experience gained during geophysical studies carried out in
the framework of national and international research projects in this area for the last 20 years.
Dead Sea, evaporate karst, geophysics, sinkholes
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INTRODUCTION
Thousands of sinkholes have been formed during
the last 30 years along the Dead Sea (DS) coastal
areas in Israel (Abelson et al., 2006; Yechieli et al.,
2016; DS sinkhole database 1998-2016) and Jordan
(Closson & Abou Karaki, 2009; Abou Karaki et al.,
2016; Abueladas, 2016, pers. comm.) (See Fig. 1).
Generally, the sinkhole susceptibility problem is
widely known in limestone karst, associated with
collapse or subsidence into subsurface cavities (e.g.,
Klimchouk, 2005; De Waele et al., 2009; Frumkin
et al., 2009a; Parise et al., 2009, Gutiérrez et al.,
2014). Sinkhole clusters in carbonate karst terrains
commonly develop and modify over long geological
periods. Although methodologies for the detection
*mikhailez@hotmail.com

of sinkholes and other karst features in carbonate
rocks (generally limestone) have received much
attention worldwide (Arandelovich, 1969; Milanović,
1981, 2000; Beck & Herring, 2001; Beck, 2003) these
methodologies need to be adapted, or new methods
developed, for the unique environment of evaporite
deposits along the Dead Sea coast in Jordan and
Israel. The main differences between the karst areas
in carbonate rocks and the sites with unconsolidated
sediments in the Dead Sea region are the following:
(1) subsurface dissolution of the salty rock is observed
quite often in response to changes of environmental
conditions; and (2) very high salinity groundwater
is present.
The first feature is commonly attributed to
sinkholes formed in evaporite areas, where dissolution
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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sinkhole susceptibility mapping were attempted
for evaporite karst (Galve et al., 2009a, b).
Sinkholes are surface manifestations of
subsurface
dissolution,
internal
erosion,
and deformation, commonly hidden from
direct observation and from most subaerial
geomorphological study methods (Gutiérrez et
al., 2014).
A strong contrast in the physical properties
between different geological formations in the Dead
Sea coast requires the use of surface geophysical
methods (Frumkin et al., 2011). Different
geophysical methods have been tested for the
various aspects of sinkhole hazard assessment.
Moreover, TEM method allows to determine the DS
water salinity and to map it through the sinkhole
hazardous areas (Ezersky & Frumkin, 2017).
Therefore, geophysical methods can facilitate
sinkhole susceptibility assessment in the DS coastal
areas both in Israel and Jordan. In the framework
of DS sinkhole studies numerous geophysical
methodologies were developed and applied to
examine the evaporite karst phenomenon. A list
of geophysical methods used for the study of the
DS sinkhole problem by the authors and different
researchers is collected in Table 1.
Fig. 1. Sinkhole sites along Dead Sea shore: 1) Zikim; 2) Avenat; 3) N.Qane;
4) Samar; 5) N. Deragot; 6) Mineral Beach; 7) Ein Gedi and Nahal Arugot;
In this paper, we intend to summarize the
8) Yesha; 9) Mazor; 10) Nahal Hever north; 11) Nahal Hever south; 12) Asa’el;
available experience and to compare predictions
13) Nahal Zeelim; 14) Rahaf; 15) Lynch Straight; 16) Mor; 17) Ein Boqeq;
of sinkhole expansion throughout the DS basin
18) Newe Zohar; 19) Dam-2; 20) Lisan; 21) Ghor Al-Haditha; 22) Wadi Mejib;
made by different authors. We also tried to compare
23) Suweimeh; 24) unnamed; (20-24 - after Closson and Abu Karaki, 2009).
CC' - line of the generalized geological section (the coordinates in the frame
these predictions with the recent geologicalare new Israel Mercator grid in km, the outer coordinates are Universal
geophysical observations. We hope that such an
Transverse Mercator grid, in km).
analysis will produce a better understanding of
rates are one to three orders of magnitude faster
the phenomenon, which is particularly important
compared with limestone (Reuter & Stoyan;
at present, when construction of a channel between
1993, Gutiérrez et al., 2008). Salt is very soluble
the Red and Dead Seas (Beyth, 2007) is being
when coming in contact with a slightly saline
definitely decided.
(undersaturated) circulating groundwater. Therefore,
We anticipate discussing the presence of a salt
sinkhole hazard related to dissolution of subsurface
layer both in western (Israel) and eastern sides of
salt by such water and collapse of overlying material
the DS shores. For instance, such analysis in the
may also be relatively rapid, from days to some
Ghor Al-Haditha area (eastern DS side) will be
weeks (Frumkin, 1995; Van Sambeek, 1996; Stiller
based on an integrated analysis of all available
et al., 2016).
geophysical data.
The second condition is that Dead Sea groundwater
is essentially more saturated in salt than normal
GEOLOGY AND HYDROGEOLOGY
groundwater, thus slightly slowing down the
IN THE DEAD SEA AREA
dissolution process (months, years) and allowing the
observation of changes in geophysical properties of
Generalities
the subsurface on a human life scale.
The Dead Sea (DS) is probably, the best-known
Salt outcrops around DS are rare and produce
example of a hypersaline lake (34.2% salinity in 2010),
typical vadose karst morphologies characterized by
and it is also the deepest salt lake in the world (Goetz,
localized sinkholes, blind valleys and underground
1986; Ben Avraham, 2001). Generally, a hypersaline
streams (e.g., Frumkin, 1994; Burthens et al., 2009;
lake is a landlocked body of water that contains
De Waele et al., 2009). Geomorphic changes, including
significant concentrations of sodium chloride or other
sinkhole development, can be extremely rapid
mineral salts, with saline levels surpassing that of
particularly in areas where human activities alter
ocean water (3.5%; i.e., 35 g/l). The DS is the deepest
groundwater circulation (Lucha et al., 2008).
subaerial point on Earth, located in an extremely
Gutiérrez et al. (2008) propose a phased approach
arid environment with an annual precipitation of
for the identification, investigation, prediction, and
50–100 mm.
mitigation of sinkholes in evaporite terrains. The
The DS lies within a transform that looks like a
protective measures were proposed by Taqieddin
depression, 150 km long and 15–17 km wide in its
et al. (2000) and Yechieli et al. (2006). Probabilistic
center, divided into two sub-basins (Fig. 1). The
sinkhole modeling for hazard assessment and
southern subaerial sub-basin is dry; it contains
International Journal of Speleology, 46 (2), 277-302. Tampa, FL (USA) May 2017
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Table 1. Geophysical method used for sinkhole studies.
Method’s name

Physical properties to be measured

Capability of detection

References

Seismic refraction

Seismic velocity of longitudinal waves (Vp)
in solid salt layers (2,900-4,500m/s) that is
considerably higher than sedimentary
overburden (2,100-2,700 m/s)

Salt elastic properties and salt
delineation

Ezersky, 2006;
Ezersky et al., 2010

Multichannel
analysis of surface
waves (MASW)

Seismic velocity of shear (S) waves (Vs)

Salt shear velocities and
modulus to estimate salt
porosity and karstification

Bodet et al., 2010;
Ezersky et al., 2013

P-wave seismic
reflection
S-wave seismic
reflection
Transient
Electromagnetic
(TEM, TDEM)
Electric Resistivity
Tomography (ERT)
Magnetic Resonance
Sounding (MRS)
or Surface Nuclear
Magnetic Resonance
(SNMR) + 3D-SNMR
MRS + TEM
MRS+MASW
Ground penetrating
radar (GPR)

Microgravity

Gravimetry +
radar differential
interferometry
Photogrammetry +
satellite
Nano seismicity and
microseismic
activity

Study of the deep (down to 200 m) subsurface
structure, detection of sub-horizontal interfaces
and faults
Study of the shallow (down to 100 m) subsurface
structure, detection of sub-horizontal interfaces
and faults
Low resistivity of aquifer formations (1 Ωm to
0.5 Ωm) in contrast to the surrounding sediments
(more than to 10 Ωm)
DC resistivity in subsurface
Water in the karst voids and water in the
surrounding sediments produce nuclear magnetic
resonance signal with different relaxation time
(less than 150 ms in sediments and more than
600 ms in karst
Bulk resistivity, water content (W), hydraulic
conductivity (K) and relaxation time (T1) allows
resolve equivalency
K and Vs and
Structure of most shallow (10-15 m) sediments
located over karstified unconsolidated salt

Keydar et al., 2010,
2012, 2013, Ezersky
& Frumkin, 2013
Krawczyk et al.,
Detection of salt layer within
2015; Polom et al.,
sediments, faults etc.
2016
Goldman et al., 1991;
accurate location of the top of
Kafri et al., 1997;
the aquifer and mapping water Ezersky et al., 2011;
salinity variations
Ezersky &
Frumkin, 2017
search anomalously high
Ezersky, 2008; Alresistivity
Zoubi et al., 2007
Detection of salt layer within
sediments, faults etc.

Detection of water filled voids
and estimate the volume of
water in karstic caves

Legchenko et al.,
2006a; Legchenko,
2013

Identification of the subsurface
lithology

Legchenko et al.,
2008b; 2009

Estimating of the salt
hydraulic conductivity
Detection of density deficit
caused by cavities moving
upward (stoping)

Ezersky and
Legchenko, 2014
Frumkin et al.,
2009b; 2011

Detection of gravity anomalies against strong
noise background

Detection of caverns,
estimation of their depth and
volume

El-Isa et al., 1995;
Rybakov et al., 2001;
Eppelbaum et al.,
2007; 2008; 2010;
2015a, b; Ezersky et
al., 2013 b

ground subsidence caused by deficit of mass

potentially hazardous areas
because of underground
cavities

Closson et al., 2003;
2005, Nof et al., 2013

Ground reflectance, diachronic analysis,
spatial co-occurrence

Areas prone to sinkholes

Measuring of vibrations produced by falling stones
in the underground cavities

Pre-collapse identification
of sinkhole activity in
unconsolidated media

commercial artificial evaporation ponds (EP) and
reaches a maximum elevation of about 405 m below
mean sea level (b.m.s.l.). At the deepest point in the
northern sub-basin, the maximum water depth is
~300 m (~700 m b.m.s.l.).
The Dead Sea level has been dropping since
the 1960s, at a mean rate of 1 m/yr for the last
decade, reaching ~431 m b.m.s.l. in January 2017
(Fig. 2). Lowering of the groundwater level caused the
development of sinkholes thus threatening economic
development in this region.
Tectonics
The DS depression is an actively subsiding N-S
elongated basin formed along the Dead Sea–Jordan
transform-plate boundary. It is a classic example
of a pull-apart basin. The pull-apart is associated
with NW-SE compression and NE-SW tensile stress
(Fig. 3a) (Garfunkel, 1997). Numerous faults have
been detected throughout the DS area (Fig. 3b) mainly

Al-Halbouni et al.,
2017
Wust-Bloch & Joswig,
2006
Abelson et al., 2013

trending N-S and NW-SE (Al-Zoubi & ten Brink, 2001;
Shamir, 2006).
The basin is still tectonically active. The central part
of the DS subsides along normal faults forming the
graben area. The subsidence is conditioned by the
pull-apart causing the W-E divergence of the marginal
faults (Garfunkel, 1997).
The major structural feature of the Western DS
shore is the western border of the DS basin where
several large normal faults exist. Considering a typical
deep W-E vertical section (Fig. 4) through the Lisan
Peninsula (along line C-C’ in Fig. 1b) (Garfunkel,
1981; Closson, 2005; Ezersky et al., 2014) one can
see that the 3-6 km space between the bordering
faults is composed of clastic Quaternary sediments
that do not transfer tectonic stresses (see also Shalev
& Lyakhovsky, 2012, p. 166). This is especially
understandable taking into account the W-E
divergence of the Dead Sea Transform boundaries
(Wdowinski et al., 2004).
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Fig. 2. Variations of the DS level during last 157 years. Thick solid
line, DS (northern basin); red dashed line and EP (evaporation ponds,
southern basin); red thin line – salt top elevation at the Nahal Hever
South (NHS) site (data of the Geological Survey of Israel).

Shallow geological section
The survey areas are located between the DS
shoreline and the western and eastern borders of the
DS rift within the graben area. A general geological
W-E section through the DS (along C-C’ line) is shown
in Fig. 5 (see Fig. 1b for location). The coastal plain
between the fault escarpment and the DS shores
consists mainly of Quaternary clastics (marl, sand,

and gravel) deposited in fan deltas and debris flows,
with some intercalations of lacustrine sediments
(silt, clay, gypsum, halite, and aragonite) mainly of
the Lisan Formation (Begin et al., 1974) and younger
Holocene sediments, named the Ze’elim Formation
(Yechieli et al., 1995).
The typical geological section of the DS western side
(Israel) based on 80-90 m deep boreholes (Yechieli et
al., 2004) is composed of alluvial fan sediments to
a depth of 20-50 m. Salt layers have a thickness of
6-30 m and are located at depths of 20-50 m (top).
Salt is usually sandwiched between marl layers from
below and from above, especially when approaching
the DS shoreline. The salt edge to the west of the DS
is often in contact with the sandy-gravel sediments
(Yechieli et al., 2004). Thus, salt and clayey sediments
divide sand and gravel formations into several
subaquifers (Yechieli et al., 2006).
The Eastern part of the DS section (Jordan) has
been specified in accordance with El-Isa et al. (1995)
unpublished report widely cited in the geological
literature (Taqieddin et al., 2000; Closson, 2005;
Frumkin et al., 2011; Al-Halbouni et al., 2017). This
section was discovered by boreholes down to 50 m
and did not cross the salt layer, which was proposed
by Taqieddin et al. (2000).
DS soils and their properties
The theoretical, empiric and model studies aimed
to investigate features and regularities of sinkhole
formation require a comprehensive knowledge of

Fig. 3. Dead Sea tectonic setting: a) Pull-apart basin with stress acting in regional scale (Garfunkel, 1981); b) Faults through
the DS area (Ben-Avraham, 1997); c) Western faults (gray lines), DS shoreline at -400 m lake level (blue) and sinkholes (red)
in increased scale. (Permission of Elsevier, Ezersky & Frumkin, 2013).
International Journal of Speleology, 46 (2), 277-302. Tampa, FL (USA) May 2017
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Fig. 4. Deep geological section along approximately C-C’ line in Fig. 1
(according to Garfunkel, 1981).

soil and salt properties presenting the sinkhole
environment (Maimon et al., 2005; Shalev &
Lyakhovsky, 2012; Ezersky & Frumkin, 2017).
We have studied the soil and salt properties both
in situ and laboratory conditions. Arkin & Gilat
(2000) have selected three types of sinkholes: (1)
gravel holes occurring in alluvial fans, (2) mud holes
developing in the mudflats between fans, and (3) a
combination of both types that are formed at the
front of young alluvial fans where they overlap mud
flats. Therefore, two types of lithology and salt cores
were studied in laboratory and in-situ conditions to
reveal geotechnical and geophysical properties of DS
soils. Two boreholes MN-5E and EB-3E, of clayey
and sandy-gravel lithology, respectively, were drilled
in the Mineral Beach and Ein Boqeq sites (Fig. 6).
MN-5E borehole (Fig. 6a) was drilled in the northern
DS basin in the margin of an alluvial fan near
Mineral Beach SPA. This vertical profile consists
mainly of fine-grained sediments, silts with a little
clay (named after Frydman et al. (2008, 2014) lime
carbonates) with few inter-layers of gravels. EB-3E
borehole was drilled in the alluvial fan of the Ein
Boqeq site (Fig. 6b). The profile consists mainly of
coarse clastic sandy-gravel sediments (Livne, 2012).
Note the profile is typical for the DS fans. A similar
coarse sandy-gravel lithology is reported by Taqieddin
et al. (2000) on the Jordanian shore. Hydrogeological
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conditions of these sites have been studied using
ground water salinity monitoring (Yechieli et al.,
2007). We suggest that the drilled boreholes are
presentative for the similar lithology and salt layers
along the DS shores in Israel and Jordan (El-Isa et al.,
1995; Taqieddin et al., 2000; Charrach et al., 2007;
Khlaifata et al., 2010; Livne, 2012; Ezersky, 2013;
Ezersky & Livne, 2013; Ezersky & Goretsky, 2014;
Frydman et al., 2014).
For instance, boreholes HS-2 and HS-3 (Figs. 6c, d,
respectively) drilled in the Nahal Hever south site in
2001, crossed the same lithology presented by alluvial
sandy-gravel sediments, marl and salt. In the HS-3
borehole located 40 m south of the HS-2 borehole, a
mud layer was discovered which replaced dissolved
salt located at the same depth (Yechieli et al., 2004,
Ezersky et al., 2009).
Thus, this study has enabled us to reveal
geotechnical and geophysical properties of the abovementioned soils and inter-relationships between
them (Livne, 2012; Ezersky, 2013; Ezersky & Livne,
2013). We have used the following methods:
1) The laboratory testing of sandy-gravel sediments
was carried out in the Ben-Gurion University
(BGU) geotechnical laboratory by Livne (2012)
in accordance to the methodology suggested
by Frydman et al. (2008). Lime carbonates
were tested in the Building and Infrastructure
Testing Lab. Ltd. and results are presented in
Ezersky (2013). The laboratory testing included
determination of density, water content,
Atterberg limits and USGS classification. Clayey
samples of undisturbed structure were studied
additionally by the Bender element to measure
shear wave velocity (Vs) in consolidated brinesaturated conditions. Unconfined compressive
strength qu of those samples was measured
after testing by Bender Element. Unconsolidated
undrained triaxial compression tests were carried
out on naturally wet samples located above the
water table.
2) Boreholes were studied using Standard
Penetration Test (SPT) and seismic downhole
(DH) survey. Transient Electromagnetic (TEM)
soundings were carried out near every borehole.
Samples of undisturbed structure were selected
from boreholes of silty lithology and other samples
were obtained from sampling spoons.

Fig. 5. Generalized geological W-E section (along line C-C' in Fig. 1) through the southern part of the Dead Sea (according to El-Isa et al., 1995).
International Journal of Speleology, 46 (2), 277-302. Tampa, FL (USA) May 2017
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Fig. 6. Lithological sections of boreholes a) MN-5E from the Mineral Beach site; b) EB-3E from the Ein
Boqeq site and c, d) boreholes HS-3 and HS-2 (40 m apart) from the Nahal Hever South area (see Fig. 1
for location) [a, b) Permission of Elsevier, Ezersky & Goretsky, 2013; c) Permission of Springer, Ezersky
et al., 2009].

Laboratory study
Properties of soils measured in laboratory and in
the field conditions are presented in Table 2. The
consistency of lime carbonate can be defined as
firm - stiff (based on SPT values of range 4-16 and
unconfined strength 50-220 kPa). The lime carbonate
sediments are typically comprised of laminated,
clay to silt size clastic sediments (predominantly
calcite), and authigenic aragonite and gypsum. The
clastic detrital material was brought into the basin
by seasonal floods. The DS lime carbonate sediment
is made up of about 95% calcite, with the other 5%
being aragonite, quartz and gypsum.
Note, also, that carbonate soils of the western
DS area are typical also (with some reserves) for its
eastern (Jordanian) shores where both coarse sandy
gravel sediments (Taqieddin et al. 2000) and mud flats
composed of lime carbonates (Khlaifata et al., 2010)
are presented.
Lime carbonates demonstrate one more peculiarity,
e.g., very low cation exchange capacity (CEC)
(Khlaifata et al., 2010) that allows using the TEM
resistivity method for determining the porosity of both
sands and DS mud as suggested by Kafri & Goldman
(2005). Note also that significant difference of Vs
allows distinguishing different lithologies along the
DS coastal areas.
DS salt and water
The salt of the coastal DS area is composed of
10,200–10,800-year-old layers (Yechieli et al., 1995).
The halite layer was deposited in Early Holocene
during the development of extremely arid conditions
in the shrinking phase between the Lisan Lake and
the present Dead Sea (Stein et al., 2010). The halite

commonly appears as rock salt. The salt was formed
within the Dead Sea area, and its boundary extends
west of the existing pool (Ezersky et al., 2013b).
The salt unit is located below the groundwater table
at depths of 20–50 m from the surface. The DS salt
is characterized by unit weights considerably lower
than those usually discussed in the literature, and by
the correspondingly different mechanical properties
(Frydman et al., 2014). The unit reaches 4-7 m in
thickness at the marginal sites of the lake and thickens
up to 30 m toward the deeper lake environment
(Stein et al., 2010). Holocene sandy-gravel sediments
and lime carbonates overlie the salt unit. The lime
carbonate sediments comprise laminated clay- to siltsized, clastic sediments (calcite), authigenic aragonite,
and gypsum (Charrach et al., 2007). The DS salt
layers are very conductive hydraulically and watersaturated with DS brine of very high salinity with total
dissolved solids [TDS] of 340 g/l (up to 380 g/l in the
southern basin) (Yechieli, 2000, Yechieli et al., 2001).
Geophysical properties of the DS salt in laboratory and
in-situ conditions are presented in Table 2 (Ezersky,
2006; Ezersky et al., 2013a, c; Ezersky & Goretsky,
2014). Mechanical properties of the Dead Sea salt can
be found in Frydman et al. (2008, 2014).
The chemical composition of the Dead Sea solution
and groundwater in boreholes is presented in Table 3.
Average density of the DS brine is 1,230 kg/m3 in
the northern basin and 1,240 kg/m3 in the EPs. Note
that the composition of DS brine generally differs
from other saline lakes in its high concentration of
magnesium and calcium (Hammer, 1986). However,
it is very similar to the water composition of the
hypersaline Lake Assal located in Djibouti (Horn
of Africa), which has a salinity level of 34.8% (i.e.,
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Table 2. Soil, salt and DS brine properties.
Lithology

Sandy-gravel sediments (SG)

Soils

Laboratory*

Classification

SW, SM, SP - coarse clastic
gravels and sands

Field

Lime carbonates (LC)
Laboratory**

Fine content %

Comments

Field

CL – lime carbonates

after USCS

94-99

Water content, %
Unit weigth, γt , kN/m3

15-25

40-48

16.6 - 23

7-15

Liquid limits (LL)

(<0.074 mm),
dry

31-44

Plasticity index (PI)

8-18

Consolidated undrained triaxial
strength (CU)
Friction angle, φ0

34

Cohesion C, kPa

0

Unconsolidatedundrained triaxial
strength (UU)
Friction angle, φ0

1

Cohesion C, kPa

19

Vs, m/s

300 – 650

SPT (Standard Penetration Test),
Blow/30 cm
Bulk resistivity ρx , Ωm
Pore fluid density, DS brine, kg/m

3

90/350

120 – 250

16 - 50

5 - 25

0.3-0.5

0.2 –0.3

1,230 /1,240

Bender test at 0/500 kPa

Northern/southern basin

Salt
Vp, m/s

3,700 - 4,460

2,900-4,250

Vs, m/s

1,900 - 2,620

750-1,800

2 – 100

0.5 – 2.0

Bulk resistivity ρx , Ωm
DS water
total dissolved solids [TDS], g/l

340/380

Vp, m/s

Northern/southern basin

1,800

1,820

* Tests were carried out in the Ben Gurion University of Negev (BGU) geotechnical laboratory by Livne (2012)
** Tests were carried out in the Building and Infrastructure Testing Lab. Ltd (Haifa) by Goretsky
Both soils were tested in accordance to Friedman et al. (2008) for saline water saturated samples

Table 3. Chemical composition of ground water from two wells, DS and EP.
Well

Depth

Na, g/l

K,
g/l

Ca, g/l

Mg, g/l

Sr,
g/l

Cl, g/l

SO4

Br, g/l

TDS
g/l

NaCl,
g/l

Other
solids

Mn2*

20

67.0

5.3

9.9

28.0

0.15

205.4

1.20

3.70

320.65

272.4

48.25

Mn2*

25

75.0

4.3

11.15

22.6

0.18

200.0

1.10

3.20

317.53

275.0

42.53

Mn2*

30

75.7

4.6

11.30

22.8

0.18

202.0

1.10

3.20

320.88

277.7

43.18

EB2*

20

26.0

8.4

19.9

50.8

0.36

229.8

5.63

340.89

255.8

85.09

EB2*

28

25.7

8.4

19.8

50.4

0.36

230.7

5.65

341.11

256.5

84.61

EB2*

40

0.32

78.15

30.6

6.7

18.1

47.6

5.43

332.65

254.5

DS**

40.1

7.65

17.2

44.0

224.9

223.9
0.45

5.30

339.6

265.0

74.6

EP**

16.7

11.1

25.2

62.3

258.9

0.29

7.47

381.96

275.6

106.36

*Yechieli et al. (2004); **Yechieli (2000)

10 times saltier than the ocean water). The drop in the
DS level has to lead to the migration of unsaturated
(in relation to Cl−) groundwater into the coastal area,
accelerating the dissolution process at the zone in
which groundwater comes in contact with the salt
layer (Yechieli et al., 2006; Frumkin et al., 2011).

GENERAL KNOWLEDGE ON SINKHOLE
FORMATION MECHANISMS
Piping model
At the first stage of DS sinkhole investigations a
hypothesis of washing out mechanism was suggested
(Arkin & Gilat, 2000). Three main types of sinkholes
have been recognized. Gravel holes occurring in

alluvial fans, mud holes occurring in the intervening
bays of clay deposits between fans and a combination
of both types at the front of young alluvial fans where
they overlap mud flats. Fossil, relict sinkholes have
been observed in the channels of some old alluvial
fans. Sinkhole development is directly related to the
regression of the Dead Sea and the corresponding
lowering of the regional water table. Respectively,
mechanism of sinkhole formation was suggested for
two types of sinkholes.
Gravel hole development.
Stage 1. Subsurface erosion begins above turbulent
flow in gravel bed. A hollow and pipe develops upward.
Fines are washed out and larger particles compacted.
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Stage 2. Circular fractures develop at the surface.
Stage 3. Sudden collapse of upper layer. Fine
material washed out at base of pipe and coarse
material compacted.
Mudhole development
Stage 1. Subsurface erosion starts in gravel
or salt crystal layers where the laminated flows
become turbulent. A hollow and pipe forms upward.
Subsidence starts at the surface.
Stage 2. Subsidence continues with appearing
concentric fractures at the surface forming a typical
funnel shape. Fines are washed out at the base of
the pipe.
Stage 3. Walls at the surface collapse and increase
the diameter of the hole. As the process continues
several holes may coalesce.
Frumkin & Raz (2001) have shown that in western
DS side underground water streams bringing washed
out fines to the DS are not energetic enough. However,
Ezersky et al. (2009), have shown that this mechanism
can be reliable in some specific cases. Recently, AlHalboni et al. (2017) suggested a similar mechanism
for sinkhole formation in Ghor Al-Haditha, presuming
that a massive saline clay layer underlies the alluvial
sandy-gravel sediments.
“Structural” model
Later, two main hypotheses were suggested that
provide an explanation for the location of sinkholes in
the DS area. The first hypothesis (“structural” one) is
based on a visual correspondence between sinkhole
lineaments and western and eastern fault escarpments
(Abelson et al., 2003, 2006; Closson, 2005; Closson &
Karaki, 2009). Based on this similarity, a structural
control was assumed and a corresponding numerical
model of fault-induced sinkholes was developed
(Shalev et al., 2006). Abelson et al. (2003) suggested
that sinkholes tend to develop along faults, which
serve as preferential hydraulic pathways, bringing
confined aggressive water upwards to come in
contact with salt. Closson (2005) considered a similar
mechanism for the Jordanian Dead Sea coast.
A main question arises that numerous faults are
widely distributed through the DS coastal area (e.g.,
Garfunkel, 1981; Garfunkel et al., 1997), whereas
sinkholes are usually developed in a single narrow
strip 50–100 m wide, roughly parallel to the DS shore.
“Salt edge” model
The other hypothesis proposes that sinkholes form
along a dissolution front (buried salt edge) over a tilted
salt layer (western edge in Israel and eastern edge in
Jordan). The term “salt edge” was suggested by Jenyon
(1986). Visually, DS sinkholes develop along slightly
tortuous lines that on aerial photography may look
like a series of lineament segments. In accordance
to seismic refraction mapping this tortuous line
corresponds to salt border variations (Ezersky, 2006).
The spatial pattern of the sinkhole development
along the salt edge was observed repeatedly (with
small variations) in all studied sites in Israel and
in the Ghor Al-Haditha area (Jordan). It enabled

us to conclude that the salt edge is a major factor
controlling sinkhole formation (Legchenko et al.,
2008a; Ezersky et al., 2010). This hypothesis requires
the existence of shallow salt layers on both sides
of the DS.
This hypothesis is based on seismic refraction
surveys carried out mainly along the western DS shore
(Ezersky, 2006; Ezersky & Legchenko, 2008; Ezersky
et al., 2010; Frumkin et al., 2011) and in Ghor AlHaditha (El-Isa et al., 1995; Abueladas & Al-Zoubi,
2004, Dhemaied, 2007). Numerous boreholes drilled
in the western DS side have confirmed the presence of
a salt layer. Along the Jordanian side, boreholes were
drilled delivering fresh water and there are no direct
evidence of salt.
Combined “structural” and “salt edge” model
Ezersky & Frumkin (2013) reconciled these two
models of the Dead Sea sinkhole genesis: salt
edge and structural ones. In accordance with
this consideration the authors suggested (based
on analysis of the seismic reﬂection studies) that
the salt edge was formed either in contact with
normal faults or alternatively, in contact with wadi
sediments. At the same time, sinkholes were formed
at the dissolution front (salt edge). It explains why
sinkhole lineaments are sometimes parallel to faults
and sometimes deﬂect from them following the salt
edge instead (Fig. 3c). It can distinguish sinkholes
by kind of dissolving groundwater either coming via
fault (like Mineral Beach sinkholes) or from wadies
(like Ein Gedi, Arugot).
Both hypotheses consider salt karstification as a
main mechanism of sinkhole formation. The working
hypothesis suggests that brackish groundwater
circulation (coming from either faults or from wadies)
dissolves salt by a gradual increase of salt emptiness
and permeability and formation of caverns at the zone
adjoining the fault or salt edge. Thus, sinkholes are
caused by the collapse of soil to large caverns in a
buried salt layer.
The drop in the Dead Sea level slightly induces
changes in the brackish - saline water interface
thus creating the contact between the salt layer and
relatively fresher (but yet very saline) water (Frumkin
& Raz, 2001; Yechieli et al., 2006). Ezersky & Frumkin
(2017) has shown that DS sandy-gravel aquifer with
bulk resistivity of 0.55-1.0 Ωm contains in pores
brine with 110-50 g/l chloride (50-22% of saturation,
respectively), e.g., it keeps potential to dissolve up to
114-174 g/l salt and therefore it is aggressive with
respect to salt layers. It is important to underline
that when the DS level was high, the salt layer was
relatively protected by very saline water. Thus, the
appearance of sinkholes depends upon the location of
the salt layer and the brackish - saline water interface.
Legchenko et al. (2008c) have suggested that slow
dissolution of salt has caused the formation of preexisting caverns in the salt formation, which caused
the sinkhole development. This process was triggered
by progressive lowering of the groundwater level with
a time delay imposed by mechanical properties and
the thickness of covering rocks.
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Based on our geophysical studies we have suggested
a model of sinkhole formation. In the Dead Sea area,
the head of the overlying aquifer has diminished
dramatically during the last decades due to the fall of
sea level, promoting increased artesian flow and rapid
dissolution. Salt dissolution may take place a short or
long period before any signs are evident at the surface
(Fig. 7a). The sinkholes commonly develop along the
salt edge (Ezersky, 2006; Legchenko et al., 2008c;
Ezersky & Frumkin, 2013). The salt is dissolved by

285

brackish water, unsaturated with respect to chloride
(Yechieli et al., 2006; Legchenko et al., 2009; Ezersky
& Frumkin, 2017). Instability of the salt cavity ceiling
causes upward stoping through the mechanicallyweak sediments situated between the cavity and
the surface (Fig. 7b). Ford & Williams (2007, p. 385)
report cases in different geological settings, where
the stoping process propagated through >1,000 m of
cover rocks. This intermediate stage continues until
the surface collapses and a sinkhole forms (Fig. 7c).

Fig. 7. Three stages of sinkhole formation at the salt edge: a generalized model. Note that although here is not salt west of the present salt
edge, salt has been dissolved there earlier. Therefore, cavities may still propagate towards the surface. It is confirmed by statistics of sinkhole
formation. a) Latent stage; b) upward propagation of cavity (stoping); c) sinkhole formation (permission of Elsevier, Frumkin et al., 2011).

Extrapolating the ongoing drop in the Dead Sea
level, it can be predicted that the water table will fall
progressively below the salt layer, leaving it within the
vadose zone. This situation will favor karstification by
downward vadose flow from ephemeral streams (e.g.,
Frumkin, 1994, Ezersky et al., 2011).
The aforementioned review presented above
shows our knowledge of the DS sinkhole formation
mechanism based on numerous geophysical studies
carried out during last fourteen years.
On one hand, we have to check our prediction on
spatial development of sinkholes in the Nahal Hever
South site (Legchenko et al., 2008a) and change of the
sinkhole formation mechanism caused by lowering of
the groundwater table under salt layer top (Ezersky et
al., 2011; Frumkin et al., 2011).
On the other hand, recent seismic reflection studies
of Krawczyk et al. (2015) and Polom et al. (2016) did
not reveal the salt layer in the Ghor Al-Haditha that
permitted to propose a new mechanism of sinkhole
formation in this area (Al-Halbouni et al., 2017).
Thus, we should address both these issues, which we
will discussed below.

than 1 m and depth of several dozens of centimeters)
are formed on the DS dam surface (site 19 in Fig. 1),
on the road pavement of route #90 (Mt. Sedom area
in Fig. 1).
With a lowering of the DS level various and
complicated erosion patterns are developing in the
Jordanian DS shores. Over time, channeling, gullying
and head cut migration are occurring. Intensive
incision of streams and gullies is propagating upstream
towards the infrastructures, causing damages to the
roads, bridges, earth dikes, and the hotels/recreation
areas (Abou Karaki & Closson, 2012). Two landslides
and large sinkholes have appeared in 2004 in the
Holiday Inn resort, and south of Marriott Hotel (Wadi
Mukheira) (Sweimeh area, see site 23 in Fig. 1).
Sinkholes also formed in the Wadi Mujib (site 22 in
Fig. 1) and in the Arab Potash Company area.
Genesis of the northern sinkholes in Jordan
and origin of sinkholes of mode II appeared on the
Dam 5, highway #90 in Israeli shores is still not well
understood and should be investigated. The same
holds for landslides developing along the northern
Jordanian shore and Arab Potash Company

Exceptions to the general model / sinkhole sites
not yet investigated
Most of the sinkholes have been formed around the
northern DS basin. These sinkholes range between
depths of 5 to 50 m and lateral sizes of 3 to 100
m, and they are constantly developing in the narrow
(50-100 m width) strip along the coastal line (Fig. 1),
slowly propagating from the south to the north.
The sinkholes recently developing in the southern
area of the Israeli shore can be divided into two
modes: (a) sinkholes I mode are similar to those of the
northern basin although they are smaller in size; (b)
sinkholes of II mode (small ones with diameter less

METHODS
Geophysical methods to investigate
the sinkhole problem
Two aspects of the problem are considered: (1)
investigation of the salt and (2) of the overlying
sediments. Favorable ground conditions for applying
geophysical techniques are available in the DS coastal
area. For instance, seismic velocity of salt formation
in the DS graben area is considerably higher than
the surrounding rock environment. Such contrast in
elastic velocities permits to map salt formations with
a high reliability (Ezersky, 2006). Very low resistivity
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of the DS aquifers in the coastal area also creates a
contrast with the surrounding sediments. It permits
to locate the top of the DS brine as 1 Ωm or 0.5 Ωm
interface with a high accuracy, minimal equivalency
and to distinguish between salty and brackish water
(Goldman et al., 1991; Kafri et al., 1997; Ezersky et
al., 2011). Anomalous high resistivity of the sinkhole
development sites was discovered in alluvial fans in
Israel and Jordan (Ezersky, 2008, Al-Zoubi et al., 2007).
It allows effectively mapping the sinkhole hazardous
zones. Furthermore, it creates promising conditions
for using the GPR technique for the detection of the
signs of sinkhole hazard in the shallow (down to 1015 m) subsurface (Frumkin et al., 2009b, 2011). In
the framework of sinkhole studies old geophysical
methodologies were updated and new ones based on
seismic and other surface methods were developed
(Frumkin et al., 2011). Detailed considerations on
these methods will be given in continuation.
The Seismic Refraction Method (SRFR)
The Seismic Refraction Method (SRFR) is a geophysical
technique that is frequently used to determine the
elastic characteristics of soils and rocks and their
thicknesses. It is based on the measurement of the
travel time of seismic waves refracted at the interfaces
between subsurface layers of different velocity.
The General Reciprocal Method (GRM) permitted
the determination of the detailed structure of the
refractor and to give information about any localized
lateral variations (Palmer, 1986). The method was
applied to delineate the salt boundary with respect
to the marine sediments (Legchenko et al., 2008c;
Ezersky et al., 2010; Frumkin et al., 2011).
Multichannel analysis of surface waves (MASW)
Multichannel analysis of surface waves (MASW)
(named also Surface wave prospecting (SWP)) is a
standard approach to infer the 1-D Vs structure for
global earth seismology, near-surface geophysics,
geotechnical, and civil engineering applications
(Miller et al., 1999). Generally surface waves appear
on multichannel seismic data and are regarded as a
noise component, but here these waves are considered
as a useful signal. Bodet et al. (2010) and Ezersky
et al. (2013a) applied surface wave methods in the
Ghor Al-Haditha site in Jordan and along the western
DS shore in Israel. The Jordan study was focused on
detection of underground voids using short seismic
prospecting lines, with 4.5 Hz frequency geophones,
whereas investigations on the western DS shore in
Israel was aimed to evaluate spatial distribution of
shear wave velocities throughout massive salt layers
located at a depth of 30-50 m. These studies were
carried out using 2.5 Hz vertical geophones able to
reach 70 m depth from the surface.
The Seismic Reflection Method (SRFL)
The Seismic Reflection Method (SRFL) is based on
reflection of elastic waves from interfaces between
underground rock layers, determination of subsurface
structure and its deformation. Use of the shallow
seismic reflection method in detecting faults, cavities

and intra-alluvial stratigraphy, in characterizing
geologic, hydrologic, and stratigraphic conditions
within 3 m to 30 m of the earth’s surface is increasing
(Steeples & Miller, 1987). In the DS sinkhole
phenomenon, the 2D SRFL method was applied
in the Nahal Ze’elim, Mineral Beach sites. In the
Mineral Beach, also the 3D SRFL method was applied
to detect relationships between the faults and the
sinkholes (Keydar et al., 2010, 2012, 2013; Ezersky &
Frumkin, 2013).
German researchers recently proposed a new
methodology of S-wave reflection. S-waves have
significantly lower velocities and can be used for
more detailed investigation of the shallow subsurface
(Krawczyk et al., 2012; Polom et al., 2013). This new
methodology was used in the Ghor Al-Haditha area to
investigate the presence or not of a salt layer.
The Magnetic Resonance Sounding method (MRS)
The Magnetic Resonance Sounding method (MRS),
also known as Surface Nuclear Magnetic Resonance
(SNMR), was specifically developed for groundwater
investigations (Legchenko & Valla, 2002). This method
is selectively sensitive to water in the subsurface and
allows carrying out a non-invasive estimation of the
hydrodynamic properties (Legchenko et al., 2004;
2006a). The field set-up consists of a wire loop set
on the surface. The investigation depth depends on
the loop size and may vary from 20 to 150 m. For
the MRS measurements, the loop is energized by a
pulse of alternating current. The magnetic-resonance
signal can be measured with one or more surface
loops after the excitation current is cut off (Hertrich,
2008; Hertrich et al., 2009). One sounding consists
of measuring the MRS signal for different values of
the current in the loop. Two main parameters are
derived from the MRS measurements (Lachassagne
et al., 2005): (a) the MRS water content (w), which is
closely related to the amplitude of the MRS signal;
and (b) the MRS relaxation time T1. Assuming a
horizontal stratification, inversion of sounding data
estimates the water content w(z) and the relaxation
time T1 (z) as a function of depth (z) (Legchenko
& Shushakov, 1998; Müller-Petke et al., 2013).
Combination of the MRS water content and relaxation
time helps estimating rock hydraulic conductivity
as KMRS=CpwT 12, with Cp being an empirical constant
that can be calibrated to similar hydrogeological
parameters using a pumping test.
MRS is an efficient tool not only for characterizing
aquifers but also for locating water-filled voids in the
subsurface (Vouillamoz et al., 2003; Boucher et al.,
2006). Legchenko et al. (2006a), have shown using
both numerical modeling and field measurements, that
the MRS can be applied to investigate the weathered
part of hard-rock aquifers, when the product of the
free water content multiplied by aquifer thickness
is >0.2. This is the case in the northern DS coastal
areas, where 10-30 m-thick salt layers comprise more
than 3.8% porosity with a water content of ≥2.3%
(Ezersky & Goretsky, 2014). The MRS data can also
been used for constraining hydrogeological modeling
(Boucher et al., 2012).
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Usually MRS is used in a 1D or 2D mode
(Legchenko & Valla, 2002; Girard et al., 2007;
Hertrich et al., 2007). However, the lateral resolution
of the method may be insufficient for identifying
relatively small water-saturated formations for
targeting a drilling program. For this study a newly
developed 3D implementation of the Magnetic
Resonance Tomography (MRT) or 3D-SNMR method
was used in framework of the Dead Sea sinkhole
problem (Legchenko et al., 2011). For instance, it
was established that in high conductive environment
(like the Dead Sea groundwater), the 3D-SNMR
measurements should be accompanied by TEM
measurements for every loop. Depth of investigation
by these methods in the DS area is of about 40-50m
(Legchenko et al., 2008a). The 3D-SNMR method
was used to determine standard parameters of
the aquifers (relaxation time T1, water content W,
hydraulic conductivity K, etc.), evaluation of karstic
cavity volume (Legchenko et al., 2008b), and lithology
identification (Legchenko et al., 2009).
The Time Electromagnetic (TEM)
The Time Electromagnetic (TEM) method (named
also, Time Domain Electromagnetic - TDEM method)
is sensitive to subsurface conductivity, which is
closely linked to groundwater salinity. This method
is routinely used for vertical depth soundings for
monitoring groundwater salinity and locating the
fresh-saline water interface in coastal areas (Goldman
et al., 1991; Barsukov et al., 2015). However, TDEM
is sensitive to both the salinity of groundwater and
the porosity of rocks. Kafri et al. (1997) have shown
that a bulk resistivity of 1 Ωm or less is typical of the
concentrated brine in the Dead Sea region, reflecting
a lithology that contains the DS brine or slightly
diluted brine. Therefore, the 1 Ωm interface surface
is an important index of the structure and geometry
of the fresh (brackish)/saline water (brine) interface.
In the DS problem, the TEM method was also used
as: (a) a quasi 3D technique based on numerous 1D
soundings to map variations in resistivity throughout
the area (Ezersky et al., 2011); (b) to determine salt
layer geometry and properties (Frumkin et al., 2011,
Ezersky & Legchenko, 2014, 2015); and (c) to map
salinity and aggressiveness of DS aquifers (Ezersky &
Frumkin, 2017).
Microgravity technique
Microgravity technique is based on the principle to
locate areas of contrasting density in the subsurface
by collecting surface gravity measurements, their
processing and qualitative and quantitative analysis
(including 3D gravity field modeling). In the DS
sinkhole problem, the method was tested to detect
underground voids and thus to predict sinkhole
formation (El-Isa et al., 1995; Rybakov et al., 2001).
One of the problems resolved in the framework of this
investigation is an improvement of the microgravity
method based on suppression of the ambient noises
(Eppelbaum & Khesin, 2004; Eppelbaum, 2007).
Besides complex subsurface geology, microgravity
method application essentially disturbs a giant gravity
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field horizontal gradient caused by many kilometers
of loose deposits and salt accomplished within the
Dead Sea Transform (Garfunkel, 1997). The problem
is resolved by 3-D microgravity modeling aimed to
estimate qualitative and quantitative parameters of
buried karst cavities, detect the buried salt dissolution
caverns and verify our calculations with in-situ
geodetic measurements. This method was tested in
the Nahal Hever South area (Eppelbaum et al., 2008),
Ein Gedi-Arugot area (Ezersky et al., 2013b) and Ghor
Al-Haditha area (Al-Zoubi et al., 2013) (see Fig. 1 for
site location).
Micromagnetic study
Micromagnetic study was carried out to test the
possibility of detecting weak magnetic anomalies
connected with buried void detection in the subsurface
(Rybakov et al., 2005). The principal possibilities of the
micromagnetic method application in complex Israeli
physical-environmental conditions are presented in
detail in Eppelbaum et al. (2001) and Eppelbaum
(2015a, b).
Combined studies
Combination TEM and 3D-SNMR. Legchenko et al.
(2009) have shown that both SNMR and ΤΕΜ enable
us to resolve the fundamental uncertainty in TEM
interpretation caused by the equivalence between the
groundwater resistivity and lithology. It is because
the 3D-SNMR signal depends on size of particles
characterizing different lithology (Stephens et al.,
1998), whereas TDEM is sensitive to both the salinity
of groundwater and the porosity of rocks. Thus, the
combined use of 3D-SNMR and TEM allows us to perform
advanced data interpretation when investigating
heterogeneous water-saturated formations.
Combination SRFR and MASW. Two methods allow
estimation of Vp and Vs velocities responsible for
dynamic elastic parameters like Young’s modulus
(Ed), Shear modulus (Gd) and Poisson’s Ratio (vd).
Shear wave velocity (Vs) profile is usually obtained
from the S-wave seismic refraction surveys (Palmer,
1986). However, use of the latter is often hampered
by problems in generating S-waves due to the weak
source and the difficulties in performing geophysical
survey in urban areas. Another method allowing
constructing the subsurface Vs profile is the widely
used Multichannel Analysis of Surface Waves (MASW).
It is especially important for studying of the salt layers
located at a depth of about 30-70 m.
Combination MASW and 3D-SNMR. Ezersky &
Legchenko (2014) have suggested a methodology
of evaluation in-situ salt karstification based on
correlative interrelations between the hydraulic
conductivity (K) (determined by 3D-SNMR) and the
shear wave velocity Vs (derived from MASW along the
same lines) in areas of the DS sinkhole development. A
quantitative estimate of such in-situ salt karstification
would be an important indicator of sinkhole hazard. One
of the indications of salt karstification is its increased
hydraulic conductivity, caused by the development
of dissolution cavities forming conducting channels
within the salt layer. Understanding of the field
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relationships was justified by similar interrelations
obtained in the laboratory analyses of the DS salt
samples (Ezersky & Goretsky, 2014).

RESULTS
Results of geophysical researches carried out in the
sinkhole development sites are briefly presented in
Table 4.
Results of study in the western and eastern
DS sites
In order to check the validity of the salt edge
dissolution model in other areas of the Dead Sea we
have reinterpreted previous seismic refraction data
obtained by the Geophysical Institute of Israel during
1999-2004 and performed new seismic refraction
surveys. Ten sinkhole sites in Israel and one in Jordan
have been investigated using the seismic refraction
method (Ezersky & Legchenko, 2008). Results of salt
mapping in the Nahal Ze’elim area were published
by Ezersky & Legchenko (2015). All maps are based
on the salt velocity criterion Vp > 2,900 m/s. The map
presented in Fig. 8 shows the sinkhole sites studied
using the seismic refraction method, the locations of
boreholes drilled by the Geological Survey of Israel
(GSI), and that of the seismic lines. It was established
that sinkholes are conform to the buried salt layer edge

(Ezersky, 2006). The most detailed maps of the salt
edge have been presented in Fig. 9. Sites are distributed
along the western DS shores in Israel (Fig. 9 a-d) and on
the eastern shore in Jordan (Fig. 10b-e).
The Ein Gedi area is situated in the central part of
the western Dead Sea shoreline on the Nahal Arugot
alluvial fan about ~37 m above the DS level in 2017
(see Fig. 8 for location). The sinkholes at the Ein Gedi
district formed in areas affected by human activity.
The first sinkholes appeared in 1995 and from 1995
to 2015 more than 250 sinkholes have opened up at
the Ein Gedi Caravan Park, the Palm-Tree Plantation
and in the Nahal Arugot area. The sinkhole layouts
are shown in Fig. 9a. Sinkholes are arranged along
a tortuous line within a narrow, 50-70 m wide zone,
about 1,750 m long trending south-southeast. The
sinkhole strip crosses route #90, with sinkholes
occurring on both sides of the highway, although, so
far no sinkholes have developed immediately under it.
The sinkholes are continuing to develop today.
The Mineral Beach area, covering ~1 km2, is located
at the western coast of the central part of the northern
DS basin (Fig. 8 for site location and Fig. 9b). The study
site is located between the Dead Sea shoreline and
Route #90 (the main road along the western DS shore).
The area comprises the Mineral Spa, where natural
black mud and sulfur-rich hydrothermal water with
a temperature of 39°C, attracts tourists from Israel

Table 4. Results of geophysical studies in the DS sinkhole problem.
Method

SRFR

MASW
SRFL
Transient
Electromagnetic
(TEM, TDEM)
Electric Resistivity
Tomography (ERT)
Magnetic Resonance
Sounding (MRS)
or Surface Nuclear
Magnetic Resonance
(SNMR) + 3D-SNMR
MRS + TEM

MRS+MASW
Ground penetrating
radar (GPR)
Microgravity
Micromagnetic

Main results
1. Sinkhole are formed along salt edge (dissolution front)
2.Criterion of salt was substantiated
3. The in-situ P-wave velocity (Vp) varies between 2,900 m/s (rarely,
2,850 m/s) to 4,250 m/s. The zone of compressional velocity
Vpmin= 2,900 m/s is lower limit of salt layer. Salt edge was delineated along
western DS shore and in Ghor Al-Haditha in Jordan.
Search of underground voids in soil; Measurements of shear wave velocities
(Vs) in-situ salt layers; In-situ salt Vs is varied between 750-800 m/s and
1,800 m/s. Salt classification based on Vs was suggested
2-D, 3-D study of faults-sinkholes and salt-faults relations in
the DS sinkhole areas

References

Ezersky (2006);
Ezersky et al., 2010;

Bodet et al., 2010, Ezersky
et al., 2013a; Ezersky &
Goretsky, 2014
Keydar et al., 2012; 2013,
Ezersky & Frumkin, 2013
Ezersky et al., 2011; Frumkin
Localization of brackish-salt water interface. Evaluation of DS water salinity
et al., 2011; Ezersky &
based on bulk resistivity, mapping of sinkhole development sites; estimation
Legchenko, 2015; Ezersky &
of salt layer thickness
Frumkin, 2017.
Detection of sinkhole sites based on high resistivity; study of resistivity
Al-Zoubi et al., 2007; Ezersky,
structure of subsurface,
2008; Frumkin et al., 2011
Determination of water content (Wi), relaxation time (T1) and hydraulic
conductivity (K) of the subsurface, evaluation of water saturated caves
Legchenko et al., 2004,
volume. In practice, a karst aquifer generally is composed of karst channels
Legchenko et al.,2006a, b;
and caverns. In the DS conditions a long apparent-relaxation time T1 ap
2008a, b; 2011; Ezersky et al.,
>450 ms are an unambiguous signature of karst. The signal generated by
2010
water in a porous medium is characterized by a shorter relaxation time
T1 < 400 ms.
Investigation of subsurface lithology: sandy gravel and silty
Legchenko et al., 2009
sediments were identified
Evaluation of the soil hydraulic conductivity (K) based on correlation
between Vs and K. hydraulic conductivity (K) in the same zones varies
Ezersky & Legchenko, 2014
between about 10-4 m/s to slightly over 10-8 m/s. Sinkholes form within
highly conductive zones with K ≥ 2*10-5
Investigation of shallow structure of sinkhole sites,
Frumkin et al., 2011;
detection of faults and caverns
El-Isa et al., 1995; Rybakov et
al., 2001; Eppelbaum et al.,
Detection of caverns and evaluation of their volume
2008; Al-Zoubi et al., 2013;
Ezersky et al., 2013b,
Detection of underground cavities
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Fig. 8. Sinkhole sites (numbered red names) studied using seismic refraction method.

and abroad. Around Mineral Spa, sinkholes develop
in both mudflat (south) and alluvial fan (north) areas.
Fig. 9b illustrates that sinkhole development is mainly
linear, along a salt layer edge or controlled by a fault
(Frumkin et al., 2011). A salt layer with a cavity was
intersected by MN-2 borehole, which crossed DS mud
from the surface to 18 m deep. Borehole MN-1 crossed
a sandy-gravel section and did not discover a salt
layer. Soon after drilling, the borehole MN-2 collapsed
into a newly developed sinkhole, which was then east
of the salt layer front. Ezersky (2011) has delineated
the salt layer edge in the Mineral Beach study site
(lilac solid line in Fig. 9b). The specified salt border is
shown in Fig. 9b.
Frumkin et al. (2011) have shown that the western
border of the salt at the north of the area is located in
alluvium composed of sandy-gravel sediments.
The Newe Zohar (NZ) site map is shown in Fig. 9c
(see Fig. 8b for location). The NZ site is a settlement
with several thousands of residents and includes
evaporation ponds (EPs) fed by water pumped from
the northern DS basin (Ezersky et al., 2010). Borehole
NZ-1 penetrated a 27 m thick salt layer whose top
is situated at a depth of 50 m. NZ is the first area
of the western DS coast where sinkholes affected the
main road in 1989. The map of a 1,000 x 600 m area
using the seismic refraction method was generated to
delineate the edge of the salt layer (Fig. 9c). The thick
lilac line in Fig. 9c represents the western edge of the
compact salt. The distribution of sinkholes shows a

good spatial correlation with the mapped salt edge.
Recent sinkholes (white circles) have developed along
the salt border. In accordance to this map, the Tamar
Regional Council carried out during 2008-2012
excavations along the DS water line bordering the salt
edge. No new sinkholes have appeared since. Thus, in
the NZ site the distribution of sinkholes supports the
salt edge dissolution model.
The Ein Boqeq area of 1.5-2.0 km long and 250300 m width extends along the southern DS basin
(recently evaporation ponds artificially filled by
pumping DS water from the northern basin (see Fig.
8b for location). Numerous hotels are located through
Ein Boqeq that is also named the Hotel area. The salt
layer edge extends in the N-S direction (Fig. 9d). The
geological profile is composed of pebbles, cobbles and
clayey-sandy sediments. The geological description
of the Ein Boqeq site is presented by boreholes EB-1
and EB-2 (Yechieli et al., 2004). Borehole EB-3E
(Fig. 6b) was drilled later to collect salt samples. The
boreholes crossed sandy-gravel alluvium overlying the
28 m thick salt unit located at 26 m depth. Embryos
of 6 small shallow sinkholes were detected during
drilling of the EB-1 borehole. No other sinkholes were
detected. Differently from other sites at Ein Boqeq
the groundwater is located some 3-4 m from surface,
much higher than elsewhere.
The Ghor Al-Haditha area is located south-east
of the northern Dead Sea basin (site 11 in Fig. 8).
Lithological structure of the eastern DS side, as
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the western one, is composed of sediments of Early
Holocene overlain in places by alluvium and soil
(Fig. 10a) (Bartov et al., 2006) at approximately the
same elevations. Alluvial fan deposits of the Wadi Ibn
Hamad cover the southern part of this area.
The sinkholes at the eastern coast of the Dead Sea
started forming in the 1980s (Taqieddin et al., 2000).
The area of the sinkhole formation is a gently inclined
wave eroded platform, about 3 km wide and located
east of the Lisan Peninsula. This area formed the bed
of the Dead Sea during a period of higher DS level
(390 m b.m.s.l.).
Considering the generalized geological profile in
Fig. 5 one can see that lithological structure from
both sides of the geological section through the DS
(considering only Ghor Al-Haditha area) must be
similar. This is confirmed by two boreholes, which
were drilled by El-Isa (1995) at the central part of the
Ghor Al-Haditha area (Fig. 10b) down to 49-51 m.
In accordance with the borehole data (El-Isa et al.,
1995, p. 27 Fig. 2-9) the upper section of the Ghor
Al-Haditha is composed of sandy-gravel sediments
similar to these located on alluvial fans on the western

side (HS-2 or EB-3E in Figs. 6b, d, respectively).
Bottom lithology of the western borehole 2 (50-51 m
deep) – and eastern borehole 1 (45-46 m) is presented
by silt and marl. Both boreholes do not contain any
evidences of thick mud layers lower than the borehole
bottom. The salt layer was not discovered also in
boreholes because both of t,hem were drilled with
fresh water and cannot reveal salt as a whole. However,
similarity of lithological structure in both DS sides as
well as in the upper parts of the boreholes, enable
us to suggest that salt layer would be formed in the
eastern part similarly to the western side. Moreover,
Taqieddin et al. (2000) have presumed that the salt
layer occurs at the depth of 25-50 m and may also
occur at 10-15 m depth.
Frumkin et al. (2011), to verify a presence of the
salt layer in the Ghor Al-Haditha, analyzed seismic
refraction data acquired by El-Isa et al. (1995). This
analysis has shown that there are two zones with
the different velocities Vp along the refractor. The
western part of the area is composed of a high velocity
layer with Vp > 2,900 m/s, whereas the eastern
part of the area is composed of a low velocity layer

Fig. 9. Salt location maps based on seismic refraction surveys in number of western DS sites; a) Ein Gedi – Nahal Arugot area (line length is of
2 km); b) Mineral Beach; c) Newe Zohar; d) North of Ein Boqeq (DS Hotels area). Salt edge is denoted by thick lilac line. Sinkholes are arranged
(with some small deflections) along this line. a-d) salt border is located west to DS, [a) Ezersky, 2006; b) Frumkin et al., 2011; c) Ezersky et al.,
2010; d) Ezersky 2011, unpublished report].
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Fig. 10. Seismic studies carried out in the Ghor Al-Haditha area. a) geological map; b) location map with carried out seismic studies; c) Seismic
refraction section performed by Abueladas and Al-Zoubi (2004); d) One of four refraction tomography section carried out by Dhemaied (2007);
e) Two MASW sections performed in 2007 (Bodet et. Al, 2010). Note that all seismic sections show high velocity (>2,900 m/s) layer located at a
depth of 40-50 m, which in conditions of Dead Sea can be salt only (Ezersky, 2006). The results acquired by El-Isa et al. (1995) supporting these
finding were presented by Ezersky et al. (2013b). [a) Permission of IJES, Bartov et al. 2006; c-e) Permissions of all authors, with reference to
Camerlynck et al., 2012)].
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with refractor velocity Vp < 2,500 m/s. A depth from
surface to refractor was estimated as 40-50 m. The
border between the high and low velocity layers was
interpreted as the salt edge. The velocities from rocks
with velocity more than 2,900 m/s were interpreted
as salt layer. These data were represented also in
Ezersky et al. (2013b). In continuation, we have to
present data acquired later by other researchers
(Fig. 10c-e). Location of seismic lines is presented
in Fig. 10b.
Three seismic refraction sections were acquired in
2003 by Abueladas & Al-Zoubi (2004). Location of
these sections is shown in Fig. 10b (red lines) and
one of the refraction sections is presented in Fig. 10c.
Section along the western Line 12 shows refractor
velocity Vp = 3,300 m/s (possibly salt) and eastern
Line 11 shows refractor velocity Vp = 2,500 m/s
(obviously not salt). Velocity Vp along the refractor of
Line 5 was 3,510 m/s. The entire line is located to the
west of sinkholes.
Seismic refraction tomography studies along four
of the same lines were carried out by Dhemaied
(2007). Location of one of 4 Lines (orange) is shown in
Fig. 10b and the Vp velocity section is presented in
Fig 10d. There is a refractor velocity of 2,900 m/s in
the lower part of the section at a depth of 40-50 m. All
Vp sections have shown a similar structure.
Surface wave prospecting was carried out in 2007
along two (lila thick dashed) lines 3 and 4 in Fig. 10b
using the Multichannel Analysis of Surface Waves
(MASW) method (Bodet et al., 2010; Ezersky et al.,
2013a). Two Vs depth sections are shown in Fig. 10e.
One can see that the lower part of the section at
40 m, approximately, is composed of high Vs velocity
unit (Vs > 1,000 m/s) interpreted as salt. Penetration
depth is evaluated as 60 m (dotted line). Bodet et
al. (2010) note that Line 3, crossing the sinkhole
development sites, is characterized by degraded salt
layer, whereas line 4 shows a relatively homogeneous
reflector (Ezersky et al., 2013a).
Results of study in the Nahal Hever South area
An example of study in the Nahal Hever South (NHS)
area and prediction of future sinkhole development
using geophysical methodologies is considered in
this chapter.
The studied Nahal Hever South (NHS) area is
located in the central part of the northern Dead Sea
Basin in Israel (Fig. 8a). Three boreholes (HS-1, HS-2,
and HS-3) were drilled in the area (Yechieli et al.,
2004; Ezersky et al., 2009). The lithological profile of
boreholes HS-2 and HS-3 is shown in Figs. 6c and
6d. The geological section is composed of alluvial fan
sediments up to a depth of 18 m, a 5-m-thick marl
layer, and an 11-m-thick salt layer. A clay and gravel
formation underlies the salt layer. The visible section
of the sinkholes consists of sand-gravel intercalating
marl layers.
The borehole HS-2 drilled in this zone (Fig. 6d)
penetrated the 11-m thick salt layer at a depth of 24 m.
The longitudinal velocity (Vp) map (generated in 2007)
is presented in Fig. 11a. The blue area of high velocity
(Vp = 2,940-3,600 m/s) is, therefore, identified within

the salt unit (Ezersky, 2006). The origin of the low
velocity zone (Vp = 2,200-2,770 m/s) is also clear from
the drilling data. Examples of sinkhole images are
shown in Figs 11b-e.
Borehole HS-3 (located precisely on the southern
edge of the low velocity area) revealed a mud-filled
cavity at a depth interval of 23-28 m, which is
interpreted as a dissolved salt zone (Fig. 6c).
Each 3D-SNMR image is composed of individual
SNMR measurements. A total of 24 SNMR soundings
have been performed in 2007. Each SNMR sounding
was accompanied by a TEM sounding. SNMR
measurements were carried out with a square loop of
100×100 m.
For TEM measurements a coincident 25×25 m
loop was used. All SNMR measurements were
carried out using the NUMISPlus SNMR (MRS) system
developed by IRIS Instruments (France). Previous
investigations (Legchenko et al., 2008a) have shown
that in the Nahal Hever area, where the subsurface is
characterized by very high electrical conductivity, the
depth of investigation with this loop was estimated
as 45-50 m. The location of SNMR stations is shown
in Fig. 12.
The relaxation time (T1) map (Fig. 13a) shows that
the average T1 varies between approximately 50 and
400 ms. Larger values of T1 correspond to a sand
formation. The map of the water content (Fig. 13b)
and 3D image of the water content distribution
derived from SNMR results (Fig. 13c) allow locating
the aquifer.
TEM investigations carried out in the NHS have
shown that bulk resistivity in the DS southern area
is very low and varies in the range of 0.2-0.4 Ωm
increasing in the northern direction, where it reaches
resistivity of 0.45-0.7 Ωm (Ezersky et al., 2011).
Resistivity less than 0.4 Ωm indicates lime carbonate
(LC) material saturated with DS brine. The resistivity
ranged between 0.45 and 0.7 Ωm characterizes sandygravel material also saturated with DS brine. In sandy
material, the 1 interface shows the DS brine level.
Such an increase in the bulk resistivity is connected
in the NHS with a change in lithology, but not in water
salinity (Legchenko et al., 2009).
3D-SNMR results suggested that the immediate risk
of the development of new sinkholes is presently lower
in the southern part of the area than in the northern
part (Legchenko et al., 2006b, 2008b). Moreover,
future sinkholes in the area after 2005 will likely
develop in the northern direction.
Let us consider temporal sinkhole development
throughout the NHS area (Fig. 14). Maps of sinkhole
distribution are based on the DS sinkhole database
1998-2016. In spite of very simple statistical analysis
based on number of sinkholes, but not their surface
area, some main spatial regularities of sinkhole
development can be seen on the presented maps.
One can see in Fig. 14a that up to 2004, 16 sinkholes
are grouped in the southern part of the NHS area.
This area is characterized by very low TEM resistivity
of <0.45 Ωm, and a little higher in some places.
From 2005 to 2008 new 8-10 sinkholes have formed
north of the southern part of the area that is seen as
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Fig. 11. a) Salt distribution map through the Nahal Hever south area based on Vp for 2007. The examples of sinkhole
images are shown: b) northern sinkholes (October, 2008); c-d) sinkholes 12 and 5 (April and March 2006, respectively)
some north of the NHS center; e) the view of the NHS center in March 2017.

Fig. 12. Location of MRS loops in the Nahal Hever south site.

low resistivity area of 0.5 – 0.8 Ωm (Fig. 14b). Further
sinkholes were formed in the eastern and northern
direction, but no sinkholes have developed at the
south of the NHS area. During 2009 – 2013 sinkholes
fill the central part of the area and also form to the
east (Fig. 14c). The resistivity of this area is similar to
the northern one (0.5 – 0.8 Ωm). Finally, in Fig. 14d
all sinkholes formed in the NHS area are presented.
We have added also cluster of sinkholes to the general
map (Fig. 14d). These conclusions are reflected in
graphs of sinkhole formation in southern, northern
and the entire NHS area (Fig. 15). Observations
have shown that since 2003-2004 the number of
new sinkholes in the Nahal Hever area diminished,
whereas the number of sinkholes in the northern
part of the area constantly increased. Around the
area, TEM monitoring revealed that the salinity of
groundwater did not vary (Ezersky et al., 2008). This
result is confirmed by borehole monitoring of water
salinity done by GSI (Yechieli et al., 2010).
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Fig. 13. 3D-SNMR results in the Nahal Hever site: a) Map of the relaxation time T1 derived from 3D-SNMR
inversion; b) map of the water content distribution in at a depth of 26 m, and c) variations of the water content
within investigated area.

Fig. 14. Distribution of sinkholes throughout NHS area in the different periods of time. a) Sinkholes formed from
1998 to 2004; b) 2005-2008; c) 2009 – 2013; d) 1998 – 2013, clusters are also shown (Database of the Tamar
Regional Council, Ein Boqeq, Israel with permission to publish).
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Fig. 15. Accumulative sinkhole development through the southern, northern and
entire the Nahal Hever south area.

It should be noted that since 2007 sinkhole
development in the southern part has slowly
increased. This latter phenomenon might have been
caused by the lowering of the groundwater level that
will be discussed below.

DISCUSSION
Salt layer as base for evaporation karst
Mechanisms of sinkhole formation.
Based on the above analysis one can conclude that
the pattern of sinkhole development along the salt
edge is repeated (with small variations) in all studied
sites in Israel and Jordan (Ezersky et al., 2013b).
In the western DS shore it has been confirmed by
numerous boreholes and seismic refraction studies
and this pattern is nowadays accepted by geologists
(Yechieli et al., 2016, Fig. 9). It means that sinkholes
can be formed along the salt edge and, probably, no
second line of sinkholes can arise in future along
faults, as predicted by Abelson et al. (2003). In the
Ghor Al-Haditha area mentioned above, seismic
studies carried out by different researchers during
2003-2007 using various methods (in general,
supporting investigations of El-Isa et al., 1995) enable
us to predict the salt layer presence at a depth of
40-50 m and to accept the suggestions of Taqieddin et
al. (2000) on the salt presence in the shallow part of
the geological section.
The sinkhole layouts through the Ghor Al-Haditha
area are shown in Fig. 10b. One can see that sinkholes
are arranged along the tortuous line extended from
the north-east to the south-west of the area. Note that
the line of sinkholes slowly migrates toward the DS,
especially, in the northern part of the area.
It is still not clear how the model can explain the
fact that there practically was no sinkhole prior to the
1980s (before 1980 only 1-2 sinkholes per year were
registered; personal communications with Arie Gilat),
sinkholes slowly appeared in the 1980s and later on
increasingly developed (Fig. 2). How can we explain

295

the lack (very limited number) of sinkholes
between the 1960s and the 1980s while the
conditions were more or less the same than
nowadays. It intuitively seems that resolving
this problem relies on taking into account preexisting caverns in the salt layer as suggested
by Legchenko et al. (2008c). Such sinkholes
were discovered during drilling in different
sites of the western shores (Yechieli et al.,
2006; 2016). Nowadays, it is understandable
that DS groundwater is, practically, always
undersaturated and it keeps more or less the
potential to dissolve salt, as long as water
circulates (Ezersky & Frumkin, 2017). Drop
and rise of the DS level violates the balance of
forces acting on salt from above and in caves
inside and disrupts the stability of the system.
Generating and checking a hydraulic-mechanical
model of sinkhole formation is a problem for
future investigations.

Seismic reflection study using S-waves
The results of German researchers carried
out recently in the Ghor Al-Haditha area are in
contradiction with the earlier discussed results.
S-wave seismic reflection studies carried out in the
framework of the ‘Deserve’ project (Krawczyk et al.,
2015; Kottmeyer et al., 2016; Polom et al., 2016)
have suggested an absence of a salt layer acting as
a reflector at a depth of less than approximately
40-50 m. Unfortunately, they were not published in
scientific literature and, therefore, can be subjected
only to preliminary discussion. Polom et al. (2016)
write “Since evaluation of both hypothesis by new
drilling could not be carried out due to safety reasons
and permissions, it remained unclear which hypothesis
(salt dissolution or piping one – our comment) is valid
for the investigation site”. Regrettably these authors did
not perform seismic refraction surveys in support to
drilling. It would essentially either have supported or
rejected conclusions on salt layer existence.
In our opinion, there can be two reasons explaining
these results of the seismic reflection. The first reason
is based on sensitivity of the method to subsurface
heterogeneity. Polom et al. (2016) note that the
reflection patterns indicate destabilized subsurface
zones by “a weak reflection response below 40 m
depth”, and stable subsurface zones by stronger
reflection responses. The quality of the reflection
data is a key point of the study. Shear-wave velocities
strongly depend on presence of heterogeneities in
shallow sediments. This situation is typical in areas
of subrosion-induced sinkholes, where destabilization
processes take place continuously and over long time
periods (Krawczyk et al., 2012, p. 140). This is a case of
the Ghor Al-Haditha area (Al-Halbouni, 2017). Another
limitation is quoted by Krawczyk et al. (2012, p. 140).
In general, the NMO-correction approach for velocity
model building depends on the presence of reflective
elements in the subsurface. If there are only weak or
strongly discontinuous reflections, the derivation of a
proper velocity function is limited. Thus, conditions
seem to be also characteristic for this site. All doubts
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might be resolved in articles including presentation of
field materials and description of the data analysis.
Secondly, the salt layer can be, simply, degraded as
was noted by Bodet et al. (2010). As we have pointed
out above, seismic refraction and MASW investigations
were carried out during 2003-2007, whereas seismic
reflection studies were conducted in late 2013-2014.
In this case surface erosion, can start in such areas,
as was mentioned above in this section in Fig. 10e.
Comments to Al-Halbouni et al. (2016)
piping model
Here, we should address some recent studies which
disagree with our model. Al-Halbouni et al. (2017)
suggested a new sinkhole development mechanism
in the Ghor Al-Haditha area based on excellent data
acquired applying innovative techniques based on
combining photogrammetry with satellite image
analysis. Their model is based on data of two boreholes
drilled in the Ghor Al-Haditha area (El-Isa, 1995), and
requires the presence of a thick mud layer with salt
lenses under sandy gravel sediments. Two boreholes
in the area drilled to ~50 m did not reveal neither salt
nor this thick mud layer. Al-Halbouni et al. (2016) with
a reference to Polom et al. (2016) suggest that there
is simply no salt layer in the Ghor Al-Haditha area.
We have mentioned above the conclusion of Polom
et al. (2016). Thus, the model is based on unverified
data of boreholes and seismic reflection data not
revealing the salt layer detected by other investigators
(Abueladas & Al-Zoubi, 2004; Dhemaied, 2007; Bodet
et al., 2010, Camerlynck et al., 2012; Ezersky et al.,
2013a). Moreover, we did not find any evidences of salt
crystalline presence in the clay (mud) or in boreholes
(El-Isa et al., 1995; Taqieddin et al., 2000; Mahasneh,
2004; Khlaifata et al., 2010) although in the first case
analysis was carried out with a microscope. Thus,
the model suggested by Al-Halbouni et al. (2017) is
by its origin a plausible one because it is based on
limited geological and geophysical data. All missing
data should be verified and addressed to substantiate
this model based on piping mechanism (Al-Halbouni
et al., 2017). To confirm their suggested model,
the underground water flow could be marked by
hydrological tracers (Kendall & McDonnell, 1998).
Comments to universality of sinkhole
“dissolution front” model
Abou Karaki et al. (2016) have discovered from the
Corona pictures (satellite based technique) a sinkhole
zone located south of the Sedom Mt. (salt dome) active
since at least from the end of the 1960s. Authors
affirm that “even if this zone is found above the edge
of the salt layer, its dynamics cannot be explained
by a moving dissolution front since that part of the
lake dried-up later in the 1970s, then was filled again
artificially”. The site of these sinkholes attests to the
fact that (whatever the conditions) the Dead Sea shores
are prone to dissolution and reactive to variations in
the hydrogeological setting. This is a crucial point to
keep in mind when dealing with problems related to
the base level fluctuations there (drop or rise)”. It is
difficult to discuss this affirmation. There are different

types of sinkholes in the DS southern basin. There
are sinkholes formed in the dam body, in asphalt
cover of the route #90, in the DS southern basin, etc.
Ezersky & Frumkin (2013) consider sinkholes formed
in the specific hydrogeological conditions describing
most of the sinkholes along the DS shores. Obviously,
appearance of these sinkholes is associated with the
edge of the salt layer located at a depth to 50 m from
surface. We agree that the relationship of sinkholes
presented by Abou Karaki et al. (2016) to the
dissolution front is a doubtful one. It can be explained
by the surface dissolution of the DS shores. It can
be associated also with the salt of the Sedom Mt. At
all, this phenomenon should be investigated by both
space observations and by surface geophysics.
Temporal development of sinkholes in the Nahal
Hever South site
As we have discussed above, there are differences
in resistivity revealed between the southern and
northern parts of the NHS site. This difference is linked
rather to the variation of lithology than to the salinity
of the groundwater (Legchenko et al., 2009). Ezersky
& Frumkin (2017) have shown that at the same
bulk resistivity, aggressiveness of the groundwater
with respect to salt is sufficiently different in sandygravel sediments and lime-carbonates. This fact can
be explained by different porosity: Lime-carbonate
sediments have higher porosity compared with sandygravel ones, and at the same time, water salinity has
a lower resistivity compared with sandy sediments.
The aforementioned physical peculiarities can
explain why sinkhole formation in the southern part
of NHS composed of silt was more intensive at the
first stage of this process. At the same time, the
3D-SNMR method has revealed the higher water
content at the north of the area that is defined by
relaxation time T1 (Fig. 13a) and has predicted a
promotion of sinkholes to the north of the area. One
can see in Fig. 14 that sinkholes up to 2008 were
formed along the salt edge. Perhaps, the salt edge line
was also modified because of dissolution. Then, the
spatial sinkhole distribution was dissipated to the
east of the salt edge.
To estimate the groundwater level temporal
variation in the NHS area we can use results of the
TEM monitoring of the saline water (1 Ωm) interface
(see Ezersky et al., 2011) measured during 19992012 (Ezersky et al., 2006). The example of the
measurement of DS brine depth using TEM sounding
is shown in Fig. 16a. The depth is measured using
variation of the groundwater 1 Ωm interface (H in
Fig. 16a). The long-term variations of the 1 Ωm
interface and DS level versus time are presented in
Fig. 16b (DS level data see Fig. 2).
It follows from the graphs that the ground water
table varies in accordance to the DS level at a rate
of ~0.7 m/yr. This evaluation is supported by
monitoring of Yechieli et al. (2010) who have shown
that groundwater level in the DS coast boreholes is
lowering at the same rate of the DS level. The amount
of groundwater level drop in relation to that of the
Dead Sea is controlled by the aquifer’s permeability
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and by the distances from the DS shoreline.
Groundwater level drop is greater and is detected
more inland in high-permeability alluvial fan areas
as compared to low-permeability areas. Analysis of
data from the borehole BH-3a located in the Nahal
Arugot area ~900 m of the shoreline indicates that the
groundwater table is lowering at a rate of 0.5 m/yr.
For other boreholes of the Ein Gedi and Nahal Arugot
areas, the rate of groundwater table lowering is in the
order of 0.8 m/yr.
Thus, we can estimate the groundwater table level
in the NHS site as shown in Table 5. The estimation
has been carried out in a presumption that the
groundwater table level has varied with a constant rate
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of 0.7 m/yr. Results of this estimation are compared
in Table 5. For a period of 15.5 years at a rate of
0.7 m/yr the ground water level lowered ~11 m, e.g.,
to 1 January 2017 it reached elevation of -422 m,
that is 5 m under the salt layer top (which is located
at -417 m).
Thus, the process of sinkhole formation led probably
to a new stage of salt karstification by downward
vadose flow from the ephemeral streams (Ezersky et
al., 2011; Frumkin et al., 2011). This process causes
surface erosion depending on the salt top cover (marl
or sand-gravel) location. A view to the center of the
Nahal South area in March 2017 is shown in Fig. 11
(lower photo).

Fig. 16. Long-term variations of the groundwater table depth H and the DS level. a) Example of the saline groundwater depth
determination using TEM sounding; b) Variation of 1 Ωm interface (blue line) and the DS level (lila graph) versus time (Ezersky
et al., 2006a, data of GSI). H – is 1 Ωm interface characterizing resistivity of the DS brine.
Table 5. Lowering of groundwater level with respect to salt layer top.
Site

Borehole
number

Surface
elevation

Salt**)
elevation

GWT**)
elevation

Data of
measurement

Calculated
elevation**)
1.01.2017

GWT level
Relatively to
salt top

DS level
at drilling

NHS*

HS-2

-393

-417

-411

21.06.2001

-422

5 m below

-415

* Sites are denoted: NHS – Nahal Hever South, (see Fig. 7 for site location); ** salt top and Groundwater Table (GWT) elevation, respectively in
borehole at drilling (Yechieli et al., 2004); *** approximate elevation of GWT calculated in suggestion that water table in boreholes has varied in
correspondence to the DS level variations as –(0.5-0.8m) per year in the northern basin (Yechieli et al., 2010) and +0.2 m per year in southern
one (Yechieli et al., 2001); DS level is given in accordance to the Geological Survey of Israel (GSI) data.

CONCLUSIONS
1. Application of surface geophysical methods
allowed us: delineating location of the salt deposits,
mapping groundwater salinity, performing in-situ
and laboratory measurements of the shear and
longitudinal wave velocities (Vp and Vs) corresponding to
different geological formations typical for the DS area,
detecting water saturated caverns and estimating
their volume (see Table 4).
2. The properties of the DS soils and salt were
studied in-situ and in laboratory (Table 2). This
additional knowledge may contribute to more accurate
numerical modeling of the sinkhole development in
the Dead Sea coast.

3. Geophysical results suggest that sinkholes
preferentially appear along the salt edge, exposed
to brackish groundwater flow. This observation was
confirmed (with small variations) in all investigated
sites both in Israel and Jordan (Ezersky et al., 2013b).
4. The existence of different mechanisms of
sinkhole development point to the complexity of the
phenomenon and our geophysical results support
some of the models. Some other models have not been
confirmed by field results.
5. We recommend to use 3D-SNMR for locating
water-filled caverns and estimation of their volume,
evaluation of groundwater aggressiveness using TEM,
Seismic refraction and MASW method for salt layer
mapping and evaluation of its karstification.
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Abstract:

Keywords:

Southern Iran hosts abundant salt karst phenomena in numerous salt diapirs. This paper
provides a new insight into the relationships among climate, cap soil and salt karst
hydrogeology. Cave systems were documented and mapped. Soil, drip, stream, and flood
waters from different environments were studied at several diapirs. It was revealed that the
soil water chemistry depends on both the climate and cap soil thickness. In semi-arid climates,
a thick cap soil forms (>3 m) and water has very low TDS values (0.15 g/l). In arid climates, a
shallow cap soil forms, and soil water is gypsum-saturated with low dissolved halite contents.
In both environments, drip waters from salt caves and springs displayed high TDS values
(255 to 347 g/l). This is explained by the dissolution of halite and minor anhydrite/gypsum, a
K-Mg sulfate and sylvite. Spring water plots on a local meteoric water line, whereas drips in
caves have an evaporative signature. The flash flood runoff is dominated by event rain water
based on isotopic data, while springs are dominantly supplied by a base flow component.
The mean residence time of water on the diapirs is controlled by the cap soil thickness.
Water residence times may reach several hundreds of years on a thick cap soil based on an
exponential model but <120 years on a thin cap soil.
diapir, salt karst, soil, arid, chemistry, isotope
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INTRODUCTION
Evaporite deposits containing salt (halite) as the
major component occur in many areas around the
world, but these are usually characterized by lack of
rock outcrops. Therefore, well developed salt karst
including extensive surficial and subsurface features
is a relatively rare phenomenon worldwide. Karst
areas with salt outcrops have been reported from the
Atacama Desert and the neighboring Cordillera de la
Sal Mountains in Chile (De Waele et al., 2009a, b,
2017), from the Cardona Diapir in Spain (Lucha et
al., 2008), from the Vrancea Subcarpathian Hills in
Romania (Giurgiu, 2005) and some other places. The
most widely examined salt karst is the Mt. Sedom
diapir in Israel (Frumkin, 1994a, b; Frumkin, 1998;
Frumkin & Ford, 1995). There are 122 salt diapirs
exposed in the Zagros Mts. and along the Persian
Gulf in southern and southwestern Iran (Zarei, 2016).
Some of them host well developed salt karst with
various exokarst and endokarst forms such as dolines
*bruthans@natur.cuni.cz

(sinkholes), but less often also karren, blind valleys,
shafts and caves including the world longest salt
cave (Bosák et al., 1998, 1999; Bruthans et al., 2000,
2010; Zarei & Raeisi, 2010; Zarei et al., 2012; Nekouei
et al., 2016). Variations in topography, climate, cap
soil (surficial deposits) thickness, and landscape
evolution history make this large area a great natural
laboratory suitable for the study of various issues of
salt karst and karst in general.
Hydrology of exposed salt karst was characterized
by Frumkin (1994a) in terms of chemical composition,
rate of dissolution, saturation of karst waters and
solutional denudation rates. As was found at Mt.
Sedom and in Iranian diapirs (see below), salt
dissolution occurs dominantly in the vadose zone,
while phreatic caves are rare: this is mainly due to
plastic creep in rock salt and rapid saturation of
seeping water by halite (Frumkin, 1994b; Bosák et al.,
1999). Salt karst is often dominated by inlet caves,
i.e., caves with concentrated inflow but diminishing
in size downstream and passing into fractures and
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.

304

Bruthans et al.

diffuse outflow, as the solutional capacity of water
becomes exhausted (Frumkin, 1994b; Zarei & Raeisi,
2010). Integrated caves, i.e., caves which allow the
concentrated stream to flow back to the surface, are
less common. These caves dominate along diapir
margins but in some cases they can extend far inside
the diapir, to a great depth and under very gentle
slopes (Frumkin, 1994b; Bruthans et al., 2010).
Salt caves in (semi-)arid areas are usually fed by
ephemeral streams, active only during flash floods
and shortly thereafter. Water collects on thick cap
soils in dolines or blind valleys, and passable caves
develop by sinking streams with a drainage basin area
of >300 m2 (Frumkin, 1994b; Bosák et al., 1999).
Hydrogeology of salt diapirs in the Zagros Mts. and
Persian Gulf coast was in general described by Bosák
et al. (1998) who studied 68 diapirs. It was found that
the groundwater table is generally shallow, positioned
in heavily fractured subsurface zone of rock salt. The
water table can be very steep on mountainous diapirs,
virtually tracing the topography at depths of a few
tens of meters. Karst springs are often situated tens
of meters above the local base level or higher (Zarei
et al., 2014b; Nekouei & Zarei, 2016). However, the
water table may be lying as much as 180 m below
the ground surface in some cave systems on coastal
diapirs (Bruthans et al., 2010). Salt is believed to be
impermeable below the water table due to plastic
creep (Lucha et al., 2008). Salt diapirs commonly
display fracture and locally also karst permeability
(Bosák et al., 1998; Zarei & Raeisi, 2010). Monthly
monitoring on the Konarsiah diapir near Firuzabad
(Fig. 1) with 4–32 m thick cap soils showed a very
low variation in spring yield (Zarei & Raeisi, 2010).
Many hydrochemical studies focused on the adverse
effect of brines from salt diapirs on water quality in
the adjacent alluvium and limestone aquifers (Raeisi
et al., 1996; Bruthans et al., 2008; Zarei et al., 2013,
2014a, b; 2016; Mehdizadeh et al., 2015; Naderi et

al., 2016; Nekouei et al., 2016). On the contrary,
just a few studies focused on hydrogeology and
hydrochemistry of the salt karst itself (Bosák et al.,
1998; Zarei & Raeisi, 2010; Zarei et al., 2012; Nekouei
& Zarei, 2016).
Stable O and H isotopes and trace elements of salt
karst spring waters have been as yet reported only
by Zarei et al. (2013) from Konarsiah diapir. There
is a lack of information on chemistry and isotopic
composition of soil and drip waters and flood waters.
Information on the character of flash floods on
diapirs is missing. Little information is available on
cave systems in mountainous diapirs. No information
exists on residence times of water in salt karst.
The objective of this study is to better understand
salt karst hydrogeology on diapirs differing in their
cap soil thickness and climatic setting.
To attain this, the following particular tasks were
completed for appropriate selected salt diapirs:
1) Chemical and isotopic compositions of cap soil,
cave drip, spring and flash flood waters were
characterized;
2) Processes related to flash-flood flow and base
flow were documented and evaluated;
3) Mean residence times and proportions of event
water were estimated using O and H stable
isotopes and tritium.
Four different diapirs were selected for a detailed
study (Fig. 1): i) Jahani – an example of a mountainous
diapir with surface and subsurface drainage and
common integrated cave systems in a semi-arid
region (Figs. 2, 3); ii) Namak (Dashti) – a diapir
specific in having extensive areas with no cap soil
and characterized by prevailing surface drainage; arid
region; iii) Namakdan – a diapir with well-developed
surface and subsurface drainage and cave systems
in an arid region with mostly thick cap soil (Fig. 4),
and iv) Hormoz – a diapir similar to Namakdan but
dominated by thin cap soil (Fig. 5). Besides, some

Fig. 1. A simplified map of the study area, from Bruthans et al. (2009), modified.
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Fig. 2. A map of the Jahani salt diapir with sampling/measuring sites and the most important
hydrological and geological features. Limits of individual cap soil types are approximate.
Based on topo maps 1:25,000.

other diapirs (Fig. 1, Tables 1, 2) were documented
and sampled to get a wider insight to water chemistry
and isotopic composition in the study area.

GEOGRAPHICAL AND GEOLOGICAL SETTING
The study area is located in the southern and
southwestern part of Islamic Republic of Iran, in the
eastern part of the Zagros Mountain Range and the
Persian Gulf Platform (Fig. 1).
The selected diapirs lie in various climatic conditions
including an arid Persian Gulf coast as well as semi-

arid mountainous regions (Fig. 1, Table 1). The 30-year

average (1961–1990) precipitation in the arid coastal
area has been 171 mm (Bandar Abbas Station, WMO,
2006) but average annual precipitation in recent
years has been lower, often just below 100 mm/year
(Bruthans et al., 2008; Table 1). Further inland, in
the area of the Jahani and Konarsiah diapirs, the
mean annual precipitation reaches 400 mm at 1350
m a.s.l. (Naderi et al., 2016). There are about 15 to
30 rainy days annually (depending on the altitude),
concentrating mainly to the November to April period.
The annual average temperature is 27°C in the
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Fig. 3. A cross-section of the Jahani salt diapir. For location see Figure 2.

Fig. 4. a) A map of the Namakdan salt diapir with sampling/measuring sites and the most important hydrological and geological features;
b) A close-up view of the southwestern part of the diapir with the most important caves. Limits of individual cap soil types are approximate.
Based on topo maps 1:25,000.
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Persian Gulf region and 20°C in the mountainous
diapirs. Intense precipitation causing flash floods,
which redistribute sediments in cave systems, occur
once in a few years.
The area hosts the largest number of piercing salt
diapirs in the world (Kent, 1970). The diameters
of salt diapirs usually vary between ~1 and 15 km
(Kent, 1958). Geologically, diapir material belongs
to the Hormoz Complex, which was deposited in
extensive evaporation basins in the Late Precambrian
(Riphean–Vendian) to Mid Cambrian. The Hormoz
Complex contains mainly halite, minor amounts
of gypsum, anhydrite and also fragments of other
rocks (Bosák et al., 1998; Závada et al., 2015). Salt
diapirs protrude through Cretaceous and Cenozoic
folded strata, mostly limestones, marls and gravels.
The Jahani, Konarsiah, Mesijune, Karmustadj, and
Siahtagh are salt bodies which are considered small
diapirs surrounded by vast areal salt glaciers (Talbot
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et al., 2000; Zarei et al., 2012). The Namak is a diapir
with steep salt glaciers (Talbot & Jarvis, 1984).
Only rarely are the diapirs bare (most of the Namak
diapir and small areas of the Mesijune and Jahani
diapirs). Usually, an insoluble residue after salt
dissolution (so-called cap soil, cap rock or superficial
deposits) has been observed to concentrate on diapir
surfaces. The thickness of any cap soil has a profound
effect on exokarst and endokarst forms, vegetation
density and surface denudation rates (Bruthans et al.,
2000, 2009; Zarei & Raeisi, 2010) and also affects the
drainage pattern considerably. Several “categories” of
cap soil thickness were recognized (Bruthans et al.,
2000, 2008). For the purpose of this paper, we merged
them into 3 categories, which are easily recognizable
on aerial images:
The first category is represented by bare surfaces or
by very thin cap soil (max. a few tens of centimeters
thick), which has developed mainly on steep slopes

Fig. 5. A map of the Hormoz salt diapir with sampling/measuring sites and the most important hydrological and geological features.
Limits of individual cap soil types are approximate. Compiled based on our data, Wolf (1959) and Bruthans et al. (2006).
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(>40º) and badland-like surfaces (typical for the
Namak and minor parts of the Karmustadj, Jahani,
and Mesijune diapirs). It is less frequent at other
diapirs. It is characterized by surface drainage
patterns with a very dense stream network and a lack
of karst features except karren.
The second category is represented by a thin cap
soil (~0.5 to 2 m) and is developed on steeper slopes
or relatively young erosion surfaces (most of the
Hormoz and minor parts of the Jahani, Mesijune,
and Namakdan diapirs). For this type of cap soil,
fields of densely packed sinkholes are common with
diameters of several meters; the stream network
is poorly developed and drainage proceeds mostly
via impassable small caves. Flood flow is strongly
dampened (Bruthans et al., 2000).
Medium and thick cap soil (several meters to tens
of meters) represents the third category of surfaces.
These are typical for originally flat areas or gentle
slopes. Large sinkholes with diameters up to 200 m are
common as well as streams several hundred meters
long terminating in larger ponors or just leaving the
surface of the diapirs. In some areas, integrated caves
are common drainage elements (Jahani, Mesijune
diapirs), other areas are dominated by diffuse flow
(Konarsiah diapir; Zarei & Raeisi, 2010).

The measured infiltration rates are <5×10−6 m/s
for typical salt exposures and 1×10−3 m/s for
strongly fractured salt exposures (Bruthans et al.,
2009). Based on field observation during rains,
overland flow greatly predominates over infiltration
on salt exposures. On various types of cap soil
both on arid and semi-arid diapirs, the infiltration
rates range from 6×10−6 to 6×10−4 m/s (Bruthans
et al., 2009).
Mineral composition of the cap soil was described
by Bruthans et al. (2009). It varies between three
end members: evaporates, carbonates and silicates/
oxides. While Gypsum and halite are common in
cap soil in arid climates; in contrast, both minerals
(especially halite) are leached out from the topmost
cap soil in more humid climate.

METHODS
Springs and streams were first located via Google
Earth Application based on well-visible white
precipitates lining the streams. The subsequent
field study focused on the characterization of cave
systems. All important objects were located using a
GPS device (Tables 1 and 2). Topographical maps to
scale 1:25,000 and satellite images were used.

Table 1. A list of the studied diapirs. PET – potential evapotranspiration.
Diapir

Hormoz

Jahani

Karmustadj
(Gach)

Climatic
condition

Arid

Semi-arid

Geographic
position

27°03′54″ N,
56°27′57″E

28°36′29″ N,
52°28′07″ E

Altitude
(m a.s.l.)

0–180

590–1,490

Mean annual
PET
precipitation
(mm/y)
(mm/y)

155

400

Cap soil cover, karst
features and hydrological
characteristics

For more detailed
information
about diapirs see:

-

Thin cap soil, small
dolines cover most of the
area, integrated but often
impassable small caves
dominate

Bosák et al.
(1998), Bruthans
et al. (2008, 2009,
2010)

3,950

Medium cap soil dominates,
large dolines and blind
valleys cover most of the
area, deep shafts and
integrated caves are common

Bruthans et al.
(2008, 2009),
Naderi et al.
(2016)

3,320

Most of the salt body covered
by very thick cap soil,
northern part with dolines
and an integrated cave.
Permanent spring fed by
diffuse recharge

Nekouei and Zarei
(2016); Nekouei et
al. (2016)

2,835

Cap soil of medium and high
thickness dominates, dolines
of various sizes, diffuse flow
dominates

Zarei and Raeisi
(2010), Zarei et al.
(2012)

-

Thin and medium cap soil
dominates, dolines cover
most of the area, integrated
caves are common rather on
the margin of the diapir

Mehdizadeh et al.
(2015)

-

Arid

27°34′06″ N,
54°28′09″E

Semi-arid

28°45′33″ N,
52°24′47″ E

Arid

27°59′44″ N,
54°55′20″E

Namak
(Dashti)

Arid

28°15′33″ N,
51°42′07″E

160–1,480

~140

-

No or very thin surficial
sediment cover except the
diapir top, long surface
streams, some short caves

Namakdan

Arid

26°37′08″ N,
55°29′20″E

0–240

136

-

Thin to thick cap soil,
extensive integrated caves,
deep shafts and dolines of
various size

Bosák et al.
(1998), Bruthans
et al. (2008, 2009,
2010)

Arid

27°29’53” N,
54°34’32” E

3,320

Most of the salt body covered
by very thick cap soil, no
caves, very rare dolines,
surface drainage

-

Konarsiah

Mesijune
(Mezayjan)

Siahtagh

760–1,440

830–1,660

700–1,370

720–1,340

189

400

~190

189
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Table 2. Coordinates of sampled objects not shown in Figures 2-5.
Sample

Diapir

N

E

K1

Karmustadj

27.546762

54.490320

K2

Karmustadj

27.560277

54.491533

K3

Karmustadj

27.562957

54.491804

M1

Mesijune

27.947980

54.943618

M2

Mesijune

27.960800

54.964124

NL3, NL4

Namak

28.233033

51.676267

Nm1

Namak

28.226476

51.666654

Nm2

Namak

28.231866

51.668669

Nm3

Namak

28.233140

51.675279

Nm4

Namak

28.257820

51.701014

Nm5

Namak

28.273740

51.718110

Nm6

Namak

28.284550

51.729630

S1

Siahtagh

27.535692

54.580256

Water sampling
Rain water was sampled by a plastic funnel drained
through a hose to a plastic can in the subsurface
with a thin oil layer to prevent evaporation of the
collected water. Spring, stream and runoff waters
were sampled directly. Cave dripping waters (drips)
were sampled into polyethylene buckets left below
the dripping places for several hours. Soil water
was sampled by means of no-tension lysimeters
consisting of a polypropylene or steel (with Teflon
surface) dishes with an area of 0.05–0.1 m2 filled with
fine quartz sand and local soil. These were drained
into plastic cans. Lysimeter JL3 on the Jahani
diapir was buried 20 cm under the ground and
covered by original soil with grass simulating a
natural slope of 16o. Another 6 similar lysimeters
(JL1– JL7) were placed on the Jahani diapir onto a
grass-free area to a depth of 10–60 cm. The lysimeter
on the Namak diapir (NL3) was situated 0.05 m
under the ground on a flat surface with a shallow
gypsiferous soil without any vegetation. Surface
water collector NL4 consisted of a plastic can open
to the surface and collected surface flow draining a
shallow gypsiferous soil catchment with area of 6 m2.
The volume of collected water was measured with a
graded cylinder. Sampling of all waters took place at
the end of the rain season (March or April) between
2007 and 2010 years.
Samples for alkalinity, O and H isotopes and tritium
were taken directly from the springs and streams to
polyethylene bottles rinsed with deionized water.
Samples for cations and anions were filtered in
the field using the 0.45 μm Millipore filter with the
Nalgene vacuum filtering system. Cation samples
were stabilized by ultrapure nitric acid to 2% solution.
Samples taken during the flood event in 2009 were
filtered within 12 hours after sampling.
Field measurements and documentation
Water temperature, electrical conductivity (EC) and
pH were measured using Multi 340i instruments
(WTW, Germany) with TetraCon 325 and Sentix42
probes, respectively.
Flow rate was measured by the time needed to
fill the plastic bag, which was then weighted with a
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suspension scale and its volume was calculated by
dividing the weight by brine density. Springs were
diverted to a pipe. Where spring outflows were wide,
they were divided into segments and measured
separately.
A tracer was used to measure discharge (Kilpatric &
Cobb, 1985) at streams and springs where streambed
inclination was too gentle to use the plastic bag to
capture water.
As salt (NaCl) – a commonly used tracer – is
improper for brines, 96% ethanol was used to rapidly
precipitate a portion of dissolved halite and decrease
the EC. Ethanol was injected to the spring outlet (0.4 l
of ethanol for stream of 1 l/s) and EC was measured
10–20 m downstream in 5 seconds intervals. Typically,
two measurements were taken in a profile. The EC
signal was then numerically integrated in Excel
workbook and a depleted mass of dissolved solids
was calculated. The relationship between the drop in
EC and added amount of ethanol was determined by
calibration. Spring brines were sampled into graduated
cylinders (70 ml of brine). Then, 1–10 ml of ethanol
were added, mixed and the EC was measured (made
in triplicity to obtain the relationship between EC
and ethanol content). Calibration line had r = -0.999,
which shows a tight inverse linear relationship. At
several springs, discharge measurements using
plastic bags and ethanol dilution were combined.
The difference between the two methods was typically
below 10%.
To constrain base flow, flow rates were measured
at selected diapirs. Flow rates of all major springs
and streams draining a diapir were measured in a
short period with lack of recharge events. Drainage
basin areas of measured springs and streams were
determined by means of ARC GIS software. Unit base
flow was obtained as a ratio of discharge to drainage
basin area. Unit base flow was expressed as yield per
unit area (l/s/km2).
During flood event, diapir surfaces were photodocumented, the flow rates were estimated, EC and
pH were measured and water samples were taken. A
wetting front in soil was observed in dug holes. Then,
the area was abandoned due to safety reasons and
visited/documented again after two days.
Instrumental analysis
Cations and Si were analyzed using inductively
coupled plasma – optical emission spectrometry (ICPOES). Chloride, nitrates and sulfates were analyzed
using high-performance liquid chromatography
(HPLC), and alkalinity was determined using titration.
The analyses were made in geological laboratories at
the Faculty of Science of Charles University.
The tendency of sampled waters to precipitate
and dissolve minerals was modeled in PHREEQC
geochemical code (Parkhurst & Appelo, 2013) with
thermodynamic Pitzer and PHREEQC databases.
Additionally, evaporation was modeled with the
presence of anhydrite, calcite, gypsum and halite.
The last two minerals occur in large amounts and
in various forms in the study areas (Bruthans et
al., 2009; Filippi et al., 2011). Dissolved mineral
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contents in brines were calculated in steps, where
gypsum as the least soluble mineral was calculated
first from calcium or sulfate concentrations, and the
remaining portions of ions were used to calculate
more soluble minerals/phases (schoenite and sylvite).
Halite content was calculated as a sum of sodium
and chloride, after the chloride content in sylvite had
been subtracted.
On the other hand, samples for O and H isotopes
of waters were quantitatively distilled to remove
dissolved solids but preserve all water and avoid any
fractionation. Vacuum distillation was used; the brine
was heated in an electric tube furnace and vapor was
captured in a trap cooled by liquid nitrogen. Quartz
wool was used to avoid migration of brine droplets.
Stable isotope composition was measured on the
Delta Plus mass spectrometer at Brigham Young
University, USA. Values of delta notation are related
to Vienna Standard Mean Ocean Water (VSMOW).
Analytical error was 0.2‰ for δ18O and 0.5‰ for δ2H.
As NaCl markedly dominates in all brines, no isotopic
correction was applied for alkaline earth elements
(Sofer & Gat, 1972).
Tritium activity was measured with a liquid
scintillation spectrometer TriCarb 3170 Tr/Sl
(Canberra-Packard Company) at Charles University.
The samples were enriched by electrolysis to 1:10
ratio. Each sample was measured in four runs per
700 minutes each. Standard deviation was 0.3 TU.
Tritium activity was corrected to a sampling date.
Mean residence time of water in a spring basin was
modeled using a TracerLPM lumped parameters
model (Jurgens et al., 2012). The exponential model,
widely used for groundwater flow in unconfined
aquifers, was used as it was in accord with the
conceptual model of the area. Tritium activity in
precipitation from Bahrain station No. 4115001
(Fig. 1) was used as an input to the model (IAEA/
WMO, 2016). In the Bahrain station, tritium activity
has been monitored since 1961, so the whole period
affected by thermonuclear tests in the atmosphere
was recorded. Pre-1960 values of tritium activity were
set to 3 TU, which corresponds to values from similar
latitudes (Jurgens et al., 2012).

RESULTS AND DISCUSSION
Water chemistry
Soil water from a semi-arid site (JL3 lysimeter) had
low TDS 0.15 g/l of Ca–HCO3 type with pH 7.2. Low
concentrations of Ca, SO4, Na, and Cl showed that
there was no gypsum or halite present in the soil.
Soil water was undersaturated with respect to
halite, gypsum, calcite and dolomite. A completely
different chemistry was determined in a shallow soil
from an arid site (NL3 lysimeter). Here, the TDS was
2.5–4.2 g/l with dominating Ca, SO4, Na, and Cl ions.
Molar ratios of Na/Cl and Ca/SO4 were close to 1 and
the high abundance of these ions showed that TDS
consisted mainly of dissolved halite and gypsum or
anhydrite. First year after the lysimeter placement,
the Na+Cl concentration was 1.8 g/l. Second year it
decreased to 0.3 g/l. This drop is attributed to leaching

of halite previously precipitated from capillary water
rising from a contact with rock salt. As the lysimeter
has an impermeable base, the capillary rise was
prevented in the second year and halite stored in a
shallow zone was leached out. On the other hand, the
Ca+SO4, concentration decreased only slightly from
2.3 g/l in 2009 to 2.0 g/l in 2010 year as gypsum
is abundant in these soils (Bruthans et al., 2009).
Surface runoff from shallow soil captured in NL4 was
dominated by Ca+SO4 1.9–2.0 g/l both years, while
Na+Cl was only 0.3–0.5 g/l. As the soil containing
gypsum was transported into a collection can, a
part of Ca and SO4 probably results from dissolution
in a plastic can after the flood and the amount of
Ca+SO4 in sampled water could overestimate their
concentration in surface runoff. The results show
that soil water in a thin (a few tens of centimeters)
cap soil in arid climate is generally saturated
with respect to gypsum, while the dissolved halite
content is very low. Halite contents in the runoff
from shallow soil did not exceed 0.5 g/l. Water
from the NL3 and NL4 lysimeters was saturated
with respect to gypsum, slightly undersaturated to
calcite and undersaturated with respect to dolomite
and halite.
Spring water temperatures of 21–28°C are equal to,
or slightly higher than, the mean annual temperature.
Spring water pH is 5.7–7.3. Chemistry of 5 drips
and 27 spring water samples was analyzed. Springs
and drips in salt caves and streams have TDS
255–347 g/l. Major ions are sodium and chloride
(averages of 110 and 170 g/l, respectively), followed
by sulfate, calcium, potassium and magnesium
(Supplemental Table 3). Bicarbonate concentrations
in springs are between 49 and 140 mg/l but only 11–
26 mg/l in drips due to CO2 degassing to atmosphere.
Strontium concentrations in drips and springs are
between 11 and 25 mg/l. Other detectable elements
were lithium (0.2–2 mg/l), silica (1–9 mg/l), iron (0.1–
5 mg/l) and manganese (0.05–0.9 mg/l). The chemical
composition is similar to that from other studied
diapirs in the Zagros Mts. (Zarei & Raeisi, 2010; Zarei
et al., 2013; 2014; Nekouei et al., 2016).
Drip and spring waters are mostly saturated
with respect to halite and saturated or slightly
undersaturated with respect to gypsum and
anhydrite, and generally oversaturated with respect
of calcite and dolomite. Modeling of brine evaporation
using PHREEQC indicates the precipitation of
anhydrite rather than gypsum after the evaporation
of 20% of water. Halite starts to precipitate after the
evaporation of 0–10% of water. A whitish coating
of halite precipitates lines the streams on diapirs
(Filippi et al., 2011). Other mineral phases predicted
to precipitate in a large portion of samples are
glauberite after the evaporation of 50–90% of water;
syngenite and glaserite after the evaporation of 90%
of water and kainite and labile after the evaporation
of 95% of water. Sylvite is predicted to precipitate
after the evaporation of 90% of the brine at some
springs, mainly at the Namak diapir. Schoenite and
pentahydrite are predicted to precipitate after the
evaporation of 95% of water at several springs.
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Sources of ions in brine drips, springs and streams
In springs and drips the sodium and chloride
concentrations are uniform. Na/Cl molar ratios of
drip waters and springs are between 0.95 and 1.09,
which points to halite as the dominant source of
Na and Cl. The molar ratio is similar to that on the
Konarsiah diapir (0.9–0.95) (Zarei et al., 2013). The
concentrations of sulfate, calcium, potassium and
magnesium, which are the most abundant ions after
sodium and chloride, are variable both for diapirs
and for individual springs. Ca/SO4 molar ratios are
close to 1 in the drips, pointing to gypsum dissolution
as the main source of Ca and SO4 ions in the drips.
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On the other hand, Ca/SO4 molar ratios are between
0.17 and 1.0 in springs and streams, which indicates
other sources of sulfates besides gypsum. Spring
waters showed a direct relationship between sulfate
concentrations and both potassium and magnesium
(r2= 0.62 and 0.58, respectively, Fig. 6). A similar direct
relationship was also found between potassium and
magnesium (r2=0.70). Direct relationships between
all these ions indicate that they were derived from a
common source, a K-Mg sulfate mineral like polyhalite
[K2MgCa2(SO4)4⋅2H2O] or schoenite [K2Mg(SO4)2⋅6H2O].
The presence of polyhalite at the Namak diapir was
mentioned by Závada et al. (2015).

Fig. 6. Relationship between the concentrations of sulfates and selected cations in various types
of waters (brine springs and streams).

Calcium concentrations were found to be indirectly
proportional to sulfate concentrations (r2 = -0.77). The
high sulfate concentrations can be explained by the
dissolution of K-Mg sulfates. As any of these sulfate
minerals are more soluble than gypsum, gypsum
tends to precipitate due to common ion effect. As a
result, calcium concentrations tend to decrease with
rising sulfate concentrations. High sulfate, potassium
and magnesium concentrations and low calcium
concentrations are typical especially for the Namak
diapir, where brine flows on vast salt surfaces and
may evaporate; the proportions of these ions tend to
increase with respect to NaCl which becomes partly
precipitated during evaporation. K-Mg sulfates from
rock salt can dissolve in brines, which induces
gypsum precipitation. Relative proportions of K-Mg
ions increase at the expense of calcium along the
flow path. Strontium concentrations are directly
proportional to calcite (r2 = 0.57), which indicates a
common source, probably connected with gypsum
dissolution (Ichikuni & Musha, 1978).
The dissolved mineral phases were quantified based
on the dominance of Na, Mg, Ca, K, Cl, and SO4 ions in
brines (Table 4). Halite is the dominant phase, forming
93–98 wt.% (weight%) of TDS. Gypsum or anhydrite
contributes by 0.6 to 1.7 wt.%, schoenite or other K-Mg
sulfate by 0–3.2 wt.%, and sylvite by 0 to 2.4 wt.%.
The remaining dissolved solids, which form other
minerals, account for 0.0–1.3 wt.%. The mean values
for all diapirs are 97.6 wt.% halite, 1.3 wt.% gypsum,

0.6 wt.% K-Mg sulfate (e.g., schoenite), 0.2 wt.%
sylvite and 0.3 wt.% of other minerals (Table 4). These
results do not support the anticipated abundant
presence of sylvite on the Namakdan diapir mentioned
by Talbot et al. (2009a, b).
With decreasing halite contents, the contents of
gypsum slightly decrease while those of schoenite
and sylvite increase (Fig. 7). Most diapir brines show
relatively uniform compositions, with halite contents
between 97 and 98 wt.%. Only one sample from the
Namakdan diapir and most of samples from the
Namak diapir deviate from this range, showing high
K-Mg sulfate and sylvite contents and lower halite
contents.
Flood event on the Jahani diapir
During the field trip to the Jahani diapir on 30
March 2009, we encountered a heavy rain event
accompanied by a flash flood (Fig. 8). Similar flash
floods last a few tens of minutes or hours every few
years (as suggested by the frequency and extent of
changes of riverbeds in caves). Although we spent
about 150 days on diapirs in total between 1998
and 2016 (in winter periods with typical rains), this
was the only heavy rain accompanied by flash floods
we encountered. This heavy rain was preceded by
~10 mm rain the previous night, which, however,
did not cause any surface runoff. Rains occurred
after a long dry period, and soil moisture was
relatively depleted.
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Table 4. Mean amounts of mineral phases in brines (wt.%). Values for the Konarsiah salt diapir were calculated
from data of Zarei & Raeisi (2010).
Diapir

Halite (wt.%)

Gypsum (wt.%)

K-Mg sulfate
(Schoenite) (wt.%)

Sylvite (wt.%)

n

Karmustadj

97.9

1.5

0.3

0.0

3

Jahani

97.6

1.3

0.8

0.0

17

Mesijune

98.3

1.4

0.1

0.0

1

Namak

95.6

0.9

2.2

0.8

5

Namakdan

97.9

1.4

0.2

0.4

7

Konarsiah

98.2

1.3

0.1

0.2

8

mean

97.6

1.3

0.6

0.2

41

Fig. 7. Representation of mineral phases dissolved in brines.

Fig. 8. A flash flood from the onset of flow to full flow rate. Hours and minutes of a local time.
International Journal of Speleology, 46 (2), 303-320. Tampa, FL (USA) May 2017

Hydrogeology of salt karst under different cap soils and climate

The rain started at 10:14 a.m. local time with high
intensity and lasted till 12:08 p.m. Heavy pouring of
rain alternated with showers of lower intensity. Total
precipitation was 64 mm. The first surface runoff in
the documented gully occurred 25 minutes after the
rain had started. Runoff intensity was rising rapidly
and reached the maximum flow rate 5 minutes after
the first occurrence of water in the gully (Fig. 8). A
similar rate has been reported from salt karst on Mt.
Sedom, where runoff occurred when rain intensity
exceeded 4 mm per 10 minutes (Frumkin, 1994a).
Streams generated by flood were sinking into ponors
(Fig. 9). Dolines and terminal parts of blind valleys
with lack of open ponors were flooded by temporary
lakes several tens of centimeters to a few meters deep
(Fig. 10). All captured water infiltrated within the next
two days. This concentration of surface runoff from
extensive doline slopes to a small bottom area, where
more than 1,000 mm of water infiltrates into thick
soil, seems to be crucial for the existence of big trees,
rich grass cover and simple agricultural activities at
the bottoms of the dolines.
Based on the estimated flow rate from field
observation and photographs and measured drainage
basin area from which this flow was generated, the
runoff intensity during flash flood is estimated at
800–1,200 l/s/km2 in individual catchments (Table 5).
If compared with average intensity of rain event
64 mm per 88 minutes which is 12,100 l/s/km2,
it can be roughly estimated that ~6–10% of water
formed the rapid surface runoff while ~90–94% were
captured in soil and later mainly evaporated. The
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proportion of runoff and infiltration was similar in all
five observed catchments (Table 5). This estimate is
supported by the observed wetting front in the soil,
which propagated to a depth of 5–15 cm under the
ground surface until the end of the rain event and
to >40 cm within the next 48 hours based on soil
digging. Soil surface on the Jahani is permeable
enough to capture even high-intensity rains based on
11 infiltration tests, which showed infiltration rates
between 22 and 1800 mm/hour (mean 315 mm/hour;
Table 4 in Bruthans et al., 2009). The fact that a
dominant portion of water was captured in soil
agrees with the observation of Zarei & Raeisi (2010).
In drainage basins with 3–15 m thick cap soil, the
flood runoff in gullies and ponds on bottoms of dolines
had very low TDS of 0.05–0.17 g/l. Water was of
Ca-HCO3 or Ca-SO4 type. It was unsaturated with
respect to halite, gypsum, calcite and dolomite.
Na and Cl concentrations amounted at only a few
mg/l, sulfate concentrations were below 70 mg/l.
Concentrations measured in runoff from thick cap
soils were not different from those typical for common
soils in humid climate areas in Europe. Low TDS
values of runoff from thick cap soils on the Konarsiah
diapir were also described by Zarei (2016) in the range
of 90–150 mg/l. On the other hand, the runoff derived
partly from salt exposures had TDS values of 47 g/l
(Na-Cl water type). Molar ratios of Na/Cl and Ca/SO4
were close to 1, and high abundances of these ions
showed that TDS consisted mainly of dissolved halite
(41 g/l) and gypsum or anhydrite (5 g/l). Water was
unsaturated with respect to halite, calcite and dolomite

Fig. 9. The Puzzle doline in 2007 and during a flash flood in 2009. The JL3 lysimeter was installed in
the slope just behind the person in figure b).
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Fig. 10. Dolines with diffuse recharge during a flash flood (a, c) and two days later (b, d).
Table 5. Discharge and infiltration during the 2009 flash flood in on the Jahani salt diapir. F1–F5 are particular drainage basins.
F1
Flow rate (l/s)
Drainage basin area (km2)
Unit flood flow (l/s/km2)
Surface runoff (%)
Infiltration (%)

F2

F3

F4

F5

~7.5

~2

~2

~50

~10

0.0093

0.0017

0.0018

0.0505

0.0127

~800

~1,200

~1,100

~1,000

~800

~7

~10

~9

~8

~6

~93

~90

~91

~92

~94

but saturated with respect to gypsum. Two days after
the flash flood, the caves and springs were visited on
the Jahani diapir. The flow rate dropped rapidly to
nearly pre-event values and the springs from caves
were slightly undersaturated with respect of halite and
gypsum. TDS values of J1 and J7 springs dropped to
values 4% below the base flow values (Supplemental
Table 3). K and Mg concentrations dropped the most.
On the contrary, Ca concentrations increased slightly
compared to the base flow in both springs.
No dripping water was observed in the Waterfall and
Culin caves. This shows that water was not capable
to pass through the thick (meters to tens of meters)
unsaturated zone above the caves. On the near
Konarsiah diapir, the flow rate increased by the factor
of 3 during this rain event and returned to normal
within 4 days (Zarei & Raeisi, 2010).
The flash flood event caused a significant destruction
of chemogenic sediments (Filippi et al., 2011 and
Fig. 11). Flood water from precipitation dissolved
the surface of microcrystalline crusts, turning them
into corrosion rillenkarren. The high supply of water
undersaturated with respect to halite resulted in a
partial or complete dissolution of crusts along the
stream riverbeds and of stalactites and other types
of cave infillings. In places, stalactites were “cut”
by the water level of temporary underground lakes.
Wild splashing muddy floodwater also contaminated
halite deposits along and above the riverbeds by
non-evaporite material transported in suspension.

Stalactites and stalagmites immersed in the corrosive
water for only a short time were partly dissolved and
turned into bizarre “amorphous-like” shapes.
Water isotopic composition
The values of δ2H and δ18O in rain, soil, spring and
stream waters on the diapir plot along local meteoric
water lines (LMWL) for the Konarsiah diapir, i.e.,
δ2H = 7.5 δ18O + 17, and for the Persian Gulf, i.e.,
δ2H = 8 δ18O + 15 (Fig. 12a). These LMWL were given
by Zarei et al. (2013, 2014a). Most of the drips and
the K2 spring plot to the right from the LMWL. The
drips plot to a field typical for evaporation, which
is likely in highly ventilated Namakdan caves.
Spring K2 isotopic signal probably originated by
evaporation in a very thick gypsiferous cap soil.
Soil or unsaturated zone evaporation produces
δ2H/δ18O slopes as low as 2 in dry conditions, while
slopes of 4–6 are typical for evaporation from surface
water bodies (Barnes & Allison, 1988). Groundwater
previously sampled around the Konarsiah diapir and
on the Janah plain mostly plots along the LMWL.
Only water derived from a river in this area was
shifted from the LMWL along the evaporation trend
(Zarei et al., 2013, 2014a).
Isotopic composition of rain causing the 2009 flash
flood on the Jahani diapir was δ2H +6.7‰ VSMOW
and δ18O -0.4‰ VSMOW (Fig. 12b). Isotopic signal
of this rain was distinct from that of the mean
annual precipitation collected in rain collectors in the
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2005–2007 and 2009–2010 periods. A binary mixing
model was used with the 2009 rain event as one endmember, and with average 2005–2007 precipitation
as the second end-member. Surface runoff generated
during the flash flood had a signal which was close
to rain composition and based on the binary mixing
model the event rain water constituted 60–100% of
the runoff. This is valid for drainage basins covered
by vegetation as well as for drainage basins formed
by ~20% of salt exposures and ~80% of soil. Soil
water sampled from the JL3 lysimeter two days after
the flash flood showed about 40% of event water. Two
springs sampled two days after the flash flood, J1 and
J7, yielded 20 and 30% of event water, respectively.
While the flow rate of J1 spring increased to just
~10 l/s during the flash flood due to low-capacity
conduits and possibly dominating diffuse recharge,
the maximum flow rate of J7 spring draining an
extensive blind valley was ~1,000 l/s based on traces
of muddy water in the White Foam Cave (Fig. 11).
The J1 spring was sampled on yearly basis between
2007–2010, with relatively minor changes in its
isotopic composition (Fig. 12). As revealed by the flash
flood monitoring, the flash flood runoff is dominated
by event water but only two days after the event the
springs are dominantly supplied by base flow from

315

a thick cap soil characterized by a relatively stable
isotopic signal. Mixing of rain event water with water
stored in soil on the Jahani is possible due to a large
storage capacity and high permeability of this thick
and partly grass-covered soil. In the subsurface, large
amounts of water are stored in sediments trapped
in solutional caverns below sinkholes (Fig. 3 – inlet
caves). This water is mixed with flood water and slowly
released during dry periods, forming the base flow.
On the Namak diapir, a flash flood was also caused
by the 2009 rain event. Composition of water from the
NL3 lysimeter in a very shallow soil was similar to that
from the rain event (Fig. 12c). Spring Nm3 sampled 24
days after the flash flood showed the same isotopic
composition as one year before this event. A negligible
contribution of event water was encountered in the
spring 24 days after the rain event. On the Namakdan
diapir, dripping water was sampled 20 days after
the flash flood. The composition of drips D1, D4,
D5 sampled in caves 20–60 m under the ground
surface with a shallow cap soil showed evaporation
enrichment. The drips were derived from rain which
was more strongly depleted in heavy isotopes than the
2009 rain event. Low-intensity drip D7, situated 180
m under the surface with a thick (tens of meters) cap
soil showed a different isotopic composition. It was not
enriched by evaporation but, instead, it was
derived from rain more strongly depleted in
O and H isotopes than the mean rain water.
Such water could be derived from heavy rain
depleted in O and H isotopes from the last
years.
Tritium activity was measured in 6 samples
of yearly rain water, 3 samples of soil water,
6 samples of drips and 23 samples of springs
and streams on the diapirs (Table 6). Rain
water (annual mean) had the activity of
2.6–4.2 tritium units (TU) both on a coastal
diapir (Namak) and a mountainous diapir
(Jahani). A similar tritium activity was typical
for shallow soil water from lysimeters (2.8–
3.9 TU), which indicated a short residence
time in soil. Dripping waters in caves
had partly lower tritium activities (2.1 to
4.0 TU), which indicated some presence of
older waters. Springs and streams showed
variable activities depending on the thickness
of the cap soil. Tritium activity of 2.3–4.1 TU
was found on diapirs free of cap soil (Namak)
or with cap soil several meters to a few tens
of meters thick with common integrated
caves (Hormoz, Jahani). Spring tritium
activity was relatively high (2.1–2.3 TU) on
the Namakdan diapir, whose central and
northern area is covered by cap soil tens of
meters thick. Both springs on the Namakdan
are fed by integrated caves. On the other
hand, tritium activity ranged between 0.0
and 0.6 TU on portions of diapirs with cap
soil up to 100 m thick, dominated by diffuse
flow (Karmustadj, Siahtagh).
Fig. 11. Flood flow in the Waterfall Cave, Jahani diapir. a) Outlet of the cave and the
Spring tritium activity was compared with
J7 spring under base flow conditions and b) two days after the flash flood; c) mud on
the modeled tritium activity. It is clear, that at
side walls of the cave.
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present time the tritium activity in modern
recharge (after 1950) exceeds 2 TU, while
present tritium activity in water recharged
prior 1950 is ≤0.2 TU (Fig. 13). In most of
the springs and all other sampled objects
the modern recharge dominates. Only
springs on diapirs with thick cap soil and
diffuse flow (Karmustadj, Siahtagh) the
recharge prior 1950 dominates (Table 6).
Two models of distribution of residence
time were considered: exponential and
dispersion models (Table 7). Based on
the exponential model, which is the
most probable model based on geological
settings (lack of a confining layer), the
tritium activity of ≤0.5 TU indicates a
mean residence time of ≥600 years, tritium
activity of 1 TU indicates a residence time
of approximately 300 years, and tritium
activity of 1.5 TU indicates a residence
time of approximately 170 years (Table 7).
In the case of tritium activity of ≥2 TU,
the results of modeling are ambiguous,
as both very short and relatively long
residence times are possible (Table 7).
These relatively long residence times are
compatible with the exponential model
where both modern and very old waters
mix together (Fig. 13; Jurgens et al.,
2012). The mean residence time of 600
years in the exponential model means that
10 % of water infiltrated between 1950
and 2010 and 90 % of water infiltrated
prior to 1950. Due to this extremely wide
and exponential distribution of residence
times (water fraction decreases with age),
the modeled tritium activity is 0.5 TU
for a mean residence time of 600 years.
Dispersion model with low dispersion
indicates much shorter residence times
(<85 years; Table 7). The difference in
mean residence time between both models
is caused by distribution of residence
times. Real residence time will probably
fall between both models. Application of
other tracers (e.g., CFCs, SF6) may better
constrain the proper model.
The modeling results show that the
mean residence time of springs on diapirs
with a very thick cover of cap soil and
diffuse recharge is considerable The
results indicate that the long residence
times were permitted by surficial deposits
which – unlike rock salt – have high
porosity, except for the cases that cap soil
was bypassed by integrated caves.

Fig. 12. The O and H stable isotopes of waters. a) All objects; b) Flash flood on the Jahani
diapir; c) After flash flood on the Namak and Namakdan diapirs. Abbreviations: J – Jahani,
H – Hormoz, N – Namakdan, Nm – Namak, K – Karmustadj.

Recharge and base flow
The JL3 lysimeter, situated beneath
grass cover in the semi-arid area of the
Jahani diapir, collected 4.6 mm of water
between 22 March 2008 and 1 April 2009.
Additional 6 mm of water were collected
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Table 6. Tritium activity measured in springs, drips, soil and rain water. Abbreviations: S – spring, St – stream, D – drip, R – rain, F – flood.
Sample

Date

Diapir

Tritium activity (TU)

Type

D1

22.4.2009

Namakdan

2.4

D

D2

23.4.2009

Namakdan

2.7

D

D3

20.4.2009

Namakdan

3.1

D

D4

20.4.2009

Namakdan

4.4

D

D5

20.4.2009

Namakdan

2.5

D

D6

20.4.2009

Namakdan

2.1

D

H3

22.4.2007

Hormoz

2.8

St

H4

23.3.2010

Hormoz

2.8

St

H5

23.3.2010

Hormoz

2.5

St

J1

26.3.2008

Jahani

4.1

S

J1

01.04.2009

Jahani

3.4

S

J10

01.04.2009

Jahani

2.3

S

J7

25.03.2008

Jahani

3.7

St

J7

02.04.2010

Jahani

3.3

St

J8

04.04.2009

Jahani

2.7

S

K1

23.03.2010

Karmustadj

0.5

S

K2

26.04.2007

Karmustadj

<0.3

S

K2

23.03.2010

Karmustadj

0.4

S

K3a

23.03.2010

Karmustadj

1.6

S

K3b

23.03.2010

Karmustadj

0.6

S
S

M1

24.03.2010

Mesijune

0.4

M2

24.03.2010

Mesijune

2.5

S

N1

21.04.2007

Namakdan

2.3

St

N4

21.04.2007

Namakdan

2.1

St

N4

20.03.2010

Namakdan

2.4

S

Nm1

23.04.2009

Namak

3.2

St

Nm3

27.03.2008

Namak

3.8

S

Nm3

23.04.2009

Namak

2.9

S

S1

23.03.2010

Siahtagh

0.5

S

NL3

28.03.–23.04.2009

Namak

2.8

soil

NL4

23.04.2009–29.03.2010

Namak

3.2

F

NL4

28.03–23.04.2009

Namak

3.9

F

rain

4/2005–5/2007

Jahani

2.7

R

rain

22.03.2008–01.04.2009

Jahani

3.6

R

rain

01.04.2009–01.04.2010

Jahani

4.2

R
R

rain

23.04.2009–29.03.2010

Namak

2.6

rain

28.03–23.04.2009

Namak

4.2

R

rain

4/2005–5/2007

Namakdan

2.9

R

between 1 April 2009 and 1 April 2010. This was
3.5% and 2.4%, respectively, of the precipitation
totals. Other lysimeters situated below bare soil did
not collect any water. The NL3 lysimeter on the arid
Namak diapir collected 36 mm of water between
28 March 2009 and 23 April 2009, i.e., during the
flash flood (45% of precipitation), and 9 mm of
water between 23 April 2009 and 29 March 2010
(9%). Deeper-situated lysimeters NL1 and NL2 did
not collect any water. Surface water collector NL4
was overflown in both periods and was accidentally
partly filled by cap soil. Flow under high suction can
be expected in arid and semi-arid climates. Such flow
will partly avoid no-tension lysimeters with 0.5–0.1 m
high sides, which can capture just water with a
suction of ≤1 kPa (Tindall & Kunkel, 1999). This
shows that gravity-driven flow is very rare in soils,
basically limited to areas below grass cover, which is
often more permeable than bare soil. In the case of

the NL3 lysimeter, surface water was captured due to
cracks in soil. As NL3 is situated very shallow under
the ground, a portion of collected water comes from
surface runoff and overestimates the infiltration to soil.
Surface flow rates were measured at most major
springs and streams on the Hormoz, Jahani and
Namakdan diapirs in March 2010. Together, these
springs and streams drained majority of the diapir
surfaces. The flow rates were measured one year
after the major recharge event. Unit base flow on
diapirs in the arid zone (Hormoz and Namakdan)
was 0.03–0.17 l/s/km2 (Table 8) but higher on the
higher-altitude Jahani diapir (0.33–0.53 l/s/km2).
These data are based on a single time interval only;
however, very similar values were obtained for the
Jahani and Konarsiah diapirs by other researchers
from repeatedly measured discharges (Table 8).
A similar value of annual outflow on the Jahani
(0.43 l/s/km2) can be calculated from average flow
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Fig. 13. Exit-age frequency distribution expected from exponential mixing of the tracer in
the spring having mean residence time of 600 years, in 1-year increments (right axis). The
highest proportion in this model is occupied by present water. With an increasing age the
proportion of water in the mixture exponentially decreases till infinity (Jurgens et al., 2012).
Tritium activity in rain (Bahrain) corrected for decay to year 2010 is given on the left axis.
Table 7. Mean residence time of springs based on tritium activity in the
2008–2010 period. Mean residence time obtained from modeling is
affected by the distribution of residence times in the model. For details
see Fig. 13 and Jurgens et al. (2012).
Tritium activity
(TU)

Exponential
model (years)

Dispersion model
with low dispersion
(D 0.03) (years)

0

>600

>85

0.5

600

85

1.0

300

78

1.5

170

12 or 74

2.0

7 or 120

17 or 71

2.5

4 or 80

4 or 68

3.0

1 or 55

1 or 66

rates of all springs (23 l/s; Naderi et al., 2016) and the
diapir area. Zarei & Raeisi (2010) and Zarei et al. (2012)
obtained the mean unit base flow of 0.52 l/s/km2
from monthly discharges from the Konarsiah diapir
(Table 8). Zarei et al. (2012) corrected this mean unit
base flow to low precipitation totals in the measuring
year (187 mm/year), obtaining a long-term estimation
of unit base flow of 1.1 l/s/km2 (36 mm/year) for the
mean long-term precipitation of 400 mm/year. This
value can be used as currently the best constrained
estimation for both the Konarsiah and Jahani diapirs.
As the measured unit base flow on semi-arid diapirs
is 3 times higher than that on arid diapirs (Table 8),
the mean base flow of ≤0.3 l/s/km2 can be roughly
estimated for arid diapirs. In the future it is necessary
to constrain the base flow on arid diapirs by monthly
measurements.

CONCLUSION
Hydrogeology of eight salt diapirs (with a detailed
study on 4 of them) from the world’s best developed
salt karst region was studied. The diapirs were
selected to represent various environments based on
their climate and surface cover. Waters from different
environments were collected and analyzed, and a

flash flood event on a semi-arid salt diapir (Jahani)
was observed and sampled. Drainages of integrated
cave systems were documented on the Namakdan,
Hormoz and Jahani diapirs.
Soil water chemistry was found to correlate with
specific climates and cap soil types. In a semi-arid
climate and a thick cap soil, the TDS of soil water
is very low (0.15 g/l), while in an arid climate the
shallow cap soil water is saturated with respect to
gypsum and has low dissolved halite content. On the
contrary, springs, drips in salt caves and streams
have TDS values in the range of 255 and 347 g/l,
and their chemical composition is generally similar
irrespective of the climate or soil type. These waters
are mostly saturated with respect to halite and
saturated or slightly undersaturated with respect to
gypsum and anhydrite. Mean spring water consists
of 97.6 wt.% halite, 1.3 wt.% gypsum or anhydrite,
0.6 wt.% K-Mg sulfate (e.g., schoenite), 0.2 wt.%
sylvite and 0.3 wt.% of other minerals. Only springs
from the Namak salt diapir with vast bare surfaces
show higher admixtures of K-Mg sulfate and sylvite.
This can be caused by the unique mineral composition
of rock salt at the Namak or, alternatively, by brine
evaporation and enrichment of K-Mg ions relative to
NaCl. In their O and H isotopes, most of the springs
plot on the local meteoric water line but most drips
show evaporation enrichment in a thick vadose
zone and highly ventilated caves. Measurement and
modeling of tritium in spring water suggested that
the mean residence time of water on salt diapirs is
significantly influenced by the thickness of cap soil.
Based on tritium activity the modern recharge (after
1950) dominates in most of the springs and all other
sampled objects. Only in some springs on Karmustadj
and Siahtagh diapirs with thick cap soil and diffuse
flow the recharge prior 1950 dominates. A direct
observation of a flood flow event showed that the
maximum flow is reached in a few minutes after the
overland flow had been spotted. Flash floods in salt
karst are therefore very rapid and hazardous. Based
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Table 8. Unit base flow rate for each diapir were obtained as averages from all basins weighted by their area; *derived from Naderi et al. (2016),
**Zarei et al. (2012).
Diapir

Place

Date

Flow rate
(l/s)

Drainage basin
Unit base
area (km2)
flow (l/s/km2)

Namakdan

N1

20.03.2010

1.5

8.9

0.17

Namakdan

N3

19.03.2010

0.05

1.9

0.03

Namakdan

N4

18.03.2010

0.32

2.7

0.12

Hormoz

H2

23.03.2010

0.3

1.9

0.16

Hormoz

H3

22.03.2010

0.31

2.6

0.15

Hormoz

H4

23.03.2010

0.09

2.0

0.04

Hormoz

H5

23.03.2010

0.9

7.1

0.12

Jahani

J1+J2+J3

03.04.2010

6.0

11.3

0.53

Jahani

J4+J5+J6+J7

02.04.2010

5.6

15.2

0.37

Jahani

J8+J9+J10+J11+J12

04.04.2010

3.2

9.8

0.33

Jahani

whole diapir*

-

23

53.0

0.43

Konarsiah

whole diapir**

-

19.6

37.4

0.52

Konarsiah

corrected for precip.**

-

-

-

1.10

on a rough estimation, only a minor portion of rain
constituted the surface runoff, while a dominant part
was captured in thick permeable soil and later mainly
evaporated. The flash flow runoff on a thick cap
soil was found to have extremely low TDS values of
0.05–0.17 g/l and was of Ca-HCO3 or Ca-SO4 type.
On the other hand, flash flow runoff partly derived
from salt exposures had high TDS values of 47 g/l,
was of Na-Cl water type and was already saturated
with respect to gypsum. The O and H isotopes showed
that the rain event water dominated the flash flood
runoff; only two days after the event, the springs were
dominantly supplied by a base flow component derived
from thick cap soil and from large accumulation of
sediments trapped in cavities. A slow release of water
from these sources is also responsible for maintaining
the base flow over dry periods lasting months to years.
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Book Review
Christoph Spötl, Lukas Plan, and Erhard Christian

Höhlen und Karst in Österreich (Caves and Karst in Austria)
2016, Oberösterreichisches Landesmuseum, Linz, 752 p., ISBN 9783854743217
German, hardbound, € 22.50.
This publication is the latest in an informal series in which karst and caves of
individual countries are presented. Regarding weight and volume, it beats all other
publications by far. The book is divided in a general part, where scientific principles
are explained, and a regional part, where the karst areas of Austria are presented. All
subchapters were written by specialists and compiled into a book by the editors.
The book not only addresses cavers, but also general readers interested in nature
and natural science. Therefore, the general chapters are written in more detail than
usual. However, this way the book can be read without having to refer to literature
wherever details are mentioned. Of course, references are present and added to the
end of each chapter. Dealing with Austria in particular, it is not surprising that even
the general chapters refer to this country most of the time.
A quick look into the book reveals a multitude of coloured photos and graphics, which
make the reading very agreeable. Each chapter, albeit written in German, contains an
english summary, and all the picture legends are written in both languages. This way,
also non-german readers can have an idea on the content.
The general part, larger than the regional chapters, deals with geology, environmental
and climatic science, biology, the relation cave and man, and speleology in general.
Because of the large extent of the general part, many aspects can be described which
are (generally) not of primary interest, for example cave laws. This way, the general
part is a compelling encyclopedia that is of interest also outside Austria.
The change to the regional part is abrupt. This section of the book presents the karst
areas from West to East and then to the South, and it contains also the metamorphic
marble karsts of central Austria. This regional overview is very helpful: Austria has a
long caving tradition, but rather rarely presented its karst and caves in international
congresses and publications.
At the end, three registers are found. First a thematic one dealing with keywords
and themes, then a person's register, used to find mentioned people, and finally a
cave list.
The book is of interest for all (mostly German-speaking) readers interested in caves
and karst of Austria or any of its specific regions. The careful editing and the good
mix of pictures and text makes it easy to read and pleases the bibliophilic caver.
Congratulations to the editors for this big work!

Philipp Häuselmann

