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Abstract
Density-driven groundwater flow in evaporite bearing sedimentary rocks and resulting karstification
frequently cause geomechanical problems, such as land subsidence and collapses. These processes are
also of major concern in the Muttenz-Pratteln region, located in the Tabular Jura, southeast of Basel,
where a tabular interstratal karst was detected at the top of the Triassic rock salt layer. In this area, a
section of the European North-South railway connection is also affected by land subsidence. To
overcome the complexity of a field experiment, this thesis scaled down the analysis of salt and
gypsum karstification to two different types of newly developed laboratory experiments. In rock salt
dissolution experiments, freshwater was pumped from the side or from above into rock salt cores
through an axial borehole. In the other setup, solute transport experiments were conducted in a 2D
flow tank containing a water-saturated porous medium. The main objectives of these experimental
investigations were to understand (1) the genesis of a solution cavity created by concentration-driven
buoyant flow coupled with mineral dissolution within salt and gypsum rocks (by a horizontallyoriented borehole), (2) the genesis of an interstratal salt karst at the top of a salt layer (by an almost
vertically or inclined-oriented borehole) and (3) to develop a suitable tank (benchmark) to test densitydependent flow computer codes.
In the rock salt dissolution experiments, halite dissolution took place only in the inflow of the rock salt
cylinders. In the case of a horizontally-oriented borehole, the created solution cavities are
approximately shaped like a half cone with a horizontal base facing upward. The halite dissolution
took place at the horizontal ceiling and upper end of the facet so that the cavities enlarged under
confined conditions by upward growth of the horizontal ceiling and also simultaneously by lateral
growth at the upper end of the facet. A conceptual model was developed inspired by these results and
based on theoretical, hydraulic-geochemical considerations, as well as on field observations in natural
caves and/or man-made caverns. It proposes that triangular prism or conical shaped solution cavities
develop in salt and gypsum rock under confined conditions with an artesian flow traveling from an
underlying, practically insoluble aquifer into the soluble stratum. In the case of an almost vertical or
inclined borehole, a tabular solution cavity developed at the upper end of the core cylinders. At first,
these cavities generally enlarged radially outward from the borehole at the inlet side, subsequently
they enlarged mainly in up dip direction. If NaCl-undersaturated water came into contact with a
laterally lying insoluble material or upward lying salt, the cavity enlarged along the insoluble
boundary laterally and downward or upward, respectively. The findings were scaled up and integrated
into a conceptual model for interstratal salt karst development in the context of horst and graben
structures as observed in the Muttenz-Pratteln region. For the latter region, this subsurface conceptual
model may explain the detected land subsidence pattern, clearly influenced by the normal faults trend.
A resistance measuring cell was successfully developed for the solute transport experiments. It can
measure in situ and indirectly solute concentrations over a wide range (up to halite saturation) and is
suitable for 1D and 2D flow tank experiments. First solute transport experiments reveled that the build
up benchmark has to be developed further.
Overall, the investigations reveal the necessity of small-scale dissolution experiments (in combination
with hydrogeological, hydraulic and geochemical knowledge) when trying to understand the complex
processes underlying natural karstification created by density-driven groundwater flow. Regarding the
realized flow tank setup, this forms a good basis to finally obtain an excellent benchmark. This thesis
will provide the base for new and additional discussions on subsurface salt dissolution and solute
transport.
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Introduction

1.1

Motivation

Interstratal karstification of salt frequently causes
geomechanical problems, such as land subsidence and
collapse (e.g., Quinlan et al., 1986; Waltham, 1989).
This is of major concern for a densely populated area
southeast of the city of Basel that comprises a section
of the new European North-South railway connection
(Figure 1.1A). Leveling measurements revealed
land subsidence in the west of the study area and a
southwest-northeast-oriented, elongated subsidence
bowl in Lachmatt, located near the northern entrance
of the Adler tunnel completed a few years ago (Figure
1.1B). In the latter area, a section of the railway line
is also affected by land subsidence. Furthermore, the
regional subsurface is excessively used for solution
mining of halite (NaCl) and groundwater extraction
for industrial purposes (Figure 1.1B). The pumped
groundwater in the Schweizerhalle area has relatively
high Na+ and Cl‑ concentrations (up to several hundreds
Cl‑ per l) with frequent Na/Cl molar ratios around 1
(BMG Engineering AG, 1997). This suggests that the
underground occurring salt is a possible source for
groundwater salinization. It is not clear if none, one or
both of these anthropogenic activities are the trigger
and/or contributor of the existing salt karstification.
This thesis attempts to provide an increased
understanding of the complex processes underlying
natural and anthropogenically induced interstratal
salt karstification – a key factor for effective planning
control and engineering practice.

1.2

Study area

The (hydro)geologically studied area, located southeast
of Basel, Switzerland (Figure 1.1A), comprises the
small town of Muttenz, part of the small town of
Pratteln and the industrial zone of Schweizerhalle
near the river Rhine. In this area, the Rhine forms a

natural border to Germany. The (hydro)geology in this
area is well documented, however, subsidence data is
scarce. This section first provides geological (Section
1.2.1) and surface leveling data (Section 1.2.1.1) and
subsequently describes the hydrogeological conditions
(Section 1.2.2) and potential subsidence-promoting
anthropogenic activities (Section 1.2.3).

1.2.1 Geological setting
The study area is located in the Tabular Jura on the
southeastern border of the Upper Rhine Graben
(Figure 1.1A). The Triassic and Jurassic strata in this
area form part of the sedimentary cover of the Variscan
basement of the Black Forest. The sediments dip
gently southward, generally 5−10° and are overlain
by Quaternary sediments (Hauber, 1980). The most
striking tectonic feature of the region is the presence
of a large number of normal faults, mainly found in
NNE−SSW direction, but also in WWN−EES direction
resulting in faulted blocks, horsts and grabens (cf.
Figure 1.1A, Figure 1.2A, and Figure 1.2B). These
faults date back to the subsidence of the Rhine Graben
in Eocene-Oligocene times (Pearson et al., 1991).
The Rhine Graben is a rift valley separating the Black
Forest from the Vosges (Hauber, 1980).
Figure 1.3 provides a schematic, stratigraphic section
of the Middle Muschelkalk upwards, emphasizing
units of hydrogeological significance in this region.
In the following, the description of the sedimentary
sequences is based on Pearson et al. (1991), its
thicknesses on Bitterli-Brunner and Fischer (1988), if
not specified otherwise.
The Middle Muschelkalk is dominated by evaporitic
facies. The Lower Sulfatzone (a few m thick) is
characterized by an alternation of shales and bedded
massive anhydrite. The following rock salt layer (up
to 50 m thick and more) consists of continuous salt
beds with horizontal interbedded marls and anhydrite
(Herzog, 1956; Hauber, 1971). The overlain Upper
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Figure 1.1 A) Location map
showing the position of the new
railway line (Adler tunnel),
the lithologies and the main
tectonic structures of the Rhine
valley southeast of Basel,
Switzerland (modified from
Hauber et al., 2000). B) Land
subsidence areas (Aegerter
& Bosshardt et al., 1999;
Fachhochschule beider Basel,
2000), brine production fields
(Bitterli-Brunner and Fischer,
1988) and discharging wells
in the Schweizerhalle region
(geological database of the
Basel region, Geodata). The two
hydrogeological cross-sections
(X−X’ and Y−Y’) are shown in
Figure 1.2. Note that due to the
current politically explosive
subject of land subsidence in the
study area, only limited data is
presented (in accordance with
A. Auckenthaler, canton BaselLandschaft).
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Sulfatzone exhibits the same but a far thicker (up to
50 m and more) succession than the Lower Sulfatzone.
The evaporitic sequence is capped by a ∼10 m thick
sequence of porous dolomite. The Upper Muschelkalk
(50−60 m) consists of marine limestones overlain by
a 15−25 m thick bituminous dolomite (TrigonodusDolomit).
Loss of circulation

A)

1.2 Study area

thick (up to 150 m and more). The Lettenkohle of the
Lower Keuper (∼5 m) consists of porous dolomite
beds separated by the thinner beds of shales. The
Middle Keuper is mostly characterized by the thick
Gipskeuper (60−100 m), a heterogeneous formation
comprising gypsum or anhydrite, shale and dolomitic
marls. The Gipskeuper is overlain by Schilfsandstein,
which represents fluvial channel facies, and by the
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associated overbank deposits of the Untere Bunte
Mergel, mainly consisting of variegated dolomitic
marls. The total thickness varies from 20−25 m. A
further sequence of up to 30 m thick variegated marls
(Obere Bunte Mergel) is separated from the lower
marls by an up to 10 m thick dolomite (Gansinger
Dolomit). The Upper Keuper is characterized by rapid
lateral facies changes varying in thickness from 1−5
m. Dark grey shales, fine-grained quartz sandstones
and bonebeds are the dominant lithologies.
The Liassic (20−50 m) consists of thick argillaceous
intervals including the Posidonia Shales, with
intercalated nodular and well-bedded limestones, as
well as a few ferruginous oolites. The Lower Liassic
Arietenkalk (up to 5 m thick) is porous in some areas
due to the occurrence of fractures and the presence
of secondary porosity. The uppermost ∼100 m of
the Jurassic sediments comprise of a monotonous
sequence of dark grey, silty, micaceous clays (Aalenian
Opaliunus-clay).

region, however, their real extension is unknown
due to scarce data (Figure 1.1B). Furthermore, these
subsidence areas are difficult to observe in the field.
The Fachhochschule beider Basel (2000; subsidence
data, 2002) provided the database for the western
subsidence area. Aegerter & Bosshardt et al. (1999)
and Schmidt + Partner AG (subsidence data, 2002)
supplied the data for Lachmatt’s subsidence area.
Based on the available data for the two subsidence
areas, the following conclusions can be drawn (cf. also
Geologisch-Paläontologisches Institut der Universität
Basel, 2003):
-

Land subsidence occurs over large areas. The
size of the western subsidence area is at least ∼1
km2; the size of Lachmatt’s subsidence area is at
least ∼0.4 km2 (Figure 1.1B).

-

Two centers of subsidence can be recognized
within the western subsidence area: the southern
center has an oval shape of ∼300 × ∼800 m
elongated along the regional tectonic trend
(parallel to the faults). The northern circular
depression is up to ∼300 m wide. Lachmatt’s
subsidence area reveals, as the southern center in
the other subsidence area, an elongate subsidence
bowl of at least ∼150 × ∼300 m with approx. the
same longitudinal alignment.

-

The examined areas subside gradually. The
average maximum subsidence velocity detected

An unconformity separates the Triassic and Jurassic
strata from the unconsolidated Quaternary cover. This
cover consists of fluvio-glacial gravel of up to 50 m
thickness.
1.2.1.1 Surface subsidence
Two larger subsidence areas were detected in this

Stratigraphy
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HMK Limestones, bedded
US
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Figure 1.3 Schematic, stratigraphic section showing hydrogeological characteristics of the study area (modified from
Bitterli-Brunner and Fischer, 1988; modified from Pearson et al., 1991). GD = Gansinger Dolomit, SH = Schilfsandstein,
LK = Lettenkohle, TD = Trigonodus-Dolomit, DZ = Dolomitzone, US = Upper Sulfatzone, RS = rock salt layer, LS =
Lower Sulfatzone.
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for the western subsidence area and for the
subsidence are in Lachmatt amounted to ∼1.3 cm
y‑1 and ∼1 cm month‑1, respectively, which are
considered extremely fast subsidence velocities
in geological terms.
-

Both vertical and horizontal displacements were
detected in the Lachmatt’s subsidence area.

1.2.2 Hydrogeological setting
1.2.2.1 General situation
Figure 1.3 presents a schematic, stratigraphic and
hydrogeological profile of the study area. To focus on
the existing interstratal evaporite karst in the study area,
two hydrogeological cross-sections (oriented NW−SE
and WNW−ESE, respectively) were constructed
using the existing geological (borehole descriptions,
geological maps, geological cross-sections) and
hydrogeological information (geological database of
the Basel region; Geodata), including subsidence data
(cf. Section 1.2.1.1). The line of section X−X’ (Figure
1.2A) is located in the Schweizerhalle area close to the
river Rhine. The line of section Y−Y’ (Figure 1.2B)
cuts through both subsidence areas (Figure 1.1B).
The Quaternary contains unconfined groundwater
(pore aquifer). The underlying carbonate rocks
(limestone, dolomite) and evaporites (gypsum,
anhydrite, rock salt) are karstifiable. This results in
the occurrence of different karst types or aquifers,
respectively, situated one above the other.
The regional aquifer in the bedrock is the mainly
confined Upper Muschelkalk aquifer (carbonate
karst aquifer), which consists in this region of the
formations of the Upper Muschelkalk (TrigonodusDolomit and Hauptmuschelkalk) and the Dolomitzone
of the Middle Muschelkalk (Gürler et al., 1987;
Pearson et al., 1991). The facies of the Lettenkohle
may provide part of the Upper Muschelkalk aquifer
(Pearson et al., 1991). The aquifer is up to roughly
100 m thick (Figure 1.3). Hydraulic barriers overlie
(Gipskeuper) and underlie (Upper Sulfatzone) this
Upper Muschelkalk aquifer. Between the Quaternary
and Upper Muschelkalk aquifer, some spatially limited
aquifers are present in the lower part of the Lias
and upper part of the Keuper, e.g. some limestones,
dolomites and sandstones (e.g., Pearson et al., 1991).
According to Gürler et al. (1987), sulfate dissolution
in the Gipskeuper is of minor relevance due to the
A 3D geological model was constructed for the study
area using the software package GOCAD (Geological
Objects Computer Aided Design) (Spottke et al., 2005).


limited or lack of open fractures. Due to the dip of
the Mesozoic strata, the overlying pore aquifer of
the Quaternary and the underlying Triassic karstified
Upper Muschelkalk aquifer represent in some places a
continuous aquifer in vertical direction (Figure 1.2A).
The continuity of the bedrock aquifers is affected by
faulting, however, these faults may possibly represent
major groundwater flow paths favoring the vertical
exchange of groundwater also across aquitards (Gürler
et al., 1987; Pearson et al., 1991).
Until three salt drillings were conducted in the
Lachmatt area in 1998, the less soluble Upper
Sulfatzone was believed to protect the underlying
highly soluble rock salt (halite) from dissolution (L.
Hauber, 2003, personal communication). However,
since the end of the 1990s we know that despite
this protection, circulating Na-Cl-undersaturated
groundwater is dissolving the halite at least below
Lachmatt’s subsidence area (cf. more in Section
1.2.2.2).
The groundwater flow in the study area is strongly
influenced by the geometry and thickness of the
Quaternary alluvial deposits, by the geological structure
of the NNE-SSW-trending blocks, horsts and grabens
and by the hydraulic boundary conditions, such as the
Rhine river level, groundwater pumping and artificial
recharge (Spottke et al., 2005). At Schweizerhalle, the
Quaternary pore aquifer and/or Upper Muschelkalk
aquifer are exploited for large-scale industrial water
supply. Groundwater modeling results reveal that
pumping affects the groundwater flow field in the
Upper Muschelkalk aquifer at distances of up to
2 km to the south (Spottke et al., 2005). The well
screen of the discharging wells may reach down to
the base of the Upper Muschelkalk aquifer (Figure
1.2A). This is of importance, as deeper wells can
enhance the discharge of lower lying saltwater and
thus may accelerate salt karstification. The pumped
Muschelkalk groundwater in the Schweizerhalle area
contains relatively high concentrations of Na+ and
Cl‑ (up to several hundreds mg Cl‑ per l), and some
discharging wells reveal Na/Cl molar ratios between
0.77 and 1.16. This suggests that the underground
rock salt layer is a possible source of groundwater
salinization (BMG Engineering AG, 1997). Thereby
it has to be considered that the composition of the
aquifer water in those wells can also be influenced
by infiltration of Rhine water and by small artificial
ponds/rivers (discharged water from the river Rhine)
located northwest of Schweizerhalle used for artificial
groundwater recharge (BMG Engineering AG, 1997;
Spottke et al., 2005).
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1.2.2.2 Key findings of the three salt drillings in
Lachmatt
Proof of the evidence of an interstratal evaporite karst
below Lachmatt’s subsidence area was obtained by
three deep salt drillings in this subsidence area (Figure
1.1B). Borehole fluid logging was conducted in all the
drillings (Geotest, 1998; Aegerter & Bosshardt et al.,
1999; Hauber et al., 2000).
Aside from the unexpected existence of evaporite
karst, the other results obtained from all three drill
cores concurred with the anticipated data and are
well-known from the numerous drillings conducted
in this area. However, in a ∼10 m thick zone directly
over the top of the rock salt layer at ∼150 m below
ground level, an interstratal evaporite karst was
drilled through. The most important observations and
measurements can be summarized as follows:
-

Loss of circulation was observed over this entire
zone (Figure 1.2C).

-

Loss of drill core directly over the top of the
rock salt layer over a ∼<2 m section was noticed
(Figure 1.2C).

-

A mixture of relatively insoluble components
(solution residues) plus fragments from the lowest
section of the Upper Sulfatzone was observed
over the entire zone.

-

Fluid electrical conductivity logs confirmed the
occurrence of several Na-Cl-undersaturated
water inflows (15−38 mS cm‑1 at 20°C) in a zone
between ∼1.5 and ∼8 m over the top of the rock
salt layer. However, even values <15 mS cm‑1 are
considered for Na-Cl-undersaturated water due
to mixing with the initially filled Na-Cl-saturated
brine (∼230 mS cm‑1 at 20°C) in the borehole.

Further down in the rock salt layer, no signs of leaching
were detected except in one salt drilling between ∼1.7
and ∼2.4 m below the top of the rock salt layer where
a cavity, filled with solution residues and gypsum
crystals, was drilled through.
Based on these facts, it was concluded that a ∼<2 m
high open solution cavity (salt karst) filled with brine
exists in Lachmatt at the top of the rock salt. Directly
over it, the lowest section of the Upper Sulfatzone
is fractured over a thickness of ∼8 m (sulfate karst;
Figure 1.2C). The water inflows must be attributed to
hydraulically important open fractures and dissolution
zones. The presence of flowing Na-Cl-undersaturated
groundwater close to the top of the rock salt layer
attests to the existence of on-going dissolution of
halite and gypsum/anhydrite. Weathering residuum
and gypsum crystals also clearly point to recent


admission of undersaturated water. This interstratal
karstification is part of a regional groundwater flow
system. The supply of relatively fresh groundwater to
the top of the rock salt layer is probably recharged
from the Upper Muschelkalk aquifer down through
permeable faults. Thus, this ∼10 m thick zone is
hydraulically connected over fractures with the upper
multiaquifer formation.
This evaporite karst is responsible for the subsidence of
the earth's surface (see Section 1.2.1.1), since the data
from a borehole extensometer in this subsidence zone
revealed that the overlying strata subside altogether.
The rock salt layer itself proves to be stable, as it is
not affected by subsidence (Aegerter & Bosshardt et
al., 1999; Hauber et al., 2000). It can be assumed that
only the deeper parts of the Upper Sulfatzone, close to
the actual leaching area, are in fact broken up and have
led with time to the development of a gypsum karst
above the already existing salt karst (Hauber et al.,
2000). Furthermore, the fact that saltwater enhances
gypsum karstification by ionic-strength effect should
also be accounted for (e.g., Harvie et al., 1982).
1.2.2.3 Hypothesis extension of the tabular interstratal evaporite karst
Based on Geotest (1998), Aegerter & Bosshardt et al.
(1999), Hauber et al. (2000) and on knowledge about
such karst systems (e.g., Spackeler, 1957; Johnson,
1981, 1992; Reuter and Tolmačëv, 1990; Reuter et al.,
1992; Reuter and Stoyan, 1993), it can be concluded
that a tabular interstratal evaporite karst lies parallel
to the stratigraphic sequence at the top of the rock salt
layer at least below Lachmatt’s subsidence area. The
same kind of subsidence source can be reasonably
assumed for the western subsidence area (Figure
1.1B, Figure 1.2B and Figure 1.2C). This assumption
is also substantiated by the surface leveling data and
borehole description of two salt drillings (Figure
1.1B) in or near this subsidence area (GeologischPaläontologisches Institut der Universität Basel,
2003).

1.2.3 Extraction of salt
Anthropogenic activities in this area, which could
increase the amount of salt dissolution at the top of the
rock salt layer, are (1) groundwater tappings from the
Quaternary pore aquifer and/or Upper Muschelkalk
aquifer resulting in saltwater (Na-Cl) upconing below
pumping wells (see Section 1.2.2.1) and (2) extraction
of salt by solution mining of halite.
The United Swiss Salt Works extract dissolved salt

1.3 Experimental laboratory approaches

from inside the rock salt layer by solution mining of
halite (e.g., Hauber et al., 1997). Na-Cl brine is still
extracted in the south of the study area. A closed brine
production field exists near the river Rhine (Figure
1.1). Unfortunately, information on the stability of the
salt caverns etc. in this region is scarce, as data are
not publicized for competitive reasons. Consequently,
uncontrolled salt dissolution cannot be excluded from
a scientific point of view.

or from above (vertically-oriented or inclined
borehole). In the second setup, saltwater upconing
in a freshwater aquifer was studied and numerically
modeled in a 2D flow tank containing a porous
medium (solute transport experiments). This setup
was designed as a test problem (benchmarking) for
density-dependent computer codes. Here fore an
adequate non-commercial measuring technique had
to be developed first to allow indirect measurement
of solute concentrations of Na-Cl over a wide range
in the flow tank.

1.3 Experimental laboratory approaches

The rock salt dissolution experiments were
conducted at the University of Basel, the solute
transport experiments at the University Louis Pasteur
Strasbourg. Both these general experimental setups
had to be developed and constructed for the required
purposes. Seventeen experiments were conducted
totally, fourteen in Basel and three in Strasbourg
(Table 1.1).

An overall understanding of the complexity of the
regional groundwater flow system can only be achieved
by understanding each single aquifer/aquifer group
and their interaction with each other. Furthermore,
reliable data on the genesis of the interstratal evaporite
karst is difficult to obtain for this region as:
(1) Piezometers reaching the salt layer are missing.

1.4 Aims and structure of the pres(2) Neither hydraulic data nor any reliable ent thesis
groundwater chemical analyses exist on this deep
karst system.

(3) The regional groundwater flow system,
hydraulically connected with the interstratal
evaporite karst, is widely unknown. Particularly
where NaCl-depleted water migrates downward
(e.g., along faults) and/or maybe even laterally
(e.g., from an aquifer opposite this karst system
at a fault) to the salt beds, and where the resulting
NaCl-enriched water escapes laterally and/or
upward.
To overcome the complex problems and costs of field
measurements, the study of salt karstification was
scaled down to the laboratory.
Two general experimental setups were introduced:
in the first setup, dissolution of rock salt (halite)
was studied by pumping freshwater into undisturbed
cores of rock salt through a horizontally, vertically
or inclined-oriented borehole (rock salt dissolution
experiments). These experiments were conducted
to study the effect induced by freshwater contacting
rock salt from below (horizontally-oriented borehole)

For this thesis, mainly laboratory-analog solute
transport experiments in 2D and 3D flow tanks were
originally planned to study and numerically model the
saltwater upconing process above a high-density brine.
Initially, the aforementioned rock salt dissolution
experiments were only considered to be conducted as a
single preliminary experiment to study the relationship
between flow velocity and salt concentration (see
application proposal; grant 21.65092.01). However,
due to the unexpected discovery of a unusual
dissolution cavity after the first rock salt dissolution
experiment, this general experimental setup was
further developed and additional dissolution runs
were conducted. The latter general experimental setup
allowed to understand through serendipity the genesis
and morphologies of cavities with tip-down cavity
cross-section in salt and gypsum deposits as well as
interstratal salt cavities at the top of salt deposits and
related overlying subsidence forms.
Although anthropogenic activities are well-known to
possibly induce far more rapid and serious subsidences,

Rock salt dissolution experiments:
- Horizontally oriented borehole
- Vertically oriented or inclined borehole
Solute transport experiments

Number of experiments
8
6
3

Table 1.1 Conducted experiments in this thesis.
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notably through mining and fluid withdrawal, causing
accelerated salt dissolution (e.g., Waltham, 1989), the
answer to the question whether the evaporite karst
geohazard in the Muttenz-Pratteln region is natural
and/or man-made is not the aim of this thesis nor can
it be answered by the conducted experiments.
The present thesis comprises seven chapters; two
were prepared for submission to scientific journals
(Chapters 2 and 3). Note that the use of parameter
abbreviations may change from one chapter to another.
The topics and objectives of the individual chapters
are outlined below:
Chapters 2 and 3 present the rock salt dissolution
experiments with a horizontally oriented borehole.
In Chapter 2, the experimental results are used to
understand the genesis and shape of natural cavities
within a salt body. These experimental results are also
upscaled and compared to natural and man-made salt
cavities on a field scale. The same experimental results
are also used to understand the genesis and shape
of gypsum cave passages with tip-down triangular
cross-section, taking into account the existing models
presented at the beginning as literature review
(Chapter 3).
Chapter 4 contains the rock salt dissolution experiments
with a vertical or inclined oriented borehole. The
small-scale solution cavities obtained are integrated
in a model for interstratal karst development in the
context of horst and graben structures as observed in
the Muttenz-Pratteln region. The reason for elongate
subsidence troughs parallel to the fault system can
thus be explained.
Chapter 5 describes the development of a new
resistance measuring cell for in situ determination of
solute concentration in laboratory tanks. In Chapter
6, this technique is then used in the newly developed
and therein presented 2D flow tank designed as a test
problem (benchmarking). The results and discussion
on the conducted solute transport experiments indicate
the need for further development of the experimental
setup.
Chapter 7 summarizes the main conclusions,
limitations and future perspectives.
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Abstract
Since the genesis and shape of natural deep-seated cavities within a salt body are insufficiently understood,
the current study tries to shed some light on this topic. To this end, freshwater was pumped slowly through a
horizontal borehole in rock salt cores. Due to fast halite dissolution kinetics, high solubility and slow inflow
rate, halite dissolution took place only in the inflow of the rock salt cylinder. The shape of the created cavities
is approximately a symmetrical half of a cone with a horizontal base facing upward. A conceptual model is
presented inspired by the experimental results and based on theoretical, hydraulic-geochemical considerations,
as well as on field observations. It proposes that triangular prism or conically shaped cavities develop within
salt under confined conditions, where aggressive water flows upward along a fracture/conduit from an insoluble
aquifer into the soluble stratum. Such cavity enlargements may cause land subsidence and structure collapse.
KEYWORDS: salt karst, buoyancy, halite dissolution, horizontal ceiling, facet, subsidence

2.1

Introduction

Salt deposits, such as rock salt, are widespread in
continental regions (Kozary et al., 1968). However,
due to their high solubility more than 99% of these
deposits do not outcrop except for a few deposits in arid
or cold regions (Ford and Williams, 2007). Circulating
groundwater dissolves and selectively removes the
buried salt layers leading to salt karstification. Salt
karst, spread worldwide over extensive areas (e.g.,
Quinlan et al., 1986; Frumkin, 2000), causes land
subsidences or catastrophic collapses that originate
from dissolution cavities above or within the largely
impermeable salt deposits (e.g., Anderson and
Kirkland, 1980; Reuter and Stoyan, 1993; Martinez
et al., 1998; Frumkin and Raz, 2001). Such solution
cavities can occur at depths of more than 1000 meters
below the surface (Ford and Williams, 2007). In
addition, other common undesirable effects of salt
karstification are associated with water quality, e.g.,
high mineralization and salinization (e.g., Johnson,

1981), geohazards induced by human activities, e.g.,
construction of dams and reservoirs (e.g., James
and Kirkpatrick, 1980; James, 1992), mining (e.g.,
Waltham, 1989; Martinez et al., 1998; Cooper, 2002) or
groundwater pumping (e.g., Waltham, 1989; Cooper,
2002). Moreover, salt cavities may have a serious
impact on highly sensitive sites, such as radioactive
waste repositories situated in salt rock units (Anderson
and Kirkland, 1980; Dijk and Berkowitz, 2000).
Dissolution of deep-seated salt occurs when
groundwater undersaturated with respect to the highly
soluble salt minerals enters into contact with the salt
body. Groundwater can interact with a salt body from
above (e.g., Johnson, 1981; Reuter and Stoyan, 1993),
from the side (e.g., McManus and Hanor, 1993), or from
below (e.g., Anderson and Kirkland, 1980) resulting
in different dissolution phenomena. In this study, we
investigate the salt dissolution process induced by
interaction of freshwater from below a salt body via
a communicating fracture system as it might occur
between a confined carbonate or clastic freshwater
11
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aquifer and an overlying practically impermeable,
but highly soluble, salt body (Anderson and Kirkland,
1980). In such a setting, solution cavities are created
by concentration-driven buoyant flow coupled with
salt dissolution, thereby generating continuous
gravitational brine movement (Anderson and
Kirkland, 1980). Preferential dissolution thus occurs
at higher elevation of a developing cavity leading to
a cavity expanding selectively into the overlying salt
rock and a broadening of the cavity upwards (Dijk and
Berkowitz, 2000). When combined, the solution cavity
morphology is a function of the interplay between
water flow (i.e., forced convection), salt dissolution
(i.e., equilibrium chemistry and dissolution kinetics),
and buoyancy (i.e., free convection of stratified fluids
with density gradients due to solute concentration
gradients). Regarding buoyancy, fluids with higher
solute concentrations fall, whereas fluids with lower
concentrations rise elsewhere (e.g., Gebhart et al.,
1988). Nevertheless, the natural genesis and shape
of deep-seated brine-filled cavities within a salt body
are poorly understood. To improve the conceptual
understanding of the interplay between the relevant
processes and the solution cavity morphology,
particular focus was placed on visualizing the
flowlines within such cavities during their growth and
the cavity enlargement.
The study of fluid density effects in nature was scaled
down to a laboratory dissolution experiment where
freshwater was slowly pumped into rock salt cores
through a horizontally oriented borehole (Figure
2.1A). Small scale experiments offer the possibility
of managing boundary and initial conditions and
repeating the experiments under very similar
conditions. It is therefore very useful to improve our
qualitative understanding of the processes even if
some elementary processes like diffusion or gravity
cannot be scaled down. To visualize the dynamics
of concentration-driven buoyant flow coupled with
halite dissolution in the newly forming cavities, the
fluorescence property of uranine-containing water was
used. The fast dissolution kinetics and high solubility
of halite (e.g., Alkattan et al., 1997) make rock salt
dissolution experiments suitable for studying such
phenomena because the experiments are completed
within a relatively short time. In addition, leakage
within a block of rock salt material can be excluded
because the primary porosity of rock salt is negligible.
Kegel (1951) conducted an experiment based on a
similar procedure. He showed that a conical cavity
with a horizontal base facing upward develops when
freshwater is injected into a salt block from below.
The experimental results (demonstrated in this study)
are upscaled and compared to both natural and man12

made solution cavities.
This paper aims at elucidating the genesis and
shape of natural cavities in salt formations. A good
understanding of the hydrodynamics in salt karst
coupled with salt dissolution mechanisms is crucial
for assessing subsidence hazards, and for devising
engineering precautions as well as management
and protection measures of water resources in areas
overlying salt formations. Furthermore, it facilitates
determination of long-term waste storage strategies
and optimization of industrial processes (e.g., salt
mining) in natural salt formations.

2.2

Experimental procedure

2.2.1 Experimental setup
The experiments were set up to study the effect
induced by freshwater contacting rock salt from
below. Dissolution of rock salt (halite) was studied by
pumping freshwater (tap water) into undisturbed cores
of rock salt through a horizontally oriented borehole.
It is of course an over-simplified representation of a
natural system.
A constant inflow flow rate was ensured by a peristaltic
pump (Ismatec model ISM 795) operated at low
flow velocities (see below). The experimental setup
is illustrated schematically in Figure 2.1A (cf. also
Appendix A.1.1). The rock salt cylinders of ∼10 cm
in diameter and length were cut from drill cores of a
Triassic rock salt layer southeast of Basel, Switzerland.
A small borehole (Ø 4 mm) was then drilled into the
center of each rock salt core. The polished ends of the
core cylinders were molded in clear Plexiglas flanges
with clear silicone rubber. The silicone-sealed ends
of the cylinders prevented water circulation at the
surfaces of the core ends. The flanges were connected
via a Plexiglas tube (4 mm inner diameter) with the
Tygon tubing and silicone tube (see Figure 2.1A). The
Plexiglas tubes and borehole were sometimes slightly
displaced from one another. Furthermore, it was not
possible in the experiment to have a straight vertical
cylinder end at the inflow (accuracy about ±1°). The
tap water used originated from the municipal drinking
water supply of Basel city (Na+: 8.0−18.2 mg l‑1;
Cl‑: 9.3−13.6 mg l‑1; initial pH: 7.2−8.2). The water
temperature corresponded to the controlled room
temperature (20.8 ± 1.7°C). Eight dissolution runs
were conducted in total. The experimental conditions
are given in Table 2.1. The dissolution runs in Table
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A)

Laboratory
conductivity
meter

Tygon tubing
Threaded rod

and/or
Plexiglas
tube

Peristaltic
pump
100 ml

100 ml

Uraninecontaining
freshwater

Freshwater

Silicone tube

Original
hole
Ø = 4 mm

Flow rate:
~10 or ~80 mm3 min-1

Data flow

~10 cm

1.1452 g
Gravimetric
Conductivity determination
measuring flow- of outflow
thru cell

B)

Ultra-high pressure
mercury lamp
Excitation
filter

Ex

cit

ati

on

lig

ht

Digital Video
Camera Recorder

Fluorescence light

Solution
cavity

Suppression
filter

Clear Plexiglas flange
Clear 1- and 2-component silicone rubber

Core of rock salt (Ø ~10 cm)

Figure 2.1 A) Schematic view of the experimental setup for the laboratory dissolution runs. Note that the drilled borehole
in the core sample as well as the inflow and outflow tubes were filled with a filtered, halite-saturated brine before starting
a dissolution run. B) Diagram of experimental setup for visualizing flow circulation and cavity growth by incident light
excitation of water with fluorescent dye (uranine).

Drill core of
Drilling
Peristaltic pump
Tracer input
Interval recording
powder
rock salt
Run
Average Running
Interval Recording
Borehole
After start
Halite
Duration
number
inflow rate time
pumping
time
time
length
Weight-%
mm3 min-1
h
h
min
s
s
cm
RS2
8.8
97
9.196
96.00
RS10
10.9
99
8.628
46.90
38.60
45
30
0.5
RS11
11.3
98
9.745
56.72
RS15
10.2
98
85.15
4.80
4.50
5
Continuous
RS17
8.8
92
73.83
6.30
a
31.04
RS19
10.5
95
23.34
b
28.21
RS21
10.3
85
14.61
RS23
9.9
94
77.06
6.80
0
Continuous 600
0.5
a
9.679 mm3 min-1 for 24.44 h, afterwards 76.05 mm3 min-1 for 6.60 h
b
3
-1
3
-1
83.27 mm min for 2.00 h, afterwards 9.162 mm min for 26.21 h

Table 2.1 Experimental conditions for the eight dissolution runs (cf. also Appendix A.3).
13

2.2 Experimental procedure

2.1 are termed as follows: RS2 refers to Rock Salt and
dissolution run no. 2.
Prior to starting the experiments, the borehole and
tubes were filled in vertical position from the bottom
up with a filtered (Schleicher-Schuell membrane filter
0.45 μm) halite-saturated brine, which had been in
contact with rock salt for several months, to avoid
borehole wall dissolution before the actual start of
the experiments. The brine's salts concentrations were
similar to those of the NaCl-saturated brine from
solution-mined caverns in the same rock material:
NaCl = 300−310 g l‑1, CaSO4 = 5.0−5.5 g l‑1, MgSO4 =
0.3−0.4 g l‑1, and MgCl2 = 0.1−0.2 g l‑1 (specification
of NaCl-saturated brine; code-No. 9400; United
Swiss Saltworks). The average volumetric inflow rate
was measured as volume change of inlet freshwater
between the start and the end of an experiment
divided by running time. For the flow experiments,
the average inflow rate was ∼10 or ∼80 mm3 min‑1
over time scales of 4.8−96.0 hours (see Table 2.1). In
an initially 4-mm diameter borehole, this corresponds
to a mean horizontal initial water velocity of ∼1.1
m d‑1 or ∼8.8 m d‑1, which is realistic as within the
velocity range of groundwater flow in a hypogenic
underground karst system (e.g., Ford and Williams,
2007). In two dissolution runs (RS19 and RS21), the
inflow rate was changed once during the experiment
to determine its influence on cavity morphology
(see Table 2.1). All dissolution runs were terminated
before a solution cavity could reach the lateral surface
area of the cylinder. The initial Reynolds number is
defined here as

Re

U vd
P

dmCl  ·ρ is the density,
§ dmNa 2007),
·
§ where
(e.g., Ford and Williams,
R
¨
¸
¨
c
v the mean horizontal
velocity and ¸μ the dynamic
© dt ¹ s ,c © dt ¹ s ,c
viscosity of the solution flowing through a borehole
| kc (aceqNaCl-saturated
, c  cs )
brine, ρ is ∼1.2
of diameter d. For
3
‑3
‑3
× 10 kg m and μ is ∼1.99 × 10 kg m‑1 s‑1 (Zaytsev
  J r , NaCl
and Aseyev, 1992).RThus,
the,ceqinitialRflow was clearly
|
kc {
0.5
laminar with Reynolds K
numbers
<0.3.
ceq ,c Preparation of
halite-saturated brine, filling of the borehole/tubes
and start of a dissolution run were always conducted
successively and rapidly to avoid halite precipitation
in the flow system. Rt kt (cs  cb )
Electrical conductivity (at 25°C) of the outflow brine
dV in a flow-thru cell (WTW
was measuredPrsperiodically
 Uh 
Q(ceq  cin )
dt connected to a laboratory
model TetraCon DU/T)
conductivity meter (WTW model
inolab Cond Level
3
‑1
g±1
 'mS
U  Hcm
2) with an error
of
.
Due
to slow inflow
Ra
  1700
rates, the injected water
P  Darrived with a time lag of
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up to an estimated several hours in the conductivity
measuring flow-thru cell (see Figure 2.1A). The
electrical conductivity of the initial freshwater was
measured with an error of ±2 µS cm‑1. The solution
emerging from the outflow tube was collected in a
flask standing on a balance (Mettler Toledo model
AG204) and its cumulative weight was measured
periodically with an error of ±0.1 mg (see Figure
2.1A). Data were collected automatically at regular
intervals using a data acquisition system. Data on
electrical conductivity were recorded at hourly
intervals, and on the discharging solution at 5-min
intervals. The cumulative weight of the discharging
solution was monitored to detect possible leaking or
clogging (halite precipitation) during a dissolution
run, which would be indicated by a decrease or
constant value, respectively, in the cumulative weight
of the discharging solution over time.
For visualization of the processes taking place at
the entry area of the small borehole the freshwater
was dyed with a small amount of water-soluble
fluorescent tracer uranine (0.001 g uranine for 100 ml
of freshwater). The added uranine (Na-fluorescein)
concentration is negligible for mass balance calculation
of the solution. Fluorescence intensity of uranine is
strongest at the chosen dilution (Käss, 1998). Different
instruments were used to record the fluorescence
pattern: a suitable light source, strong in the near UV
and visible short wavelength regions (Leitz ultra-high
pressure mercury lamp, 200 W short arc mercury
lamp), excitation and suppression filters (Schott model
FITCA-40 and FITCE-45, respectively) and a digital
video camera recorder (Sony model DCR-TRV27E)
(Figure 2.1B). The dissolution runs RS10, RS15 and
RS23 were captured in the darkroom on time-lapse
video for subsequent qualitative analysis (cf. also
Appendix A.1.1). To visualize and record flowlines
(dissolution runs RS10 and RS15), the traced water
(2.1)
was injected for 45
and 5 minutes, respectively, during
the experiment (pulse input). For cavity enlargement
(dissolution run RS23), traced water was injected
throughout the experiment. The experimental data
on tracer input and snapshot recording are presented
in Table 2.1. The recordings were digitized and then
extracted as single bitmap image frames and corrected
for distortion. The correction error is about ±1 mm.
After the drill core(2.2)
was removed of the holder system,
the undisturbed final solution cavities were inspected
macroscopically and by means of scanning electron
(2.3)
microscope (SEM)
techniques.

(2.4)
(2.5)

2.3 Results

2.2.2 Mineralogical analysis of the source 2.3
rock
The drilling powder of all cores was examined using
X-ray diffraction (Siemens model D5000) and fluorescence (Siemens model SRS 3000). Since the
drilling powder alone did not reveal minor minerals,
the results from the mineralogical analyses of the
filters coated with water-insoluble phases (see Section
2.2.3) were also considered. The studied rock mainly
consists of 85−99 weight-% coarse halite (see Table
2.1) with minor amounts (impurities) of anhydrite,
dolomite, quartz, and clay minerals illite-muscovite
and chlorite (cf. also Appendix A.2). The minor
minerals may occur as discrete thin layers or are
disseminated within the halite.

2.2.3 Determination of dissolved halite
volume
The volume difference between the initially drilled
borehole and the final enlarged borehole was determined
by the difference in weight of the NaCl-saturated
brine used to fill the openings before and after the
experiment. Undissolved particles that accumulated
in the cavities were collected and weighted according
to the method described by Clesceri et al. (1998).
For the calculation of the solution residue volume,
the undissolved particles were investigated by X-ray
diffraction to estimate an average mineral density. The
dissolved halite volume equals the measured volume
difference minus the volume of rinsed-out impurities.
The analytical error of the volume difference obtained
is about ±0.1 cm3.

Run
number
RS2
RS10
RS11
RS15
RS17
RS19
RS21
RS23

Initially filled NaCl-saturated brine
Fluid
Electrical
density
conductivity
-1
g cm-3
mS cm
1.193
244
245
1.194
242
1.200
245
1.200
245
1.200
244
1.199
244
1.197
243
1.199

Results

2.3.1 Electrical conductivity and fluid
density
The data measured for the different dissolution runs
are given in Table 2.2. The electrical conductivity of
the initial NaCl-saturated brine ranged between 242
and 245 mS cm‑1 and that of the accessing freshwater
between 0.398 and 0.413 mS cm‑1. The mean density
was ∼1.1971 g cm‑3 for the initial brine and ∼0.9973
g cm‑3 for the freshwater. The electrical conductivity
of the outlet brine varied between 242 and 247 mS
cm‑1. In each run, an initial small increase in electrical
conductivity was observed until stable values were
attained (Figure 2.2A). The initial increase is close
to the measurement accuracy and thus reveals only
a minimal difference. This is supported by the linear
increase in the cumulative weight of the outlet brine
at a constant inflow rate in all dissolution runs (Figure
2.2B and Figure 2.2B*). The inflection point observed
for dissolution runs RS19 and RS21 corresponds to
the change in the inflow rate during the experiment
(cf. Table 2.1).

2.3.2 Dissolved halite volume
The measured cavity volume difference per
dissolution run ranged between 2.7 and 8.0 cm3 and
the measured weight of solution residues totaled
4.8−110.9 mg (Table 2.3). The mineral densities of
the detected impurities (based on Deer et al., 1992)
amount to 2.9−3.0 g cm‑3 (anhydrite), 2.86−2.93 g
cm‑3 (dolomite), 2.65 g cm‑3 (quartz), and for the clay
minerals 2.6−2.9 g cm‑3 (illite-muscovite) and 2.6−3.3
g cm‑3 (chlorite). Thus we assumed an average density
of solution residue of 2.8 g cm‑3. Given this average
Freshwater
Fluid
Electrical
density conductivity
-3
-1
g cm
mS cm
0.9962
0.402
0.9972
0.407
0.9973
0.398
0.9975
0.413
0.9969
0.408
0.9979
0.403
0.9980
0.406
0.9982
0.400

Outlet brine
Electrical
conductivity
-1
mS cm
244-247
244-247
242-247
245-247
245-247
244-247
244-246
243-246

Table 2.2 Fluid density and/or electrical conductivity data of initially filled NaCl-saturated brine, injected freshwater and
outlet brine of all dissolution runs (cf. also Appendix A.3).
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Figure 2.2 A) Electrical conductivity of outlet brine as a function of time, represented by the dissolution runs RS2 and
RS17. Every fourth data point is displayed as a symbol. B) Cumulative weight of discharging solution as a function of time
of dissolution runs with constant inflow rate throughout the experiment. Every 30th data point is displayed as a symbol.
B*) Cumulative weight of discharging solution as a function of time of dissolution runs with changing inflow rate once
(dissolution runs RS19 and RS21). Every 90th data point is displayed as a symbol. C) Average dissolved halite removal
rate versus average inflow rate of all dissolution runs. The solid line represents a linear fit. R = correlation coefficient.
D) Final height of solution cavity/running time versus average inflow rate of dissolution runs with triangular outlines
(without dissolution runs RS17 and RS19). The solid line represents a linear fit.

density, the solution residue volume per dissolution
run ranged between ∼0.002 and ∼0.040 cm3 (Table
2.3), which is quite clearly below the overall error
(see Section 2.2.3). Therefore, for the calculation
of the dissolved halite volume, the solution residue
volume can be neglected, so that the measured cavity
volume difference corresponds approximately to the
dissolved halite volume (Table 2.3). The average
dissolved halite removal rate was ∼1−∼14 mm3 min‑1.
The results reveal a linear correlation between the
average dissolved halite removal rate and average
16

inflow rate (Figure 2.2C; cf. also Appendix A.3).
Higher average inflow rates led to linear proportional
higher mass transfer rates.

2.3.3 Final cavity morphology
2.3.3.1 Macroscopic features
The dissolution cavities viewed three-dimensionally

2.3 Results

Solution cavity
Run
Solution residue Solution residue Dissolved halite
numbera
weighta
volumea
volumea

Cavity morphology
Inclination
Final height of
b
solution cavity
of facet
Ȗ1
Ȗ2
°
°
cm
70
86
4.2
75
83
3.2
3.0
78
84
2.9

mg
cm3
cm3
RS2
16.9
0.006
8.0
RS10
14.0
0.005
2.7
RS11
11.5
0.004
5.7
RS15
17.9
0.006
4.1
RS17
110.9
0.040
4.3
RS19
4.8
0.002
7.4
RS21
45.3
0.016
3.9
2.5
RS23
5.9
0.002
4.8
73
83
3.3
a
Solution residue weight = Weight of filter with dried residue minus weight of filter
b
Specification where the two equal sides (facet) of the triangular outlines are more or less straight
- Not measured

Table 2.3 Measured weight of solution residue, calculated volume of solution residue and dissolved halite as well as
resulting cavity geometry (inclination of facet and final cavity height) of all dissolution runs (cf. also Appendix A.3).

at the inlet are shaped roughly like a symmetrical half
of a cone with a horizontal base facing upward, or
expressed differently: when the top is sliced off of
the cone (with the cut made parallel to the base), thus
resemble a symmetrical half of a conical frustum.
The base itself has the shape of a half-ellipsoidal
surface (Figure 2.3A and Figure 2.4A). The ends of
the cylinders at the inflow (xy plane; cf. Figure 2.4A)
correspond largely to a vertical cross section through
this introduced conical frustum. The major axis of the
base lies within this cross section. The length of the
semi-minor axis is about half of the semi-major axis.
An extension (“tail cavity”) was observed further
down the borehole (Figure 2.4A). The outlines of the
cavity walls at the inflow surface of the salt cores (xy
plane) are presented in Figure 2.4B for the different
dissolution runs (cf. also Appendix A.1.2). The
morphological elements of the horizontal ceiling and
facet are clearly visible and similar to those observed
in some gypsum caves, from where the terminology
is adapted (Biese, 1931; Kempe, 1972, 1996). The
A)

Horizontal ceiling

outlines correspond for the most part to isosceles
triangles standing on the apex with a horizontal side
facing upward (dissolution runs RS2, RS10, RS15,
and RS23). Instead of legs, the lateral outline can also
be shaped somewhat like a parabola/hyperbola opened
upward (dissolution runs RS11 and RS21). Only
dissolution run RS17 reveals a bizarre outline attributed
to a lot of discrete thin layers of less soluble anhydrite.
However, the macroscopic dissolution features were
similar, independent of inflow rate and disseminated
impurity content. Furthermore, changes in inflow rate
during a dissolution run did not reveal any observable
modifications in morphology (dissolution runs RS19
and RS21). The (final) height of the solution cavity
is defined in Figure 2.4B. They were measured by
ruler with an accuracy ±0.1 cm (Table 2.3). There is
a simple positive correlation between the final height
of the solution cavity divided by running time and the
average inflow rate of dissolution runs with triangular
outlines (Figure 2.2D; cf. also Appendix A.3). Higher
average inflow rates led to linear proportional higher

B)

Figure 2.3 A) Photograph of inlet view with final cavity shape (dissolution run RS2). B) SEM photograph of cup-shaped
(concave) solution pits at the horizontal ceiling (dissolution run RS19).
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A)
y
z

Solution
cavity

x

Original
hole

Inlet view
(xy plane):

Vertical longitudinal section view
(yz plane):
Semi-minor axis

Semi-major axis
Gas
bubble
Dissolved
volume

γ2

Half conical
frustum cavity
"Tail cavity"

γ1

Original hole

Original hole
Inlet
Plexiglas
tube

Rock salt

Final height

B)

RS2

RS10

RS11

RS15

RS17

RS21

3 cm

RS23

Figure 2.4 A) Schematic diagram of the core sample with solution cavity and indication of the flowlines B) Outlines at the
inlet at the end of the dissolution runs (dissolution run RS19 is not illustrated because it was sectioned).

upward growth rates of the horizontal ceiling. Salt
dissolution in the original borehole occurred only
around the upper third section (height ∼1.5 mm) and
18

only within the first ∼3 cm along the original borehole
(Figure 2.3A and Figure 2.4A).
In the dissolution runs RS2, RS10, RS15, and RS23 the

2.3 Results

t ~2 min

t ~8 min

t ~22 min

Figure 2.5 Time-lapse, videotape recording of the flowlines at elapsed times (t) ∼2, ∼8 and ∼22 minutes after injection
of uranine-containing water into the cavity (dissolution run RS10; cf. Table 2.1). Notice the gas bubble at the horizontal
ceiling (images, left-hand side). Important factors: (1) uranine dye is not a salinity indicator, (2) the visible circle below
is caused by a silicone blob molding the Tygon tubing into the Plexiglas tube. It therefore does not correspond to the
original opening, (3) the outline of the dye cloud is not equal to the outline of the dissolution run RS10 (cf. Figure 2.4B).
Width of image corresponds to 3.3 cm.

inclination of the facet at the inflow surface (γ1) varied
in a narrow range between 70 and 78°, with an error
of ±1° (Figure 2.4A and Table 2.3). The inclination
of the facet intersecting the vertical longitudinal
section of the core through the center of the borehole
(yz plane) was determined by caliper measuring, also
with an error of ±1°, which shows inclinations (γ2) of
several degrees steeper (Figure 2.4A and Table 2.3).
There is no visible correlation between inflow rate,
finely disseminated impurity content and outlined
facet inclination. However, discrete, millimeter-thin
layers of impurities influence the triangular shape
by undercutting the facet below these layers (e.g.,
dissolution run RS15, see Figure 2.4B).
2.3.3.2 Microscopic features
Small cup-shaped solution pits cover, in a honeycomb
pattern, the horizontal ceiling of all cavities leached.
The small pits have an irregular round to oval shape in
the dimension of 1 mm (Figure 2.3B). No regularity
can be observed in the arrangement of the small
solution pits and their genesis appears not to be related
to the inhomogeneity of the rock or to the cleavage
planes of halite, the latter clearly transecting the small
pits. A similar irregular arrangement of solution pits
is established on the facet surface with the pits being
circular to oval in shape and up to a few mm in size
(Figure 2.3A).

2.3.4 Flow pattern and cavity enlargement
The uranine-containing freshwater in the inlet

Plexiglas tube was observed only within approximately
the uppermost millimeter. Gas bubbles developed in
this area during a dissolution run. The water below
the uranine-containing freshwater and gas bubbles
was clear. Therefore, the freshwater had accessed the
borehole/solution cavity through a point source and
not throughout the entire inlet Plexiglas tube section
(see Figure 2.4A).
The recorded flowlines are illustrated in Figure 2.5
and also presented schematically in Figure 2.4A.
The results clearly indicate a flow symmetrical to
the y-axis. The low-density freshwater accessing the
borehole flowed in the center along the y-axis to the
horizontal ceiling from where the fluid stream spread
sideways, forming a distinct thin horizontal layer.
Here the first mineralization and consequently change
Gas bubble
t = 6.52 h
t = 5.52 h
t = 4.52 h
t = 3.52 h
t = 2.52 h
t = 1.52 h
y
z

x
1 cm

Figure 2.6 Enlargement of solution cavity (outline of dye
cloud) and position of gas bubble (xy plane) at the entrance
of the borehole (dissolution run RS23). The elapsed times
after starting the dissolution run: hourly from 1.52 h to
6.52 h. Note that the outlines of the dye cloud are not equal
to the intersecting line of the cavity wall and cylinder end
at the end of the dissolution run (cf. Figure 2.4B).
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Height of solution cavity (cm)



2.4.1 Flow experiments


2.4.1.1 Mass transfer


The overall dissolution reaction of halite
(NaCl(s)  Na+ + Cl‑)



0
0















Time (h)

Figure 2.7 Height of solution cavity versus time of
dissolution run RS23.

in water density takes place. At the facet, an approx.
0.5−0.8 mm-thick traced and increasingly mineralized
water layer moved downwards as a film or separate
fingers to close the convection cycle.
For the dissolution runs RS10 and RS15 the flow
velocities at the facet could be visually estimated to be
in the order of ∼13 m d‑1 and ∼51 m d‑1, respectively.
Thus, the velocity of the downward moving film or
fingers was several times faster than the average flow
velocity in the z direction of the original borehole. The
relief of the facet influenced the path of the downward
moving film or fingers, indicating that the downward
moving water was in direct contact with the facet and
thus flowing along to the salt surface. A gas bubble
was always trapped at the horizontal ceiling (Figure
2.5). The gas bubble jerked occasionally sideways due
to selective dissolution of halite (Figure 2.6; cf. also
Appendix A.1.5). During a dissolution run, in the xy
plane the gas bubble at the horizontal ceiling changed
in size (Figure 2.6), and fluorescing water was never
observed above the gas bubble J(Figure 2.5).
r , NaCl , ceq

Qualitatively, the cavities enlarged through the upward
growth of the horizontal ceilingJ and simultaneously
NaCl , ceq
by sideward growth at the upperr ,end
of the facet by
tilting the latter slightly outward (Figure 2.6; cf. also
Appendix A.1.5). In dissolution run RS23, uraninecontaining freshwater was continuously injected
into the borehole (cf. Table 2.1). In this experiment
the height of the evolving solution cavity, i.e. the
upper limit of the gas bubble, was measured every
20 minutes using image analysis. As shown in Figure
2.7, these measurements reveal an increasing cavity
height, while the upward growth rate declines with
time.
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Discussion

is a physical, reversible and congruent process. The
equilibrium concentration with respect to halite at
20°C amounts to ∼317 g l‑1 (Seidell, 1965). The
density differences between undersaturated and
saturated waters with respect to halite may reach ∼0.2
g cm‑3 (Seidell, 1965).
Under the experimental conditions, halite dissolution
is a transport-controlled process; i.e., diffusion
across the boundary (or molecular diffusion) layer
is much slower than dissociation of halite ions at
the mineral surface (e.g., Lasaga, 1990; Alkattan
et al., 1997). Therefore, it can be assumed that the
concentration directly adjacent to the halite surface
(cs) is approximately that at equilibrium concentration
with respect to halite (ceq,c). Among others, on that
approximation the NaCl detachement rate from the
halite surface (Rc) can be computed from (Alkattan
et al., 1997)
U vd

Re

P
U vd

where

§ dmRe ·
§ dm  ·
Rc ¨ Na ¸ P¨ Cl ¸
© dt ¹ s ,c © dt ¹ s ,c
c ,c ·cs ) § dmCl  ·
| k§ (dm
Rc ¨c eqNa
¸
¨
¸
© dt ¹ s ,c © dt ¹ s ,c
R  J r , NaCl ,ceq
c ) | R
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K
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et al., 1997)
Rt = kt (cs − cb )

        

(2.2)

where kt represents the mass transfer coefficient and cb
the Na+ or Cl‑ concentration of in the bulk solution. In
accordance with Eq. (2.2), with increasing saturation
of the bulk solution, a linear decrease in dissolution
rates (i.e., mass halite-flux off the rock wall per unit
area and time) was demonstrated experimentally
(Alkattan et al., 1997). Furthermore, the rate of
dissolution depends upon the flow rate of the bulk
solution, which reduces the boundary layer thickness
J r , NaCl ,ceq
resulting in accelerated transport
and, therefore,
faster dissolution (e.g., Lasaga, 1990). For example,
Alkattan et al. (1997) measured the dissolution rate
of halite using the rotating disk method. They found
a linear increase for the reciprocal of dissolution rates
as a function of the inverse square root of the angular
velocity of the rotating disk.
Due to the slow water inflow rate and rapid dissolution
kinetics of halite (see Eqs. (2.1) and (2.2)), the
freshwater was saturated with respect to halite shortly
after its initial contact with the rock salt and halite
dissolution was restricted to the inflow area of the
borehole in the rock salt cylinder. For the range
of experimental inflow rates, a regular supply of
freshwater induced a constant mass transfer rate from
solid to liquid phase during a dissolution run. This is
demonstrated by the linear relationships presented in
Figure 2.2A, Figure 2.2B, Figure 2.2B* and Figure
2.2C. The initially filled brine was in contact with
rock salt for several months, compared to the injected
freshwater, whose contact with rock salt amounted to
only a few hours at most during its flow through the
U vd
hole. Consequently, Re
the initially filled halite-saturated
P composition (effect
brine exhibited a different ionic
of longer water-rock interaction) and, therefore, a
§ dmNa ·electrical
§ dmClconductivity
 ·
slightly different
than
Rc ¨(lower)
¸
¨
¸
the injected and later
on
halite-saturated
water
after
dt
dt
©
¹ s ,c ©
¹ s ,c
its flow through the hole (see Figure 2.2A). The less
| kc (ceq ,c  cs )
soluble mineral anhydrite
and poorly soluble minerals
(dolomite, quartz and clay) remain largely undissolved
R  J r , NaCl ,ceq
during the experimental
period. | R
kc {
K 0.5
ceq ,c
In a mass balance equation, the mass
of removed
dissolved halite must be equal to that carried away
in the solution. For constant Q and constant cin within
any time increment (dt) must be
Rt kt (cs  cb )

dV
Prs  U h 
dt

Q(ceq  cin )

    

(2.3)

where Prs expresses
fraction of halite
g  the
H3
'U volume
Ra
  1700
contained in rock salt (-),
ρ
the
halite
density (g cm‑3),
P  Dh

F

v
( g ' H )1/ 2

dV/dt the solution rate (cm3 h‑1), Q the inflow rate
U vd
(cm3 h‑1), ceq the equilibrium
concentration of Na+ and
Re
‑
Cl with respect to halite (g Pcm‑3), and cin the solute
concentration of Na+ and Cl‑ in the inflow (g cm‑3).
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where g ≈ 9.81 m s is the gravitational
acceleration,
v
F
H is the thickness of the unstable
layer, and D is the
( g ' H )1/ 2
molecular diffusion coefficient of dissolved NaCl in
1/ 4
water. In the context of the Boussinesq
approximation,
§X3 ·
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Turner, 1973)
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expresses the1buoyancy forces (vertical) acting on the
S (tan D  h  a0 )(tan E  h  b0 )dh
inertialdV
forces
2 (horizontal), where g’ = g∆ρ/ρ is the
reduced gravity. If F > 1, the flow is not buoyancydriven. For a3fully saturated saline solution,
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2
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C1 Aseyev,
C2  t 1992)
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21

(2.5)

2.4 Discussion

Horizontal ceiling

A)

Gas bubble
C)

NaCl-undersaturated
water; Halite dissolution

High-density film

Convection
cell
NaCl-saturated
brine (except on the
vertical axis);
No halite dissolution

Low-density
layer

High density
Facet

Facet
Downmoving
NaCl-saturated
film/finger
~75°

Dissolved
volume
Original hole
B)

C)

Horizontal ceiling

Rock salt

~1 cm

Solution pit

olution front
Diss

Undersaturated/NaClsaturated water interface
~75°

Dissolved volume

Do
Inc wns
re a l i d
sin ing
g s fil
olu m/f
te ing
co er
nte :
Fa
nt
ce
t
dis : D
so ec
lut rea
ion sin
rat g
e

Upper end
facet

Upper end
facet

Legend:
Undersaturated water flowline
NaCl-saturated brine flowline
Halite dissolution
Dissolution surface of halite
(at a given time)
Direction of cavity enlargement

Figure 2.8 A) Schematic flowlines and processes at a given time. B) Model of cavity growth, starting from a circular hole
and continuing at the cavity top. C) Schematic close-up of solution pits.

Figure 2.8A is a schematic illustration of the flowlines
and processes taking place in the half conical frustum
cavity at a given time. We conclude that a fluid density
layering develops with a thick, high-density NaClsaturated brine and a relatively thin, low-density
horizontal layer above, which is in contact with the
horizontal ceiling and upper end of the facet. In the
horizontal (borehole), the flow is laminar. In the
vertical, however, the flow is extremely buoyancydriven as the densimetric Froude numbers are clearly
<1 and the driving density difference ∆ρ is very large.
Furthermore, enormous high Rayleigh numbers
(approximately >1 × 1010) indicate that the buoyant
flow is fully turbulent. Thus, the inflowing (less dense)
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freshwater rises straight to the top of the cavity due to
buoyancy, caused by the density difference in solute
concentration. An inverted density distribution occurs
again at the contact of the low-density layer and
horizontal ceiling as halite dissolves. Since halite
dissolution occurs almost instantaneously (cf. Eqs.
(2.1) and (2.2)), the inflowing freshwater is NaClsaturated after brief contact with the horizontal ceiling
and upper end of the facet (Figure 2.8A and Figure
2.8B). The observed heterogeneous distributed
solution pits indicate preferential dissolution sites at
the mm-scale suggesting small convection cells, on
the same scale as the pits, distributed in a honeycomb
pattern at the horizontal ceiling (Figure 2.8A and
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The interface undersaturated/NaCl-saturated water is
close to the horizontal ceiling, which itself is a result
of the fluid density layering (Figure 2.8C). Since the
density interface is horizontal, the formed ceiling must
also be horizontal. Solubility of dissolved gas - in the
freshwater mainly carbon dioxide (CO2) - decreases
with increasing ionic-strength (Harvie et al., 1984;
Stumm and Morgan, 1996). Therefore, the accessing

halite dissolution (salting out effect) leading to the
formation of a gas bubble (Figure 2.8A). Due to the
(2.5) the NaCl-undersaturated water
density differences,
and gas accumulate at the highest part in the cavity −
(2.2) by the undersaturated water,
the gas highest, followed
(2.6)
and both floating
on the NaCl-saturated brine. Since
the gas bubble temporarily
insulates part of the cavity
(2.3)
roof from net dissolution, it interferes with mass
transport. As soon
(2.7)as the salt ceiling dissolves around
the bubble it will(2.4)
move to reach this newly created
higher position. A rapid shifting bubble affects the
density driven (2.8)
flow, but only over a short time and
quite locally. However, the gas bubble probably has
(2.5)
no leveling effect that creates a flat cavity roof. At
the horizontal ceiling and upper end of the facet,
density of the (2.9)
inlet water therefore rises ∼20%. The
(2.6)
gas phase must increase
as continuously freshwater
is recharged. This also explains the layering of the
tracered freshwater and the formation of gas bubbles
(2.7)tube.
in the inlet Plexiglas

The band width of the upper end of the facet is
not known, as it was only possible to determine
(2.8)
it qualitatively in the experiments (cf. Figure
2.6); however, its height is assumed to be within a
few millimeters. The upper end of the facet tilts
slightly outward,(2.9)
resulting in a practically constant
facet inclination because the solute content of the
downsliding thin film/finger increases continuously
downward and because of cavity-scale convection
circulation that also carries, however, only a minimal
amount of undersaturated water with respect to halite
from the buoyant freshwater jet to the upper end of
the facet. Dissolution stops when the film/fingers
reach saturation with halite (Figure 2.8C). A thin film
or fingers of NaCl-saturated brine subsequently flows
down the facet, closing the toroidal convection cell
around the buoyant freshwater jet (Figure 2.8A). Some
of the downward moving brine then flows further down
the borehole (z direction) or rejoins the convection
cycle. If some saturated solution is entrained in the
upward flowing freshwater, mixing occurs. This
decreases the concentration difference-driven halite
dissolution rate. Within the cavity, the principal process
for movement and transport is convection (forced
convection, here induced by peristaltic pump, and
free convection). Molecular diffusion cannot create
a significant mixing due to the very short residence
times. As the brine in the cavity is NaCl-saturated, the
continuous input of undersaturated freshwater always
leads to a gravitationally unstable concentration
distribution, thereby maintaining the convection
cycle. When combined, convection of the fluid is
caused by (1) the hydraulic gradient, (2) a constant
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supply of buoyant, undersaturated water from point
source, (3) an adjustment of a fluid density layering
and (4) an increase in solute NaCl-concentration until
NaCl-saturation is reached in a thin, undersaturated
layer in contact with the horizontal ceiling and upper
end of the facet.
The cavity enlarges by upward growth of the horizontal
ceiling and, simultaneously, by sideward growth at
the upper end of the facet. Hence, the inclined facet is
formed with time (Figure 2.8B). The smooth, irregular
facet surface with solution pits is formed during cavity
growth at the intersection area of the horizontal ceiling
J r , NaCl
and facet. The upward average
dissolution
rate was
, ceq
faster across the horizontal ceiling than the sideward
dissolution at the upper end of the facet, which led to
inclinations of >45°.
The fact that the inclination of the facet is always
similar can be attributed to an intrinsic property of the
highly soluble mineral (in this case halite). In isotropic
homogeneous rock samples (e.g., dissolution run
RS2, see Figure 2.3A), they attain their most perfect
shapes. These shapes may become distorted (e.g.,
dissolution run RS15, see Figure 2.4B) or even totally
inhibited (e.g., dissolution run RS17, see Figure 2.4B)
in anisotropic rock samples.
The influence of buoyancy effects would decrease with
increasing inflow rates (cf. Eq. (2.5)). At sufficient
high inflow rate buoyancy effects would disappear and
dissolution rate would decrease uniformly downstream
(z direction). Thus, the cavity form would be probably
trumpet-shaped with decreasing circular cavity cross
section (parallel xy plane) downstream.

2.4.2 Model of cavity development
To test our concept and observations of cavity
enlargement, the increase in height of the solution
cavity, the increase in horizontal ceiling surface area
and the decrease in the average dissolution rate of
halite versus time were described mathematically.
The modeled solution cavity heights versus time
were compared to the experimental data obtained,
and the modeled average dissolution rates of halite to
literature data on halite dissolution kinetics.
Since with onward cavity evolution the surface area
of the upper facet end is far smaller than that of the
horizontal ceiling, it was neglected. According to this
model, it can thus be assumed that dissolution occurs
only at the horizontal ceiling. For a half conical
frustum (for the sake of simplicity), the incremental
volume increase (Figure 2.9A) is given by
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The computed heights of the cavities are quite
consistent with the experimental results obtained in
the present study (Figure 2.10A). The computed curve
(dissolution run RS23) is slightly too low; however,
the shape of the computed curve is very similar to
the measured heights and after about halftime of this
experiment the measurements are within the margins
of error of the simulation. The computed final heights
of the dissolution
(2.10) runs RS2 and RS10 are also
slightly too low, but within the margins of error of the
simulation.
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The dissolution runs RS2, RS10 and RS23 are
interesting to model, as their shapes are close to an
exact triangular morphology (Figure 2.9B). Q (RS2:
9.196 ± 0.007 mm3 min‑1; RS10: 8.628 ± 0.007
mm3 min‑1; RS23: 77.06 ± 0.06 mm3 min‑1) and t
were measured (see Table 2.1). We assumed in the
calculation that Prs ≈ 1, since the created cavity almost
exclusively consisted originally of halite (cf. Table
2.3). a0 was measured by ruler (accuracy of ±0.1 cm),
b0 by caliper measuring (accuracy of ±0.1 cm). α =
90° − γ1 (cf. Table 2.3), β = 90° − γ2 (cf. Table 2.3),
cin ≈ 0 g cm‑3, ceq ≈ 0.317 g cm‑3 (Seidell, 1965), ρh =
2.165 ± 0.005 g cm‑3 (Deer et al., 1992).

To calculate Shoriz − the surface area of the horizontal
ceiling (cm2) − over time, we obtain for a half conical
frustum (cf. Figure 2.9A)

S (tan D  h(t )  a0 )(tan E  h(t )  b0 )

(2.11)

where Wh expresses the molecular weight of halite
(58.44 g mol‑1) (cf. also Appendix A.4).

and t the running time (h).

S horiz (t )

2.4 Discussion

0.0
0.0 0. .0 . .0 . .0 . .0 . .0 . .0 .

Time (h)

Figure 2.10 A) Comparison of experimental data on the development of solution cavity height and modeled heights
based on Eq. (2.9) for dissolution runs RS2, RS10 and RS23. Dotted lines denote the margins of error of the simulation of
dissolution run RS23. B) Calculated horizontal ceiling surface area (Eq. (2.10)) and average halite dissolution rate (Eq.
(2.11)) versus time for the dissolution run RS23. Dotted lines denote the margins of error of the simulation.
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Figure 2.10B shows in a representative way the
calculated surface area of horizontal ceiling and
the average halite dissolution rate versus time of
dissolution run RS23. The surface area increases in
a negative exponential manner, so that the computed
average dissolution rate of halite decreases in a
positive exponential manner from ∼43 to ∼10 mmol
cm‑2 h‑1 during the course of the experiment. The actual
average dissolution rate at the horizontal ceiling has
to be smaller due to surface irregularities. However,
the progression of the curve should be approximately
correct, as the calculated dissolution rates correspond
to data from the literature. Wagner (1949) measured
the average dissolution rate of thin plates of rock
salt suspended vertically in unstirred pure water.
Since the solution near the surface had a greater
concentration and thus a greater density than the bulk
of the liquid, a downward flow along the vertical
surface occurred. The measured dissolution rates at
16°C ranged between 14.4 and 22.3 mmol cm‑2 h‑1. In
the experimental studies of Alkattan et al. (1997), at
high rotating speed (2000 rpm) and 25°C, the halite
dissolution rate amounted to ∼14 mmol cm‑2 h‑1. The
range of the calculated average halite dissolution rates
is therefore realistic, which also supports the theory of
selective dissolution in the solution cavity described
in this paper.

2.4.3 Conceptual setting
Inspired by the results obtained and by the well-

Practically
impermeable,
highly
soluble stratum
(rock salt)

preserved cave passage morphology with tip-down
triangular cross section in gypsum and its geological
setting (e.g., Kempe, 1972, 1996), we assume the
following two scenarios if NaCl-undersaturated
aquifer water gets in contact with a rock salt body
from below provided that buoyancy-driven flow
adjusts (cf. Eq. (2.5)): Undersaturated water emerging
into the NaCl-saturated cavity water rises along a
permeable fracture (inflow of freshwater along a
line into the cavity) or along a conduit (punctiform
source of freshwater) from an underlying NaClundersaturated water source (aquifer) to the rock salt
stratum (aquitard). Interjacent, low-permeable and
poorly soluble stratums (e.g., clay) can be assumed
between the aquifer and the rock salt stratum. Further
up, the fracture is water-impenetrable. Cavities
slowly develop over time starting from the upper end
of the fracture/of the conduit as illustrated in Figure
2.11. Along a fracture, the cavity has the shape of a
triangular prism with a horizontal base facing upward.
A conical cavity with a horizontal base facing upward
develops above a conduit. In the field, the motion of the
fracture/cavity water could be probably less turbulent
than during the conducted laboratory experiments.
In the cavity, the NaCl-undersaturated water rises to
the horizontal ceiling along the plane of symmetry
of the triangular prism or axis of the cone. At the
horizontal ceiling and at the upper end(s) of the
facet(s), the water becomes NaCl-saturated. Since
the undersaturated water source (aquifer) is under
pressure, a flow cycle develops, in which the salt

Fracture
impenetrable
to water
(annealed)

Rock salt
stratum
Regional
aquifer

Practically
impermeable,
poorly
soluble stratum
Regional
aquifer

Waterbearing
fracture

Conduit

Figure 2.11 Conceptual model for salt cavity developing inside rock salt (soluble stratum) − overlying a confined
undersaturated aquifer − along a fracture and above a conduit. Fracture and conduit may not be oriented vertically. See
Figure 2.8 for legend.
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dissolution itself supplies the density gradient that
becomes the drive mechanism of its own dissolution
(free convection). Consequently, two convective cells
are formed in a triangular prism cavity. The axes of
the cells run parallel to the longitudinal alignment of
the cavity (Figure 2.11). In a conical cavity, a toroidal
convection cell develops as in the experimental results
presented. The brine then moves down the facet(s)
and further downward along separate and distinct
pathways in the same fracture system or conduit as
the buoyant NaCl-undersaturated water, or rejoins the
cavity-scale convection circulation. The NaCl-loaded
descending saline water is diluted in the aquifer and
flows ultimately through the aquifer to a point or area
of natural discharge. Since the water is pressurized,
the descending dense flow is continuously replaced
by fresher water. A good example of such a system is
the Delaware Basin in Texas and New Mexico. The
dissolution and collapse features in this basin were
explained by buoyancy-driven dissolution simulated
in the laboratory by simplified channel geometries
(Anderson and Kirkland, 1980).
These cavities enlarge under confined conditions by
both upward growth of the horizontal ceiling and
sideways growth at the upper facet(s) end(s). Mixing
occurs in the upward flowing undersaturated water,
this decreases the concentration-driven buoyancy
effect as well as the halite dissolution rate. The rising
horizontal ceiling ends at the latest with the highest
groundwater level or at the top of the salt stratum.
If a triangular prism-shaped cavity collapses and the
overlying rock also collapses or subsides, an elongated
collapse or subsidence trough parallel to the strike of
the fracture is then formed at the surface. In the case
of a conical cavity, a collapse sinkhole or a circular
subsidence depression is formed at the surface.

2.4.4 Comparison with natural field occurrences
The results of the experiments concur qualitatively
with the field observations in, for example, accessible
natural salt cave passages (Figure 2.12A) and in
solution-mined caverns in rock salt by a top injection
brining system (Figure 2.12B). The morphological
elements of horizontal ceiling and facet(s) (in the
field: several superimposed facets) can be identified
clearly. In the case of a solution-mined cavern, the
freshwater also accessed through a point source, as
in the experimental setup. Unfortunately, companies
involved in solution mining of halite generally do not
publicize their findings, for reasons of competition.
However, such a solution-mined cavern also enlarges

upwards (L. Hauber, 2003, personal communication).
Leaching led to a mainly vertical axisymmetrical
cavern, where the drilling represents roughly the
axis of rotation. This cavern reveals a morphology
with many notches, corresponding quite well to
the zones of interbedded anhydrite (less soluble)
and marl (poorly soluble) layers or lentils. During
mining, these interbedded lithologies were undercut
by undersaturated water until the beds sagged and
broke down before a new upper facet was developed
(L. Hauber, 2003, personal communication). The
natural salt cave passage presented here (see Figure
2.12A) is considered to have developed by upward
dissolution (Frumkin, 1994, 1998). The experimental
results and theoretic considerations clearly confirm
that both cavities evolve in the same way. Thus, the
superimposed facets in the natural salt cave passage
also may have developed successively; i.e., the
deepest first, the highest last.
In relatively stagnant water or where there is
extremely slow water circulation, concentrationdriven buoyant groundwater flow is expected even
at the slightest concentration gradients. Thus, the
presented hydrodynamics and enlargement model in
a highly soluble rock as presented here could also be
applicable to accessible gypsum cave passages (e.g.,
Kempe, 1996; Klimchouk, 2000) and carbonate rock
cave passages (e.g., Skřivánek and Rubin, 1973; Ford
and Williams, 2007) showing the same morphological
elements, considering that those rocks possess other
dissolution kinetics (for gypsum (Jeschke et al.,
2001); for limestone (e.g., Dreybrodt and Eisenlohr,
2000)) and far smaller fluid density differences.

2.5

Conclusions

This study reveals the advantage of small-scale
dissolution experiments when attempting to simulate
much larger scale field phenomena. The experimental
data
and
theoretic
hydraulic-geochemical
considerations allow a coherent explanation of the
extremely complex convective and turbulent nature
of flow in salt cavities and formation of tip-down
triangular cavity cross sections.
Since halite dissolution takes place at the horizontal
ceiling and upper end of the facet, the cavities enlarge
under confined conditions by upward growth of the
horizontal ceiling and also by lateral growth at the
upper end of the facet. The resulting morphological
elements of the horizontal ceiling and facet reported
in the laboratory concur qualitatively with field
observations in natural salt caves and solution-mined
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Figure 2.12 A) Isometric view of a vadose passage section in the Mifrazim cave (Mount Sedom salt diapir; Israel)
(modified from Frumkin, 1994). At this location, the salt beds dip with 50°. B) Vertical cross section (about parallel to the
strike of the strata) of cavern leached in a rock salt layer of the Tabular Jura (Middle Muschelkalk, Triassic) 20 km east
of Basel, Switzerland. The shape of the cavern was measured in 1978 by down hole sonar. The measuring points were
determined with an accuracy of about ±1 m (L. Hauber, 2006, personal communication). On the right, representation of
the corresponding drilling profile. Layers dip gently NNW up to 3° (Hauber, 1980). The extraction of salt by top injection
brining is schematically presented. At this time, freshwater was injected near the cavern ceiling, extracting the salt
from the cavern wall and hoisting the resultant brine from near cavern bottom to the surface through either an adjacent
connecting borehole shaft or an annulus formed by equipping a single hole with concentric casings (Jacoby, 1973). This
method worked without a gaseous or liquid roof pad (so-called “blanket”), which was later introduced to prevent the
freshwater from dissolving the salt on the cavern ceiling.

caverns by top injection brining without “blanket”
in rock salt. Thus, the mutual data obtained from
laboratory experiments and fieldwork experience
contributes to enhancing our knowledge of deepseated salt karst genesis. The morphology of such
cavities is an indicator of cavity development; i.e.,
the hydrodynamics under confined settings and rockwater interactions at the time of cavity evolution
28

(paleohydrogeology). The conceptual model presented
could potentially represent a universally applicable
theory of the genesis of cave passages with tip-down
triangular cross section in evaporite and carbonate
rocks under specific flow conditions.
The mechanism of cavity enlargement can, in
general, be used as a model for active deep-seated
development of natural underground cavities within

2.6 References

largely impermeable salt deposits. If a fracture or
conduit provides a communication between a confined
undersaturated water aquifer and an overlying highly
soluble, practically impermeable salt body, cavities
of triangular prism or conical shape may develop,
even for relatively distant freshwater sources.
Cavities developed by concentration-driven buoyant
groundwater flow coupled with salt dissolution may
cause land subsidence or collapse structures that
vertically penetrate or occur within the underground.
Moreover, the deep-seated dissolution can have
serious consequences for highly sensitive subsurface
sites (e.g., mines and waste repositories) situated in
highly soluble salt deposits.
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Abstract
The first part of this paper consists of a literature review of the three main conceptual models applied to describe
the genesis of fracture-guided horizontal gypsum cave passages with a tip-down triangular cross-section. All
three models are primarily based on the analysis of characteristic morphological elements (horizontal ceiling,
facets and solution pits) and their interconnection, as well as different laboratory vessel experiments. One model
is additionally based on field experiments. There is, however, no satisfactory explanation of the genesis of such
unusual passages given by any model. To shed some light on this issue, a new laboratory experimental setup
was developed, where freshwater was pumped slowly through a horizontal borehole (in place of a fracture)
into more soluble rock salt cores. The resulting small-scale solution cavities revealed the same morphological
elements as observed in natural gypsum caves. Furthermore, visualization of the cavity water streamlines and
cavity enlargement, including theoretical hydrogeochemical considerations, led to a comprehensive conceptual
model in a regional hydrogeological context. Such a passage starts to develop from the upper end of a permeable
fracture, which provides a communication to a confined underlying gypsum-depleted water aquifer with its
potentiometric surface above the developing passage. As the aquifer is under pressure, a buoyant turbulent
cycle develops in the fracture/cavity void where the gypsum dissolution, at the upper limit of the developing
cavity, supplies the density gradient, which becomes the driving mechanism for its own dissolution (free
convection). Such a passage is enlarged mainly by upward growth of the horizontal ceiling and simultaneously
by lateral growth at the upper end of the facet. Since a stable fluid density interface is horizontal and, in this
case, close to the upper limit of the cavity, the formed ceiling must also be horizontal. If such a passage is
located in the epiphreatic or vadose zone it can be considered an indicator for paleohydrogeology.
KEYWORDS: gypsum cave passage, horizontal ceiling, facets, solution pits, gypsum dissolution, buoyant
turbulent flow
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(e.g., Lauritzen and Lundberg, 2000).

3.1.1 General
Sulfate rocks are widely distributed in continental
regions (e.g., Kozary, 1968). The mineral gypsum
(CaSO4·2H2O) is moderately soluble, and thus, where
gypsum strata occur at depth, circulating groundwater
can selectively dissolve and remove the rock leading
to gypsum karstification (e.g., Ford and Williams,
2007). Extensive areas of gypsum karst can be found
worldwide (e.g., Quinlan et al., 1986; Klimchouk
et al., 1996) and may have an effect on formation
properties, e.g. land subsidences or catastrophic
collapses (e.g., Cooper, 1986, 1998).
A cave is generally a natural underground opening in
rock large enough for human passage (e.g., Ford and
Williams, 2007) where direct information on a karst
system can be obtained. In addition to the analysis of
cave patterns, each morphological element is a potential
tool facilitating determination of a cave’s genesis and
main characteristics of past hydrogeological settings
A)

This paper focuses on the genesis of an unusual
horizontal fracture-guided passage encountered
mainly in gypsum caves (Ford and Williams, 2007),
particularly in Germany (e.g., Kempe, 1996) and in
the Ukraine (e.g., Klimchouk, 1997, 2000a, 2000b).
Such cave passages are morphologically characterized
by a horizontal ceiling and inclined plane sidewalls,
the so-called facets (terminology according to Biese,
1931). The ideal passage cross-section is an isosceles
triangle standing on the apex (Figure 3.1A). The
facets are narrowly inclined between 40 and 50°, and
their surfaces are always smooth and covered with
solution residues (e.g., Reinboth, 1968, 1971). Only
Reinboth segregated a further morphological element,
i.e. the lateral overhanging wall sections inclined
between >90 and <180° and always clearly bordered
against the facets and horizontal ceiling (Figure
3.1B). Furthermore, small unordered, cup-shaped
solution pits, the size of finger tips, can be observed
on the horizontal ceiling and lateral overhanging wall
sections (Figure 3.1B and Figure 3.1C). Their origin is
not related to the inhomogeneity of the rock (Kempe,
1969).
B)

Horizontal ceiling

Facet

Facet

C)

Figure 3.1 A) Typical cave passage profile of the Segeberger gypsum cave, Germany (from Reinboth, 1992). Note the
fracture visible along the middle of the ceiling. B) Solution cavity of the Martha gypsum cave, Germany, with horizontal
ceiling, lateral overhanging wall section and facet (top down). Cavity height above water table ∼0.5 m (photo by F.
Reinboth). C) Solution pits of the Heimkehle gypsum cave, Germany (photo by S. Kempe).
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The following section presents the available three
main conceptual models on the genesis of such caves.
Section 3.1.3 elucidates the statement of the problems
and objectives of this paper.

3.1.2 Existing conceptual models
An overview of all the hypotheses related to the
formation of such caves is described in Reinboth
(1992). Most of the studies on these typical
morphological elements were conducted last century
by Gripp (1913), Reinboth (1968, 1971, 1992),
Kempe (1969, 1972, 1996), Kempe et al. (1975,
1976) and Brandt et al. (1976). According to these
authors, such a solution cave develops under phreatic
conditions, starting from a vertically-oriented,
water-filled fracture. The authors also unanimously
agree that the cavity water is nearly static and its
flow mainly concentration-driven and coupled
with gypsum dissolution. Aside from the analysis
of morphological elements in the natural caves, all
three postulated conceptual models are also based on
different vessel experiments compiled and presented
in Table 3.1. These were conducted, as observations
in caves are normally snap-shots requiring additional
laboratory dissolution experiments to understand
their development processes (Reinboth, 1992).
Furthermore, field measurements are limited by the
complexity and cost of the instrumentation. Only one
model is additionally based on field experiments in
cave pools during periods of low water of still active
solution cavities displaying facets on the sides and a
horizontal ceiling (Kempe et al., 1975; Brandt et al.,
1976).
The vessel experiments were conducted using three
different setups with rock salt or gypsum (cf. Table
3.1). Setup 1 was used for the general understanding
of the cave development, setup 2 to understand why
the facets are always inclined at ∼45° or to attempt
to produce facets and setup 3 to verify a hypothesis
by Kempe et al. (1975) and Brandt et al. (1976)
regarding the development of a horizontal ceiling. In
the first experimental setup, the lower part of a clearly
transparent cubical rock salt block (experiments 1a−b)
or a cylindrical molded gypsum block (experiment 1c)
with a vertically-oriented borehole in the center was
placed in a halite (NaCl) or gypsum-saturated solution,
respectively, allowing communication of the liquid in
the borehole and the outer completely filled vessel
water (constant liquid level). In experiments 1a−b,
the borehole was repeatedly filled from above with
colored freshwater (to differentiate it from the NaClsaturated solution) down to a predefined depth: either

the supplied water remained only for a short time and
was soon replaced by fresh solution in order to always
maintain the lower boundary of the undersaturated
water at approximately the same depth (experiment
1a), or the supplied water remained each time until it
was halite-saturated (experiment 1b). In experiment
1c, the borehole was regularly supplied with freshwater
drops from above. In the second experimental setup,
only a flat surface (facet) of the soluble rock remained
in contact with originally freshwater for a certain
time. In experiment 2a, a sealed watertight plaster
of Paris plate with a free upper face was placed in
freshwater at different inclinations. The behavior of
the dissolution rate of gypsum was determined from
measurements of dissolved Ca2+ concentrations in
the water. However, it should be mentioned that this
experiment did not provide interpretable data due
to a hydrochemical stratification in the vessel that
corrupted the measurements. In experiment 2b, a sealed
watertight cubical rock salt block with one free face
was suspended in water at different facet inclinations.
The dissolution rate of halite was determined from the
weight loss of the block material. In experiment 2c,
the free face was placed perpendicular into water. In
the third experimental setup, a rock salt block with a
tilted planar underside was suspended in freshwater
(experiment 3).
The aforementioned authors developed conceptual
models (hereafter referred to as Gripp’s model,
Reinboth’s model and Kempe’s model) with different
approaches, as schematically presented in Figure
3.2. To reproduce the concepts of these models as
accurately as possible, in the following of this section
it is assumed that gypsum dissolution finally leads
to a gypsum-saturated solution relatively quickly,
although this fact could not be confirmed (cf. Section
3.2).
Gripp initially suggested that the solvent supply comes
from above through the unsaturated zone (percolation
water), and that the horizontal ceiling corresponds to
a paleo stable karst groundwater table. As soon as the
dammed undersaturated water starts to dissolve the
fracture walls (initial facets), a dense solution film
with a higher concentration and greater density than
the bulk of the cavity fluid forms at the facet. Due to
its higher density, this film slides downward, thereby
initiating a passage-scale convection flow. With
steadily increasing density of the bulk cavity water
from the top downwards, the gypsum dissolution
rate steadily decreases from top down. The thereby
formed facets are the projection of the saturation
level of the bulk cavity water. Consequently, the
triangular cross-section of the passage is caused by
a tilting of the fracture walls from the vertical to the
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1a / Gripp (1913)

x

1b / Gripp (1913)

x

1c /

Kempe (1969,
1972)

2a /

Kempe and
Hartmann (1977)

2b / Reinboth (1992)
2c / Reinboth (1992)
3/

Reinboth (1992)

Material

Initial solution
in vessel

Transparent NaCl-saturated
rock salt
solution
Transparent NaCl-saturated
rock salt
solution
Molded
gypsum

CaSO4-saturated
solution

x
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Paris

Freshwater

x
x

Rock salt
Rock salt

Freshwater
Freshwater

Rock salt

Freshwater

x

x

Objective
Producing cavity
with tip-down
triangular cross
section

Experiment number /
Reference

Setup 1
Setup 2
Setup 3

3.1 Introduction

Study dissolution rate at
facets depending on
inclination angle
Producing facets
Producing a
horizontal ceiling

Table 3.1 Conducted vessel experiments. See text for explanation.

horizontal, provided the boundary between saturated
and undersaturated water with respect to gypsum
is maintained in the same position. Since the water
table is assumed to remain horizontal over small
distances, the interface water table/rock must also
run horizontally. Gripp (1913) saw his hypothesis
confirmed by experiment 1a, where the resulting cavity
revealed a tip-down triangular cross-section, whereas
experiment 1b led to a cavity with a horizontal ceiling
and inclined arced sidewalls.
About half a century later, Reinboth (1968) revised
Gripp’s (1913) interpretation of the genesis of this
unusual solution cavity form (cf. Figure 3.2). He
concluded that the facets could not originate by the
tilting of the fracture walls, since the inclination of
the facets is always ∼45°. Furthermore, it is very
unlikely that a karst groundwater table remains at a
constant level, and that the boundary to the deeper
gypsum-saturated water remains at roughly the same
depth. Based on these considerations, a downwards
increasing concentration of dissolved gypsum in the
bulk cavity water cannot be the reason for facets
formation, and the horizontal ceiling cannot adhere to
the water table. Reinboth suggested that the horizontal
ceiling must develop independently and lower than
the water level. Gypsum dissolution always occurs at
the horizontal ceiling and along lateral overhanging
wall sections without any gypsum dissolution at
the facets. Solution residues on the facets are only
a secondary hindrance of gypsum dissolution at the
facets, as in experiment 2c small superimposed facets
were produced. In this experiment, he also observed
a down sliding film along the salt face, as intuitively
introduced by Gripp. He postulated that the cave
passage enlarges from a horizontal starting line only
through the upward growth of the horizontal ceiling
34

and sideward growth of the lateral overhanging
wall sections. In the early stages, the cave ceiling
is ellipsoidal. With progressive leaching, the facets
extend upwards and their orientations remain constant,
while the horizontal ceiling broadens.
The third model (cf. Figure 3.2) considers the cave
genesis more in a regional hydrogeological context and
proposes two scenarios of regional groundwater flow
system (Kempe, 1996). Gypsum-undersaturated water
enters the fracture either from the sides or from below.
Gypsum-undersatured water entering sideways can,
for example, originate from groundwater circulating
in an alluvial valley adjacent to the gypsum rock.
In the other scenario, gypsum-undersaturated water
originates from an underlying confined aquifer. The
water in the underlying aquifer is less dense than the
gypsum karst water and rises along the fracture into
the gypsum rock due to buoyancy. Once saturated
with gypsum, it becomes heavier and returns to the
underlying aquifer, giving rise to a system of natural
convection in the fracture. These cavities are formed
closely below the water table (shallow phreatic).
Concerning the processes within the developing
solution cavity, the basic idea of Gripp (1913) was
adapted for this model, i.e. density increases due to
gypsum dissolution initiating a descending current on
the facet, leading to a stable system of passage-scale
convection flow. This idea is supported by conducted
field experiments, which reveal a 1 to 3 mm thick
film of water descending along the facets at velocities
of up to tens of cm min‑1. If the water had no direct
contact with the facets, it stood practically motionless
in the water pool. The pool surface water moved
towards the edge of the pool at several dm d‑1 (Kempe
et al., 1975; Brandt et al., 1976). Therefore, the flow
velocities within the passage-scale convection flow  
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Figure 3.2 Gripp’s, Reinboth’s and Kempe’s model for cave genesis.

are up to several orders of magnitude lower than those
observed at the facets. At the horizontal ceiling, Ca2+
and SO42‑ ions diffuse into the gypsum-undersaturated
cavity water creating a density instability of the cavity
fluid. This leads to the formation of a pattern of small
up- and downwelling convection cells (saltwater
fingering layer), which form small solution pits on the
ceiling. Kempe (1969) showed with experiment 1c
that confined, gypsum-undersaturated water below a
gypsum rock creates solution pits. Since the surface of
the saltwater fingering layer is horizontal, the ceiling
should consequently also be horizontal (Kempe et al.,
1975; Brandt et al., 1976). The dissolution rate along
the facets is uniform (Kempe, 1972, 1996). Thus,
when starting from a horizontal line, the horizontal
ceiling rises upward at the same time as the facets
retreat (Kempe, 1972, 1996; Kempe et al., 1975). As
in Reinboth’s model, this theory views sediment cover
on the facets only as a negligible hindrance of gypsum
dissolution (Kempe and Hartmann, 1977).

3.1.3 Statement of the problems and objectives of this paper
Despite of the information obtained from field
and laboratory studies, major uncertainties remain
regarding the formation of such caves. None of the
presented models can comprehensively explain the
genesis of the morphological elements of the facets,
lateral overhanging wall sections, horizontal ceiling,
and solution pits. Neither Reinboth’s nor Kempe’s
model can explain why the facets seem to develop
best at slopes of ∼45°. Also in experiment 2b, no
noticeable behavior at ∼45° inclination was detected,
as dissolution rate of halite increased approximately
linear from the 0 inclination (lying free face) to 180°
(hanging free face). There is still no explanation for
the horizontal orientation of the ceiling. According
to Kempe’s salt finger theory, the horizontal ceiling
represents an upper, naturally-layered horizontal
solution. However, a rock surface is not a planar
fluid layer and is not influenced by hydrostatic laws.
Therefore, as expected by Reinboth (1992), it is not
surprising that no horizontal ceiling was formed with
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time in experiment 3.
Density-driven groundwater flow coupled with
gypsum dissolution along a vertically-oriented fracture
is extremely complex. Therefore, to understand this
solution cavity morphology, the following three
ingredients have to be combined: (1) hydrogeological
setting (i.e., regional groundwater flow system), (2)
fluid mechanics (i.e., forced and free convection) and
(3) gypsum dissolution (i.e., equilibrium chemistry
and dissolution kinetics), which were only subsidiary
considered for interpretation in all of the presented
models. Furthermore, to date only vessel experiments
have been conducted. In these experiments neither
facets nor a horizontal ceiling with solution pits, either
individually or concurrently, were able to be produced
under confined conditions.
This paper aims at explaining the genesis of natural
gypsum caves with a tip-down triangular crosssection by means of a new laboratory experimental
setup, taking into consideration the studies conducted
by Gripp, Reinboth, Kempe, Kempe et al. and
Brandt et al. In these new experiments, freshwater
was slowly pumped into rock salt cores through a
horizontally-oriented borehole (in place of a vertical
fracture). Rock salt (halite) is favored over gypsum
rock due to its much faster dissolution kinetics and
greater solubility (e.g., Alkattan et al., 1997; Jeschke
et al., 2001) allowing rapid adjustment to density
stratification, including individual experiments to
be completed within a reasonable
of time. To
J r , NaClperiod
, ceq
visualize the dynamics of concentration-driven flow
coupled with halite dissolution in the forming cavities,
the fluorescent property of uranine-containing water
was used.

diffusion, dissolution rates at the surface are extremely
high (e.g., Alkattan et al., 1997). Under experimental
conditions, as presented in the next section, solubility
amounts to ∼358 g per kg H2O (Kaltofen et al.,
1994). Thus far greater fluid density differences to
freshwater are encountered, with values up to ∼0.2 g
cm‑3. Compared to gypsum, the solubility of halite is
roughly 180 times greater than that of gypsum, and the
greatest possible density difference between a halite
solution and freshwater is roughly 200 times greater
than between a gypsum solution and freshwater.
In contact with water saturated with respect to gypsum
between 0 and ∼94%, typical gypsum dissolution rates
decrease towards higher bulk concentration in the
order from 1 × 10‑3 (when in contact with freshwater)
down to 3 × 10‑5 (when in contact with ∼94% gypsum
saturated water) mol m‑2 s‑1 (e.g., Jeschke, 2001).
Whereas in the case of halite, the dissolution rates
decline from ∼2200 (when
with freshwater)
U in
v contact
d
down to 0 (whenRein contact with NaCl-saturated
P
water) mol m‑2 s‑1 (e.g., Alkattan et al., 1997). As the
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diffusion boundary
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strongly onRc the¨ hydrodynamic
conditions,
transport
¸
¨
¸
dt
dt
©
¹
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¹
by molecular diffusion can
under
s , c change significantly
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et al., 1997; Jeschke
cs )
| kc (ceq ,c (Alkattan
et al., 2001).
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Buoyancy effectsRadjust
when
the
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kc {
0.5
mineral surface has a K
greater
concentration
and, thus,
ceq ,c
a greater density than the bulk of the liquid. Two nondimensional ratios, the Rayleigh and the densimetric
Froude number, characterize stability and turbulence
of the flows, respectively.
heavier by the density
Rt kt (cFluid,
s  cb )
difference ∆ρ on top of lighter fluid, may reside
laminar despite the dV
static instability as long as the
 (e.g.,Q
(ceq  c1973)
Prs  U hRa
in )
Rayleigh number
Turner,
is
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3.2 Gypsum/halite dissolution kinetics and buoyancy
Close to chemical equilibrium at ∼94% gypsum
saturation, gypsum dissolution kinetics switches
from linear to nonlinear rate (Jeschke et al., 2001).
This implies that dissolution is relatively fast from
0 to ∼94% gypsum saturation and that dissolution
of gypsum is inhibited close to equilibrium. The
solubility of gypsum amounts to ∼2 g CaSO4 per kg
H2O, the density differences between undersaturated
and saturated waters with respect to gypsum may
reach ∼0.001 g cm‑3 (Kaltofen et al., 1994). Compared
to gypsum, halite has different dissolution kinetics
when in contact with halite-undersaturated water.
Halite dissolution is a transport-controlled process;
i.e. since transport is entirely controlled by molecular
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Core of rock salt (Ø ~10 cm)

Figure 3.3 Illustration of the key experimental setup.

reduced gravity (ρreference is the density of freshwater).
The flow is buoyancy-driven if F < 1.

3.3

Methodology

Most technical aspects of the methodology are
discussed in detail by Gechter et al. (submitted).
Sections 3.3.1 and 3.3.2 provide a brief summary of
the major issues.

3.3.1 Rock samples and experimental
technique
Rock salt cylinders of ∼10 cm diameter and length
were cut from undisturbed drill cores of a Triassic
rock salt layer sampled in northern Switzerland.
All rock samples used nearly exclusively consist of
coarse halite containing minor amounts (impurities)
of anhydrite, dolomite, quartz, illite-muscovite and
chlorite (cf. also Appendix A.2). The minor minerals

Run
number
RS2
RS10
RS15
RS23

Drill core
Borehole
length
mm
88
109
102
99

Peristaltic pump
Average Running
inflow rate time
mm3 min-1
h
9,196
96,00
8,628
46,90
85,15
4,80
77,06
6,80

may occur as discrete thin layers or are dispersed
within the halite.
The experimental setup is schematically presented in
Figure 3.3 (cf. also Appendix A.1.1). Dissolution of
halite was studied by pumping fresh (tap) water into
the rock samples through a horizontally-oriented 4
mm diameter borehole. The polished ends of the core
cylinders were molded in clear Plexiglas flanges with
clear silicone rubber so that the only flow passage
was the borehole. A constant small inflow rate (∼10
or ∼80 mm3 min‑1) was ensured by a peristaltic pump
over time scales of 4.8 to 96.0 hours. Applied to a
4 mm diameter borehole, this corresponds to a mean
horizontal velocity of ∼1 or ∼10 m d‑1, respectively.
The electrical conductivity of the accessing freshwater
(20.8 ± 1.7°C) was ∼0.4 mS cm‑1 and its density to
∼0.9973 g cm‑3. To avoid borehole wall dissolution
before the actual start of a dissolution run, the drilled
borehole and tubes were filled initially with filtered,
halite-saturated brine, with an electrical conductivity
range between 242 and 245 mS cm‑1 and a mean
density of ∼1.1971 g cm‑3. Four dissolution runs were
Tracer input
After pumping
Duration
start
h
min
38,60
4,50
0

45
5
Continuous

Interval recording
Time Recording
interval
time
s
s
30
600

0,5
Continuous
0,5

Table 3.2 Experimental conditions of the four dissolution runs (cf. also Appendix A.3).
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conducted in total. The experimental conditions are
given in Table 3.2.
At the outflow side, the electrical conductivity of the
mineralized water (brine) was measured in a flowthru cell connected to a laboratory conductivity meter
with an error margin of ±1 mS cm‑1. Furthermore,
the solution emerging from the outflow tube was
collected in a flask standing on a scale, and its
cumulative weight was measured with an error margin
of ±0.1 mg. Simultaneous and continuous reading and
registration of the two instruments was performed by
a computerized data acquisition system.
All dissolution runs were terminated before a solution
cavity could reach the lateral surface area of the core
cylinder. After removing the drill core from the holder
system, the undisturbed final solution cavities were
examined macroscopically and by Scanning Electron
Microscope (SEM).

3.5) correspond to a vertical cross-section through the
introduced cone. The base itself has a half-ellipsoidal
surface shape. The length of the semi-minor axis in the
z direction is about half of the semi-major axis situated
in the xy plane. The final height of the solution cavities
ranged from 2.9 to 4.2 cm. Further down the borehole,
an extension (“tail cavity”) of ∼3 cm was observed
(Figure 3.5). The triangular shape can be interfered
by mm-thin layers of impurities when undercutting
the facet below these layers (e.g., dissolution run
RS15; Figure 3.4A). Nevertheless, the outlines of
the cavity walls in the xy plane correspond relatively
well to an isosceles triangle standing on the apex
with a horizontal side facing upward (Figure 3.4A).
The inclination of the facet at the inflow surface (γ1)
exhibited a narrow variation of ∼70 to ∼78° (Figure
3.5). The inclination of the facet intersecting the yz
A)

For visualization of the processes occurring at the
visible inlet side of the borehole, freshwater containing
10 mg l‑1 uranine was pumped into the borehole (Figure
3.3). The fluorescent property of uranine was captured
in the darkroom on time-lapse video by a suitable light
source, excitation and suppression filters and a digital
video camera recorder for subsequent qualitative
analysis (cf. also Appendix A.1.1). To visualize
streamlines during an experiment (dissolution runs
RS10 and RS15), the traced water was injected in a
single pulse lasting 45 and 5 minutes, respectively. To
study the cavity enlargement (dissolution run RS23),
traced water was injected throughout the dissolution
run (Table 3.2).

Final height

3.3.2 Visualization
Outline
Original
hole
RS2
3 cm

RS10

RS15

RS23

B)

3.4

Results

3.4.1 Macro and micromorphology
The morphological elements of the horizontal ceiling,
facet and cup-shaped solution pits can be clearly
identified and are similar to those observed in the
presented type of gypsum cave. The dissolution
cavities, viewed three-dimensionally at the inlet, are
shaped roughly like a symmetrical half cone with
a horizontal base facing upward (Figure 3.4A and
Figure 3.5; cf. also Appendix A.1.2). In this case, the
ends of the cylinders at the inflow (xy plane; cf. Figure
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Figure 3.4 A) Photograph of inlet view at the end of
dissolution run RS2 and outlines of all dissolution runs.
B) SEM photo of solution pits at the horizontal ceiling at
the end of the dissolution run RS19 (not listed in Table 2
because it was sectioned; inflow rate of 76.05 mm3 min-1) .
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cavity

z
x

Inlet view
(xy plane):
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Semi-minor axis

Semi-major axis
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Dissolved
volume

Original
hole

γ1

γ2
"Tail cavity"

Original hole

Rock salt

Figure 3.5 Schematic inlet (xy plane; left) and vertical longitudinal section (yz plane; right) view of a core sample at the
end of a dissolution run with indication of streamlines and positions of gas bubbles.

plane was determined by caliper measurements, also
revealing inclinations (γ2) within a narrow range, but
increasing several degrees in each case.
The macroscopic dissolution features were similar,
irrespective of inflow rate and finely disseminated
impurity content. Halite dissolution in the original
borehole occurred only around the upper third section
(over a height of ∼1.5 mm; Figure 3.4A) and only
within the first ∼3 cm along the original borehole
(Figure 3.5). This result is also demonstrated in
all dissolution runs by (1) a practically invariable
electrical conductivity value in the outlet brine
(242 to 247 mS cm‑1); (2) by a linear increase in the
cumulative weight of the outlet brine with time and
(3) by a simple positive correlation between the final
height of the solution cavity divided by running time
and average inflow rate.
On a smaller scale, small irregular round to ovalshaped solution pits of ∼1 mm diameter (i.e.,
approximately ten times smaller than in gypsum
caves) in a honeycomb pattern cover the horizontal
ceiling of all created cavities (Figure 3.4B). Their
genesis cannot be related to the inhomogeneity of the
rock or to the cleavage planes of halite, which clearly
transect the small pits.

3.4.2 Temporal evolution
During the dissolution runs RS10 and RS15, the
uranine-containing freshwater in the inlet Plexiglas
tube was observed only around the uppermost 1 mm.
Gas bubbles developed in the same tube and also on
the upper limit. The water remained clear below the
dyed freshwater and the gas bubbles (Figure 3.5).
During a dissolution run, the freshwater had thus
accessed the cavity through a point source and not
throughout the entire tube section.
Figure 3.6 illustrates the developing convection
pattern in such a solution cavity; the flow at the cavity
surface is presented schematically in Figure 3.5. The
results clearly indicate a flow symmetrical to the yaxis. The low-density freshwater was buoyant in the
cavity solution and rised along the y-axis directly to
the horizontal ceiling from where the fluid spread
sideways, forming a distinct thin horizontal layer. This
was where the first mineralization and consequent
change in water density occurred. At the facet, an
approximately 0.5 to 0.8 mm thick traced water layer
moved downwards sometimes like a finger-shaped film
to close the convection cell. The downward moving
water was in direct contact with the facet as the facet’s
relief influenced the path of the downward moving
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t = 2 min

t = 8 min

t = 22 min

Figure 3.6 Time-lapse, videotape recording of the flow pattern at elapsed times t = 2, 8 and 22 min after injection of
uranine-containing water into the cavity (dissolution run RS10). Note the gas bubble at the horizontal ceiling (image,
right-hand side). Image width corresponds to 3.3 cm. Remarks: (1) a silicone blob molding the tubing into the inlet
Plexiglas tube causes the visible circle below. Therefore, it does not correspond to the original opening. (2) The outline
of the dye cloud is not equal to the outline of the dissolution run RS10 (cf. Figure 3.4A).

film. For the dissolution runs RS10 and RS15, the
flow velocities at the facet could be visually estimated
at ∼13 and ∼51 m d‑1, respectively. The velocity of
the downward moving film was therefore several
times faster than the average flow velocity in the
longitudinal direction through the borehole. Similar
to the gas phase observed in the inlet Plexiglas tube, a
gas bubble was always trapped at the horizontal ceiling
(Figure 3.6). The gas bubble occasionally shifted
sideways due to selective dissolution of halite (Figure
3.7). In the xy plane, the gas bubble at the horizontal
ceiling changed size during a dissolution run (Figure
3.7), and fluorescent water was never observed above
the bubble (Figure 3.6). Qualitatively, the cavities
enlarged simultaneously through the upward growth
of the horizontal ceiling and sideways at the upper
end of the facet by tilting the latter outwards (Figure
3.7; cf. also Appendix A.1.5).
Gas bubble
t = 6.52 h
t = 5.52 h
t = 4.52 h
t = 3.52 h
t = 2.52 h
t = 1.52 h
y
z

x
1 cm

Figure 3.7 Enlargement of solution cavity (outline of dye
cloud) and position of gas bubble (xy plane) at the entrance
of the borehole (dissolution run RS23). Note that the
outlines of the dye cloud are not equal to the intersecting
line of the cavity wall and cylinder end at the end of the
dissolution run (cf. Figure 3.4A).
40

3.5

Discussion

3.5.1 Scale-up from the laboratory to the
field
The shape of the solution cavities formed during the
new laboratory experiments is in fact analogous to the
shape of the studied gypsum cave type in the meter
range, since the artificially created small cavities
also reveal this typical symmetry with a horizontal
ceiling covered by solution pits and narrow ranged
facet inclinations (cf. Figure 3.4A and Figure 3.4B).
Moreover, a film sliding downward along the facet
was observed in both cases. In other words, under
certain conditions, buoyancy effects due to small
concentration gradients were or are still present in
such gypsum caves. This fact can also be applied
to non-accessible gypsum solution cavities of this
type. During the experiments, it was a point source
of rising freshwater, whereas in a gypsum cavity,
the lighter water emerging into the cavity water
is expected to rise through the permeable fracture
(inflow of lighter water along a horizontal line into
the evolving cavity). Therefore, the same kind of flow
and dissolution pattern is responsible for this type of
gypsum cavity, however, under much more sluggish
flow and dissolution conditions.
Section 3.5.2 discusses the genesis of such a
natural gypsum solution cavity assuming that the
morphological element of the lateral overhanging wall
sections corresponds to the experimentally determined
role of the upper end of a facet. Section 3.5.3 then
presents the same theoretical hydrogeochemical
calculations for the obtained small-scale solution

3.5 Discussion

cavities, including the phenomena encountered during
the conducted flow experiments.

3.5.2 Conceptual setting
The authors agree with Gripp’s theory concerning
the flow field in such a horizontal triangular, prismshaped cavity, and also with Kempe’s speculation that
these cavity passages have developed under confined
conditions by artesian flow from an underlying aquifer
into a gypsum layer. Based on their flow model,
looking parallel to the longitudinal alignment of the
cavity passage, Klimchouk interpreted intuitively
correct the stable system of passage-scale convection
circulation with a counter-clockwise flow direction in
the left-hand convection cell, and a clockwise flow
direction in the right-hand convection cell (Figure
6 in Klimchouk, 1996; Figure 1 in Klimchouk,
1997; and Figure 10 in Klimchouk, 2000a). The
saltwater fingering effect at the horizontal ceiling,

as proposed by Kempe, has to be responsible for the
small solution pits, however, according to Reinboth’s
correct interpretation, this alone does not explain
the horizontalness of the ceiling. Unlike Kempe’s
model, Reinboth’s theory is widely unknown as his
studies only were published in German. In principal,
Reinboth’s interpretation of rock-water interactions in
the solution cavity and the cavity enlargement below
the lowest groundwater level are confirmed by the
new experimental data.
Based on the laboratory experiments presented in this
paper and the works of Gripp, Reinboth and Kempe
et al., the following overall picture concerning the
hydrogeological setting and cavity formation as
exemplified by a single developing gypsum cavity
passage can be made (Figure 3.8A): a confined nonkarstic or karstic aquifer consisting of less soluble
materials is assumed to underlie a gypsum layer
(confining layer). The potentiometric surface of the
aquifer is higher than the developing solution cavity
inside the gypsum layer. An interjacent, low-permeable

A)

Confining
layer

Practically
impermeable
fracture

Permeable
fracture

Regional
aquifer
Soluble gypsum
layer
Less soluble
layer(s)
Regional
aquifer
B)

C)

Low-density layer
Fast gypsum dissolution

Enlargement

High density
Very slow gypsum dissolution

Calcium sulfate-depleted water
Calcium sulfate-enriched water

Figure 3.8 A) Conceptual model of (A) triangular, prism-shaped gypsum cavity passage developing inside the gypsum
rock, (B) rock-water interactions and physical behavior of cavity water and (C) cavity enlargement taking into account
that dissolution at the facets is almost negligible.
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and less soluble layer or layers is or are imaginable.
A permeable, vertically-oriented fracture provides
communication between the aquifer’s gypsumdepleted water and the gypsum body. The continuation
upwards of the fracture inside the gypsum layer is
supposed to be practically water-impermeable.
Regarding buoyancy, fluids with higher solute
concentrations are heavier and sink, while fluids with
lower concentrations rise elsewhere (e.g., Turner,
1973). To understand these movements, we assume
a 5 m d‑1 mean horizontal velocity of the aquifer
water and a permeable 5 m high fracture from the
top of the aquifer. Furthermore, we assume that the
fracture water is initially enriched in calcium sulfate
(∼94% gypsum saturated) resulting in a fluid density
difference of ∼1 kg m‑3 between the fracture water and
the aquifer freshwater (Kaltofen et al., 1994). In such a
model situation D ≈ 1 × 10‑9 m2 s‑1 (Barton and White,
1971; Romanov et al., 2003), g’ ≈ 0.01 m s‑2, and μ ≈
1 × 10‑3 kg m‑1 s‑1 (Barton and White, 1971; Romanov
et al., 2003). All constants used in the model are listed
in Table 3.3. The resulting Rayleigh number (cf. Eq.
(3.1)) is extremely high and the resulting densimetric
Froude number (cf. Eq. (3.2)) isJclearly <1, even if ∆ρ
r , NaCl , ceq
is far smaller in the presented model. This indicates
that the flow in the fracture is initially buoyant and
fully turbulent. Therefore, the solution cavity with
tip-down triangular cross-section starts to develop
at the upper end of the permeable fracture where the
ascending lighter water accumulates (hydrochemical
stratification). The buoyant turbulent flow remains
as the relatively fast gypsum dissolution
J r , NaCl ,ceq up to nearly
gypsum-saturated water at the upper end of the
developing cavity initiates the density gradient that
becomes the driving mechanism of its own dissolution
(free convection). The dense gypsum solution (∼94%
gypsum saturated) then moves downwards through
the same fracture system as the buoyant turbulent
gypsum-depleted aquifer water, but along separate
and distinct pathways. The descending denser solution
is diluted in the aquifer and finally flows through the
aquifer (forced convection) to a point or area of natural
discharge. At the upper end of the permeable fracture,
a cavity with horizontal ceiling, lateral overhanging
wall sections and facets develops upwards.

the plane of symmetry of the solution cavity. The
water becomes enriched in dissolved gypsum along
the horizontal ceiling and lateral overhanging wall
sections. The residence time of the gypsum-depleted
water in the thin overlying layer is sufficient to
allow a ∼94% gypsum saturation. The dense gypsum
solution then moves down the facets and some of it
further down the fracture as explained above. Along
the facets, receding caused by dissolution is only very
small due to very slow gypsum dissolution close to
saturation. Two passage-scale convective cells are
formed in the gypsum cavity passage. The axes of
the cells run parallel to the
alignment of
U longitudinal
vd
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the cavity (Figure 3.8A).
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the solution cavity are illustrated in Figure 3.8A and
Figure 3.8B. A fluid density layering develops with
underlying calcium sulfate-enriched water and a
relatively thin, low-density horizontal layer above,
which is in contact with the horizontal ceiling and
overhanging wall sections. The gypsum-depleted
(less dense) water emerging into the gypsum-enriched
cavity water rises to the horizontal ceiling along
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system is simplified so that freshwater is assumed to
only come into contact with a perfect flat horizontal
ceiling. In such a situation Fs = R, where R is the
average dissolution rate. Thus R ≈ 1.4 × 10‑4 kg CaSO4
m‑2 s‑1 (Jeschke et al., 2001), βS ≈ 1 (Imboden and
Wüest, 1995), ρ ≈ 1000 kg m‑3, and υ ≈ 1 × 10‑6 m‑2
s‑1 (Weast, 1982). All the constants are also listed in
Table 3.4. Combining Eqs. (3.3) and (3.4) leads to an
absolute length scale for 2πLk of ∼6 mm, which is close
to the observed solution pit dimension. Furthermore,
at a critical Rayleigh number of 1700 (cf. Eq. (3.1))
and a ∆ρ ≈ 1 kg m‑3 corresponding to the liquid
density difference between the concentration directly
adjacent to the horizontal ceiling/overhanging wall
sections and the low-density layer below, H is ∼0.6
mm. According to this height, small convection cells
larger than ∼1 mm can be considered turbulent. These
two calculations confirm that the observed solution
pits are an imprint of the smallest possible turbulent
eddies.

solution cavities may exist far below the groundwater
table.

3.5.3 Laboratory-scale flow experiments
The flow experiments reveal that due to the slow
inflow rate and rapid dissolution kinetics of halite, the
freshwater was halite-saturated shortly after the initial
contact with the rock salt. Therefore, halite dissolution
was restricted to the inflow area of the borehole in
the rock salt cylinder. Initially, the upper third of
the borehole wall was enlarged upward along the
first centimeters in the longitudinal direction, as the
introduced undersaturated, less dense water occupied
the uppermost position. Its solute concentration
increased continuously in the longitudinal direction
until NaCl-saturation was reached. No halite
dissolution occurred beyond that depth, and the “tail
cavity” developed gradually. The less soluble mineral
anhydrite and the poorly soluble minerals (dolomite,
quartz and clay) largely remained undissolved during
the experiments. Upward enlargement by dissolution

The rising horizontal ceiling ends at the latest with the
highest groundwater level or at the top of the gypsum
stratum, unless the cavity collapses before. Such
Parameter

Symbol Unit

Soluble mineral
Molecular diffusion coefficient (overlying solution)
Gravitational acceleration
Reduced gravity
Thickness of the unstable layer

D
g
g'
H

Mean horizontal velocity (underlying solution)
Dynamic viscosity (overlying solution)
Fluid density difference

v
ȝ
'ȡ

m2 s-1
m s-2
m s-2
m
m s-1
kg m-1 s-1
kg m-3

Value
Conceptual Experiments
(small-scale)
setting
Gypsum
Halite
1 x 10-9
9.81
0.01
5
1.2 x 10-5
1 x 10-3

1.5 x 10-9
9.81
2
2.9 x 10-2 to 4.2 x 10-2
4.6 x 10-5 to 4.5 x 10-4
2 x 10-3

1

200

Table 3.3 Model and experimental parameters for Eq. (3.1) and Eq. (3.2).

Symbol Unit

Parameter

Soluble mineral
Gravitational acceleration
Average dissolution ratea
Coefficient of haline contraction
Fluid density (low-density layer)
Kinematic viscosity (low-density layer)
a

g
R

ȕS
ȡ

X

m s-2
kg m-2 s-1
kg m-3
m2 s-1

Value
Conceptual Experiments
(small-scale)
setting
Gypsum
Halite
9.81
1.4 x 10-4
1

9.81
1.6 x 10-3
0,76

1000
1 x 10-6

1000
1 x 10-6

For gypsum: kg CaSO4 m-2 s-1
Table 3.4 Model and experimental parameters for Eq. (3.3) and Eq. (3.4).
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led to a horizontal ceiling at the inlet, thus allowing
the facet to develop upward. In the further course of
a dissolution run, halite dissolution occurred only
within the developing half conical cavity. At the inlet
of the borehole, the NaCl-undersaturated water and
gas, the latter released by salting out effect (Harvie
et al., 1984; Stumm and Morgan, 1996), accumulated
in the highest section of the cavity (and of the inlet
Plexiglas tube) − the gas was highest followed by
the undersaturated water, both floating on the NaClsaturated brine. Because the gas bubble shielded
the rock salt above from further water access, halite
dissolution was inhibited above the gas bubble. As
soon as the salt ceiling dissolved around the bubble
it moved to reach this newly created higher position.
When combined, convection of the fluid was caused
by (a) hydraulic gradient (here induced by a peristaltic
pump), (b) constant supply of buoyant, undersaturated
water from a point source, (c) adjustment of a fluid
density layering, and (d) increase in solute NaCl
concentration to saturation was reached around an
overlying thin, undersaturated layer in contact with
the horizontal ceiling and the upper end of the facet.
As for the conceptual setting (Section 3.5.2), the
model of buoyant turbulent flow coupled with mineral
dissolution is also supported here by calculating
the dimensionless Rayleigh and densimetric
Froude numbers and the Kolmogorov length scale,
respectively. Regarding the dissolution runs, the
numerical values are presented in Table 3.3 and Table
3.4. The following values are taken from the literature:
D (Zaytsev and Aseyev, 1992), βS (Steinhorn, 1980),
μ (Zaytsev and Aseyev, 1992), and υ (Weast, 1982).
In order to calculate the smallest possible eddies,
an average halite dissolution rate was estimated at
the end of dissolution run RS23 by the simplified
assumption that halite dissolution occurs only at
the horizontal ceiling and by neglecting surface
irregularities. Furthermore, H corresponds to the final
height of the solution cavity (Table 3.3). The resulting
absolute length scale for 2πLk amounting to ∼3 mm
and the correspondingly calculated Rayleigh number
of ∼0.2 mm (at a critical Rayleigh number of 1700)
confirm also here a turbulent flow of smallest possible
convection cells directly below the observed solution
pits. However, solution pits are about an order smaller
on our laboratory setting than in the described gypsum
caves in nature as more dissipation of turbulent energy
(cf. Eqs. (3.3) and (3.4)) was released.
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3.6

Conclusions

The field observations of gypsum cave passages with a
tip-down triangular cross-section concur qualitatively
with the laboratory results. Although the authors
never entered such a cave passage, they can provide a
coherent hydrogeological explanation for the genesis
of such cavities, which is based also on existing
models, on the new experimental data reported in this
paper and on theoretical considerations. For the first
time, the convective flow in an evolving cavity with a
tip-down triangular cross-section and its growth were
recorded experimentally.
If a permeable fracture provides communication
between a confined, practically insoluble gypsumdepleted water aquifer and an overlying soluble
gypsum body, caves and cavities with a tip-down
triangular cross-section may develop at the upper end
of the permeable fracture. Since gypsum dissolution
practically occurs only at the horizontal ceiling and
upper end of the facet (equivalent to the overhanging
wall sections), the cavities enlarge under confined
conditions by upward growth of the horizontal
ceiling and also by lateral growth at the upper end
of the facet. These morphologies are indicators for
paleohydrogeology in gypsum deposits if the cavity
is in the epiphreatic or vadose zone.
In such an artesian setting, development of a whole
gypsum karst system was modeled by a coupled
continuum-pipe flow model neglecting density effects
(Birk et al., 2003; Birk et al., 2005). However, this
paper clearly reveals the need for a more sophisticated,
density-dependent fluid dynamics code, since the
relatively rapid gypsum dissolution leads to density
gradients causing gravitational separation of water
and natural convection circulation, at least in the
initial stage. The presented conceptual model suggests
that similar processes can occur in other evaporites.
Cavities developed by buoyant groundwater flow
coupled with mineral dissolution may cause nearvertical, natural subsidence or collapse features
propagating upward.
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4

Understanding the processes of natural
interstratal karstification at the top of a salt
layer in a horst and graben structure

4.1

Introduction

Salt dissolution or “subrosion” (term used in German
literature since 1926; cf. Murawski, 1992) in the
subsurface is a well-known and long-recognized
phenomenon. Groundwater can interact with a
practically impervious, but highly soluble salt body
from all three directions, i.e. from above, from the side
(e.g., McManus and Hanor, 1993) or from below (cf.
Chapter 2). Slightly modified, the four requirements
for subsurface salt dissolution are according to
Johnson (1981, 1992): (a) a deposit of salt; (b) a
supply of undersaturated water with respect to the
highly soluble salt minerals such as through permeable
faults; (c) an outlet for removal of salt-enriched
water; and (d) energy to move the water flow through
the system. If undersaturated groundwater interacts
with the salt body from above, this process causes
the development of solution cavities at the top of the
subsurface (e.g., Quinlan et al., 1986; Waltham, 1989)
or submarine salt (e.g., Lohmann, 1972; Belderson et
al., 1978) into which overlying strata can settle or
collapse chaotically. This process is apparently selfperpetuating, as the resulting fracturing of overlying
units provides improved access to the salt for saltdepleted water (Johnson, 1981, 1992). In such areas,
broad areal subsidence is prevalent (e.g., Belderson et
al., 1978; Reuter and Tolmačëv, 1990; Reuter et al.,
1992; Reuter and Stoyan, 1993).
In more detail, the term interstratal salt karst is applied
to salt dissolution taking place beneath a covering
layer of relatively insoluble rock (e.g., Quinlan et al.,
1986). In such a karst system, drillings revealed that
brine-filled solution cavities (corresponding to zones
of loss of circulation) are common at the top of the salt
layer and enlarge only to a height of approximately
one meter (Spackeler, 1957; Johnson, 1981, 1992;
Reuter and Tolmačëv, 1990; Reuter et al., 1992;
Reuter and Stoyan, 1993). These solution cavities are,
therefore, flat expanded (quasi-2D solution cavities).
A mainly areal dissolution on the top of the salt layer is

considered (Quinlan et al., 1986; Reuter and Tolmačëv,
1990; Reuter et al., 1992; Reuter and Stoyan, 1993).
Solution cavities within the salt unit are generally
absent (Johnson, 1981). The same phenomena of
tabular cavities at the top of a salt layer and overlying
areal subsidence are monitored in a region southeast
of the city of Basel in the Tabular Jura as presented in
Chapter 1. Furthermore, as described from this region,
elongate subsidence zones parallel to faults are also
known from other regions underlain by salt (e.g.,
Belderson et al., 1978; Gustavson et al., 1982; Baer
et al., 2002). Nevertheless, a greater understanding of
the genesis of a tabular solution cavity at the top of
a salt layer and reason for the overlying subsidence
pattern remain unexplained.
To overcome the complexity of field measurements
(cf. Chapter 1), the study of fluid density effects at
the top of a salt layer was scaled down to laboratory
dissolution experiments, where freshwater was slowly
pumped from above into rock salt cores through an
axial borehole. Since faults displace salt horizons
in horst and graben structures, and since faults may
constitute very important types of discontinuities in
rocks from a hydrogeological point of view, in another
type of experiment the influence under more realistic
geological conditions was studied. Two cases (there
are endless variations) were studied in this type of
experiment: a normal fault juxtaposing a developing
interstratal salt karst against a salt layer, and a normal
fault juxtaposing a developing interstratal salt karst
against a largely impermeable, poorly soluble layer.
To visualize the flow field and cavity genesis, the
fluorescence property of uranine-containing water
was used.
This approach, simulating salt dissolution at the top
of a non-displaced or displaced non-folded salt layer
allowed to study the genesis of flat expanded solution
cavities, well-known in many areas. An understanding
of the hydrodynamics coupled with salt dissolution
in a developing interstratal salt karst is crucial for
effective planning control and engineering practice,
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RS7, RS13, RS12, RS24:
Tygon tubing
and/or

Peristaltic
pump
100 ml

100 ml

Uraninecontaining
freshwater

Freshwater

Flow rate:
~10 or ~80
mm3 min-1

Data flow
Silicone tube

γ = 45°
"Top of the
salt layer"

Plexiglas
tube

γ

γ < 1°
~10 cm

Ø=
4 mm

Clear Plexiglas flange
Clear 1- and 2-component silicone rubber

Core of rock salt (Ø ~10 cm)

Conductivity
measuring
flow-thru cell

1.1452 g
Gravimetric
determination
of outflow

Original
hole

Laboratory
conductivity
meter

Figure 4.1 Schematic diagram of the experimental setup for the laboratory dissolution runs.

as well as for management and protection of water
resources.
This Chapter often refers to details already presented
or discussed in Chapter 2.

4.2

Methodology

Two types of dissolution experiments were carried
out. Both series simulated the development of solution
cavities when freshwater comes into contact with the
top of a salt layer from above. One type simulated a
2D and the other a 3D (step like) top of a salt layer.
The same experimental setup and procedure was
used as described in detail in Chapter 2.2, where
dissolution of rock salt (halite) was examined by
pumping freshwater through an axial borehole in ∼10
cm long undisturbed cores of rock salt consisting
mainly of halite (NaCl). However, this chapter
describes the effect induced by freshwater contacting
from above the upper end of the core cylinder (top
of the salt layer) showing a γ inclination (accuracy
about ±1°). The Plexiglas/silicone top cover functions
as a practically impermeable and poorly soluble
stratum (covering layer). A schematic diagram of the
experimental setup is illustrated in Figure 4.1 and
photographs of the setup are presented in Appendix
A.1.1. Mineralogical and chemical analyses from
some drilling powders are described in Appendix
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A.2.1. Compared to a field situation (cf. Chapter 1),
the main laboratory constraints were (1) the supply of
NaCl-undersaturated water through a pipe (quasi-1D
input) and not through a more realistic linear input
(permeable fault); and (2) the dissolved salt water was
transported through the salt core (salt layer) instead
of being transported upwards/laterally away from the
top of the salt layer, such as in an overlying freshwater
aquifer.
In the first type of experiments, a total of four
dissolution runs were conducted (RS7, RS13, RS12,
and RS24) as presented in Figure 4.1. The average
inflow rate amounted to ∼10 or ∼80 mm3 min‑1 over
time scales of 3.4−31.2 hours, and the inclination of
the top of the salt layer varied between <1° and 45°.
In the second type of experiments, two dissolution
runs (RS27 and RS28) were conducted, where the
aforementioned Plexiglas/silicone top was extended
by a silicon-filled groove placed parallel to the strike
of the inclined top of the salt layer in order to simulate
a horst and graben structure (displaced layers; fault).
In dissolution run RS27, the silicon-filled groove was
2.3 cm wide and 1.0 cm deep, including the entrance
of the borehole (Figure 4.2). In dissolution run RS28,
the silicon-filled groove was 0.3 cm wide and 1.7 cm
deep and was placed up dip from the borehole entrance
(Figure 4.2). In both dissolution experiments, the
upper top of the salt layer was relatively steep parallel
to the layers (30 or 45°, respectively) and the average
inflow rate was ∼70 mm3 min‑1 over 11.6 or 5.2 hours,
respectively. The experimental conditions for all
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RS27:

1.7 cm

"Fault"
(dip ~45°)

RS28:

"Fault"
(dip ~60°)

2.8 cm

Top view

30°

Section view

"Hanging
wall"

Top view

45°

Section view

"Hanging
wall"
"Footwall"

"Footwall"

Figure 4.2 Cut rock samples used in the dissolution runs RS28 and RS27.
Drill core of rock salt
Peristaltic pump
Run
Borehole Inclination
Average Running
number length
top rock salt
inflow rate time
°
mm3 min-1
h
cm
First type of dissolution experiments:
RS7
9.6
<1
10.626
31.15
RS13
10.7
<1
76.84
3.40
RS12
11.0
10
9.210
10.17
RS24
10.4
45
83.81
2.28
Second type of dissolution experiments:
RS27
11.0
30
74.35
RS28
9.5
45
66.30

11.56
5.13

Tracer input
After pumping
Duration
start
h
min

Interval recording
Time Recording
interval
time
s
s

2.73

15

30

0.5

0

Continuous

30

0.5

0
0

Continuous
Continuous

30

0.5

Table 4.1 Experimental conditions for the six dissolution runs (cf. also Appendix A.3).

dissolution runs are given in �����������
Table 4.1.�
Dissolution runs RS13, RS24, RS27, and RS28
were captured in the darkroom on time-lapse video
for subsequent qualitative analysis (���������������
Table 4.1������
). To
visualize and record the flow pattern, the traced
water was injected for 15 minutes towards the end of
Initially filled NaCl-saturated brine
Fluid
Electrical
density
conductivity
g cm-3
mS cm-1
First type of dissolution experiments:
RS7
1.1941
244
RS13
245
1.1997
RS12
244
1.1971
RS24
1.1944
Run
number

Second type of dissolution experiments:
RS27
1.1950
RS28
1.1986
- Not measured

dissolution run RS13. To study the cavity enlargement
(dissolution runs RS24, RS27 and RS28), traced water
was injected throughout the experiment. Additionally,
continuous tracer input helped terminate a dissolution
run before a solution cavity reached the lateral surface
area of the rock salt core. The electrical conductivity of
the initial freshwater and outflow brine was measured

Freshwater
Fluid
Electrical
density conductivity
g cm-3
mS cm-1

Outlet brine
Electrical
conductivity
mS cm-1

0.9964
0.9974
0.9978
0.9968

0.392
0.403
0.393
-

244-247
245-247
244
-

0.9976
0.9978

-

-

Table 4.2 Fluid density and electrical conductivity data of initially filled NaCl-saturated brine, injected freshwater and
outlet brine of all dissolution runs (cf. also Appendix A.3).
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Results

The measurements and calculated volumes of solution
residues and dissolved halite of all dissolution runs are
presented prior to the dissolution phenomena of the
2D and 3D top of rock salt experiments as outlined
above.

4.3.1 Instrumentation results

-

A)
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RS








0
0









0     0     0 

Time (h)
0

B)

0
RS
RS
RS
RS
RS
RS

0

0

0

0

0

0
0









0     0     0 

Time (h)


C)

RS

-

The same type of data was obtained during the
experiments as presented in Chapters 2.3.1 and
2.3.2. Table 4.2, Table 4.3 and Figure 4.3 contain
the measured data and calculated volumes of the
dissolution runs. Similar to the dissolution runs
with a horizontally oriented borehole, the electrical
conductivity of the outlet brine revealed a negligibly
small increase in electrical conductivity until attaining
stable values (Figure 4.3A). Only dissolution run RS12
showed a constant value throughout the experiment.
However, this can be related to the low inflow rate
and short running time resulting in a low discharge
volume. The cumulative weight of the outlet brine

Electrical conductivity of outlet brine (mS cm )

4.3

Cummulative weight of outlet brine (g)

After unmounting the drill core from the holder
system, the undisturbed final solution cavities were
examined macroscopically. Refer to Chapter 2 for
details of the experimental setup and procedure.



Average dissolved halite removal rate (mm min )

only in dissolution runs RS7, RS13 and RS12. Due to
the constant values of the measurements, these were
omitted in the final three dissolution runs (RS24,
RS27 and RS28).





Solution cavity
Solution residue Solution residue Dissolved halite
Run
number
weighta
volumea
volumea
mg
cm3
cm3
First type of dissolution experiments:
RS7
26,9
0,010
2,9
RS13
16,3
0,006
2,5
RS12
8,3
0,003
0,7
RS24
2,7
0,001
1,7
Second type of dissolution experiments:
RS27
15,7
0,006
8,3
RS28
2,4
0,001
3,0
a
Solution residue weight = Weight of filter with dried residue
minus weight of filter

Table 4.3 Measured weight of solution residue, calculated
volume of solution residue and dissolved halite of all
dissolution runs (cf. also Appendix A.3).
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RS

RS

0

RS




R = 0.




RS
RS

0
0

0

0

0

0

0

0


0

0

-

Average inflow rate (mm min )

Figure 4.3 A) Electrical conductivity of outlet brine as
a function of time. B) Cumulative weight of discharging
solution as a function of time. Every 10th data point is
displayed as a symbol. C) Average dissolved halite removal
rate versus average inflow rate (cf. Appendix A.3). The solid
line represents a linear fit. R = correlation coefficient.
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also increased linearly with time (Figure 4.3B), and
a linear relationship between the average dissolved
halite removal rate and average inflow rate was
observed (Figure 4.3C).

dissolution features were similar irrespective of inflow
rate and disseminated impurity content. However,
discrete, millimeter-thin layers of impurities influence
the regular shapes.
At γ = 30 and 45° (dissolution runs RS12 and RS24),
respectively, the outlines of the cavity walls at the
inflow surface of the salt cores (xy plane) are between
triangular and rectangular, respectively. In these two
dissolution runs, practically the entire solution cavity
is situated up dip of the borehole inlet (Figure 4.4B;
Appendix A.1.3). Based on these two dissolution runs
and visualization of buoyancy-driven flow (Figure
4.5), the direction of dip of the almost horizontal top
of the salt layer of the dissolution runs RS7 and RS13
was determined as presented in Figure 4.4B (cf. also
Appendix A.1.3). In these two cases, the outlines are
ellipsoidal. The original boreholes are situated in the

4.3.2 Experiments with a flat top of the
salt layer
In these dissolution runs, a flat solution cavity
developed at the top of the salt layer (Figure 4.4A).
These voids enlarged to a constant height of ∼1−∼2
mm in z direction. A small trumpet-shaped inlet
formed, but only a few mm down in z direction. No salt
dissolution occurred further down in the cylindrical
hole. As in the dissolution runs with a horizontally
oriented borehole (cf. Chapter 2), the macroscopic

A)

y
Top view
(xy plane)

x

2

1

z

Section view
Rock salt

: Direction of
cavity enlargement

1

Dissolved volume
Original hole

B)

<1°

RS7

<1°

RS13

3 cm

10°

45°

RS12

RS24

Figure 4.4 Dissolution runs RS7, RS13, RS12, and RS24: A) Schematic diagram of a drill core with final solution cavity.
B) Outlines at the inlet at the end of the four dissolution runs.
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t = 1 min

t = 2 min

t = 4 min

t = 6 min

t = 9 min

t = 12 min

t = 22 min
Full-scale

Figure 4.5 Time-lapse, videotape recording of the flow pattern at elapsed times t = 1, 2, 4, 6, 9, 12, and 22 minutes after
injection of uranine-containing water into the cavity (dissolution run RS13). The visible circle on the right is caused by a
silicone blob molding the Tygon tubing into the Plexiglas tube.

down dip half of the solution cavities and the cavities
are elongated parallel to the direction of dip of the top
of the salt layer.
The recorded development of the flow pattern is
illustrated in Figure 4.5. The results clearly indicate a
symmetrical flow. The borehole accessing freshwater
ascend straight up dip along the x-axis to the highest
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section of the solution cavity. The fluid stream then
spread fan-wise over the entire solution cavity.
Figure 4.4A illustrates schematically how the cavities
enlarged in general. At first, these cavities enlarged
radially outward (parallel to the xy plane) from the
borehole at the inlet side (1), afterwards they enlarged
mainly in x direction (2). With a clear inclination of

4.4 Discussion

t = 0.75 h

t = 1.45 h

t = 2.15 h

Full-scale

Figure 4.6 Time-lapse, videotape recording of the enlargement of solution cavity and position of gas bubble at the
entrance of the borehole at elapsed times t = 0.75, 1.45 and 2.15 hours after injection of uranine-containing water into
the cavity (dissolution run RS24).

the top of the salt layer, the cavities enlarged mainly
in the up dip direction (2) right from the start. The
latter is illustrated in Figure 4.6, where a gas bubble
can also be clearly seen trapped always at the up dip
limit of the solution cavity.

4.3.3 Experiments with a step like top of
the salt layer
More complex solution cavities formed in the second
type of dissolution experiments. The genesis and shape
of the solution cavity of the dissolution run RS27 is
presented schematically in Figure 4.7, that of the
dissolution run RS28 in Figure 4.8. As in the other type
of dissolution experiments, a gas bubble was always
trapped at the up dip limit of the solution cavity. The
solution cavity reached a maximum vertical height
of ∼17 mm along the fault (dissolution run RS27)
or ∼8 mm (dissolution run RS28), respectively. The
scanned inflow ends of the drill cores are presented in
Appendix A.1.4.
At the beginning of dissolution run 27, and similar to
the first type of dissolution experiments, a flat solution
cavity enlarged mainly in x direction along the top of
the salt layer (2). The cavity reached the fault after
only ∼1/14 of the total running time. At this stage
salt (hanging wall) was overlying the up dip limit of
the cavity at the top of the footwall (cf. Figure 4.2),
thereby resulting in a cavity enlargement upwards and
simultaneously sidewards along the fault plane (3a),
such as the one presented in Chapter 2 for development
of a conical solution cavity with a horizontal base
facing upwards. The morphological elements of the
horizontal ceiling and facet also developed in this
dissolution run. During (3a), a gas bubble, jerking
occasionally sideways due to selective dissolution
of halite, was always clearly seen at the horizontal

ceiling. As soon as the cavity reached the covering
layer of the hanging wall, another two flat solution
cavities developed (4), enlarging again mainly in x
direction. Between the two solution cavities (4), salt
dissolution was inhibited by the gas bubble at the
horizontal ceiling, thus preventing the formation of
one continuous void (4).
Comparable to the first type of experiments and phase
(2) of dissolution run RS27, the solution cavity of
dissolution run RS28 enlarged relatively fast along
the top of the salt (2) and reached the fault after ∼1/2.5
of the total running time (cf. Figure 4.2). When in
contact with the fault, the solution cavity enlarged
along the fault plane sideways and downwards (3b),
resulting in a more or less flat horizontal cavity floor
in contact with the fault.

4.4

Discussion

4.4.1 Flow experiments
Similar to the dissolution runs with a horizontally
oriented borehole (cf. Chapter 2), the flow in these
two types of experiments is also extremely buoyancydriven and coupled with salt dissolution. When
combined, convection of the fluid is therefore caused
by (a) hydraulic gradient (induced by peristaltic
pump), (b) constant supply of buoyant, undersaturated
water from a point source, (c) adjustment of a stable
fluid density layering, and (d) increase in solute NaClconcentration until saturation around an overlying
thin, undersaturated layer in contact with the highest
section of the cavity wall. At the inlet side of the
borehole, the NaCl-undersaturated water and gas,
the latter released by salting out effect, accumulate
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Figure 4.7 Solution cavity outline of dissolution run RS27
presented in a schematic diagram.
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Figure 4.8 Solution cavity outline of dissolution run RS28
presented in a schematic diagram.
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Section view:
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Dissolved volume
(vertical exaggeration
~3.5:1)

1 cm
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Dissolution
front
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Legend:
NaCl-undersaturated water flowline
NaCl-saturated brine flowline
Halite dissolution

Figure 4.9 Model of solution cavity genesis.

in the highest section of the cavity − the gas highest
followed by the undersaturated water, both floating on
the NaCl-saturated brine.

4.4.2 Interstratal salt karstification and
overlying surface subsidence pattern

Due to a layering effect, the top-surface-parallel
component of cavity growth and displacement of the
dissolution front (xy directions), respectively, is much
stronger than the vertical one. With increasing γ, the
cavity grows predominantly in x direction. A quasi2D geometry of convection cell forms. However, an
explanation for the tracer movement presented in
Figure 4.5 is difficult, as the position of the traced,
undersaturated water in contact with the upper and
lower boundary of the solution cavity is not clear.
Schematically presented, the inflowing, less dense
freshwater jet flows upslope along the upper solution
cavity boundary (on the x-axis) forming a thin, lowdensity horizontal layer where halite dissolution
occurs instantaneously (Figure 4.9). A thin film of
NaCl-saturated brine subsequently moves down
along the bottom boundary of the solution cavity. The
NaCl-saturated solution, above the bottom boundary
of the solution cavity, protects the halite from further
dissolution (Figure 4.9). The solution cavity would
show a quasi-2D tabular and circular cavity only
with a perfectly horizontal salt top. If γ is relatively
small, a horseshoe-shaped dissolution front develops
and leads to an elliptically formed solution cavity
as presented by the dissolution runs RS7 and RS13.
With rising γ, the dissolution front turns horizontal.
The solution cavities of the dissolution runs RS12
and RS24 represent a transition towards a quasi-3D
conical solution cavity as presented in Chapter 2.
Since stable fluid density interfaces are horizontal,
the formed ceiling or “salt table”, respectively, must
also be horizontal during phase (3a) of dissolution run
RS27 (cf. also Chapter 2) and during phase (3b) of
dissolution run RS28 (cf. e.g., Farkas et al., 1951).

The findings of the flow experiments can be upscaled
and integrated into a conceptual model for interstratal
salt karst development by density-dependent
groundwater flow and corresponding overlying land
subsidence pattern in the context of horst and graben
structures as for example observed in the MuttenzPratteln region (cf. Chapter 1).
Since there are endless variations in natural geological
subsurface settings and regional groundwater
circulation systems, only a limited number of four
hypothetical situations are illustrated and discussed: a
fault bringing a salt layer against a largely impervious,
poorly soluble block under two different regional
groundwater circulation systems (Figure 4.10A and
Figure 4.10B), a fault bringing a salt layer opposite
a salt layer under two different fault trends (Figure
4.10C and Figure 4.10D).
The interstratal salt karst develops along the top of the
salt layer analog as presented by the flow experiments.
The permeable normal faults and inclination of the
top of the salt layer clearly influence the development
and spread of this karst system. Normal faults act as
preferred channels of groundwater flow resulting in a
recharge with salt-depleted water from above to the
salt and discharge with salt-enriched water away from
the salt. The movement of these two solutions occurs
along separate and distinct paths in the same fault(s)
and/or along respective fault(s). At the beginning,
unless salt dissolution starts at the up dip limit of
the salt layer (Figure 4.10B), the main dissolution
front displaces along the top of the salt layer, mainly
against the direction of the dip (2) (Figure 4.10A,
Figure 4.10C and Figure 4.10D). A fault-associated,
large solution cavity section filled with salt-enriched
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Figure 4.10 Possible developments (A−D) of an interstratal salt karst at the top of a salt layer in the context of extensional
tectonics and inclined beds.

water (3b) develops if the developing interstratal salt
karst reaches a largely impermeable, poorly soluble
block (Figure 4.10A) as the one presented in Figure
4.10B. Such fault-associated cavity geometries are
comparable to fault-associated oil traps found in
the petroleum geology (e.g., North, 1985). Such a
developing section may also lead to a continuation
(4) of this karst system along the top of the displaced
salt layer (Figure 4.10C). Another continuation
(3a) is presented in Figure 4.10D, however, a faultassociated NaCl-saturated filled solution cavity
developed here, whose horizontal cross-section
increases upwards. Salt dissolution occurs mainly at
the sideways displacing main dissolution front (2, 4)
or horizontal main dissolution front at the up dip limit
of the displaced salt layer (3b) or simultaneously at
the horizontal ceiling and at the upper end of a facet
(3a). Aside from the main dissolution front of 3b,
along the lower boundary of the tabular cavities only
56

very small dissolutional receding is observed due to
limited advective and diffusive mixing. The salting
out effect mainly leads to carbon dioxide gas (e.g.,
Harvie et al., 1984; Stumm and Morgan, 1996) in
association with this high-density karst water. At field
scale for example, such degassing was reported from
drilled through brine-filled solution cavities at the top
of a salt unit (Belchic, 1960).
Such a subsurface conceptual model may explain the
subsidence pattern detected in a region as Muttenz
Pratteln. The wide, shallow subsidence zones may
owe their location to the underlying thin and flatexpanded section of the interstratal salt karst. Elongate
subsidence bowls parallel to the fault system within
these zones, revealing stronger subsidence velocities,
may be related to underlying, fault-bound (higher)
solution cavities (Figure 4.10). A fault may also act
as a subsidence barrier as shown in Figure 4.10A and
Figure 4.10B.

4.5 Summary and conclusions

Elongate subsidence bowl

C)

Wide, shallow subsidence zone

MDF

4
3b

2

F
F

Elongate subsidence bowl

D)

Wide, shallow subsidence zone

MDF

4

3a
2

F

F

Figure 4.10 (continued)

4.5

Summary and conclusions

The investigations reveal the advantage of small-scale
dissolution experiments when trying to understand
the complex processes underlying natural (and
possibly anthropogenically induced) interstratal salt
karstification. The experimental data allows to explain
the genesis of flat expanded solution cavities at the
top of a salt layer inside horst and graben structures
and may be also the overlying subsidence pattern.
The close correlation of the experimental solution
cavities and cavity geometries in the field indicates
a development of the interstratal salt karst along the

top of the rock salt layer at the beginning mainly in
the up dip direction by a sideward displacement of
the main dissolution front. When in contact with a
fault, an areal horizontal salt dissolution front mainly
broadens the solution cavity downwards or upwards,
leading to a fault-associated solution cavity (section)
possibly responsible for the overlying fault-parallel
subsidence bowl.
A morphological land surface analysis of an affected
area (time series of subsidence, spatial distribution)
allows to obtain an overview of the distribution of the
underlying interstratal salt karst system. Widespread
leveling measurements of land subsidence are required
if morphologies are difficult to detect visually, such as
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in the Muttenz-Pratteln region.
In the future theoretical aspects of density-dependent
groundwater circulation in contact with an interstratal
salt karst and rock mechanics (subsidence of the
overlying geological materials) have to be implemented
in this work to verify the presented hypotheses.
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5

Development of a resistance measuring cell for
in situ determination of solute concentration in
a flow tank

5.1

Introduction

Saltwater upconing in a freshwater aquifer was studied
and numerically modeled in a 2D flow tank (Chapter
6). An adequate non-commercial measuring technique
had to be developed first to measure salt concentrations at different sites in the upconing salt mass.

measuring cell. An ongoing discussion about the
measurements and theory related to the measurement
technology (e.g., Telford et al., 1990) is beyond the
scope of this work.

5.2 Prototype of resistance measurVarious methods are available for quantitative analy- ing cell (RMC)

sis of spatial and temporal measurement of solute concentrations in a flow tank containing a water-saturated
porous medium. According to Silliman et al. (1998),
three approaches can be used to characterize solute
concentrations in a flow tank. The first approach is
based on visualization and relates dye concentration
to visual intensity on a recording device; the second
withdraws microsamples for analysis by standard
analytical techniques; the third applies in-situ measurement. The third approach was chosen in this study
conducted in collaboration with Edi Meier + Partner
AG (Technopark Winterthur, Switzerland). A set of
electrodes (resistance measuring cell) was developed
to allow indirect measurement of solute concentrations of Na-Cl over a wide range (from 0 to ∼300 g
l‑1) in a flow tank. Indirect measurement over such a
wide range has, as yet, rarely been conducted in-situ
in flow tank experiments before (e.g., Hassanizadeh
and Leijnse, 1995).
This new technique (the prototype is presented in
Section 5.2) was tested in a flow tank and calibrated
to analyze the suitability of the measured data
(Section 5.3.1). To determine the equivalent NaCl
background concentration, a standard conductivity
flow-thru cell was also calibrated with the same
calibration solutions. In a second pilot batch (Section
5.3.2), different electrode arrangements were tested
while pumping a Na-Cl brine bottom-up into a
small container to determine the most appropriate
electrode arrangement for the experiments presented
in Chapter 6. The latter tests also provide information
on the approximate measuring volume of a resistance

The original RMC design (array 1) is illustrated in
Figure 5.1. It consists of five gilded stainless steel
electrodes (Ø 0.4 cm, length 13 cm) mounted on a
Plexiglas flange. The electrodes are fixed in parallel
on a plane and equally spaced (1 cm). They can be
fitted through the Plexiglas front plate extending
6.4 cm into the porous medium of the flow tank.
Furthermore, due to small borehole deviations when
drilling through Plexiglas, the electrodes are not
exactly parallel to each other. The output voltage
between the electrodes P1 and P2 was measured
while electrical current flowed through the porous
media between the outer pair of electrodes C1 and
C2. The grounding electrode is located in the center.
The measuring principle is based on a 4-electrode
resistance measurement technique, where the current
is supplied via an accurately regulated sinusoidal
oscillator signal. The measured AC output voltage
is rectified through a demulator circuit in phase to
the oscillator. The resulting DC output voltage was
recorded using a micro-logger and a relay-based
multiplexer to measure all the RMCs sequentially
(cf. Chapter 6). An alternating current was applied in
all measurements to minimize polarization in the cell
and to prevent ion movement of the ions caused by
the presence of a voltage potential (E. Meier, 2007,
personal communication).
Since this measuring method is sensitive to temperature
variations, sensors were also inserted in the porous
medium to monitor pore water temperature. Each
temperature sensor (YSI 4006; accuracy ±0.01°C)
59

5.2 Prototype of resistance measuring cell (RMC)

Front view
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∅ 0.4 cm
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Porous
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O-ring
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P2
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sidewall

Electrical connections
feed to data logger
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Figure 5.1 Schematic of prototype of a resistance measuring cell showing basic dimensions. C1 and C2 represent the
current electrodes, P1 and P2 the potential electrodes.
Section view

Front view

13 cm
3 cm
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2 cm1.5 cm
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and power supply

Figure 5.2 Schematic of a temperature sensor showing basic dimensions.
Data logger recording
software
ELCOL-1
ELCOL-2
ELCOH-1
ELCOH-2
ELCONDU-1
ELCONDU-2

Input voltage range of the
data acquisition
(mV)
0-2500
0-2500
0-250
0-250
0-2500
0-250

Used for
Testing cell
(this Chapter)
First experiments
(Chapter 6)

Table 5.1 Technical data of the three different data logger recording software used.

was fitted into a gilded stainless steel tube (∅ 5 mm)
and inserted in the porous medium at a 3-cm depth
(Figure 5.2).
Different data logger recording software was used for
the tests. Since a wide range of voltage values had
to be measured, two different measuring ranges (e.g.,
ELCOL-1/-2) were used for each time step (each
measurement). -1 is suitable for low salt concentrations
(less current is supplied than in -2) and -2 is suitable
60

for high salt concentrations. Table 5.1 presents an
overview of the different software programs used
(including the one for the experiments presented in
Chapter 6).

5.3 Testing: Calibration approach and electrode arrangement

5.3 Testing: Calibration approach
and electrode arrangement

5.3.1 Calibration of the measuring cells
The testing objective of the RMC technique was to
find a mathematical function relating output voltage
to solute concentration. The calibration was carried
out in a 2D flow tank as desribed in detail in Chapter
6. The 1.68 m long, 1.31 m high and 0.20 m wide tank
was set up in the same way as described under step 1
in Chapter 6 and with the same sand as described in
Chapter 6. Thirty-two RMCs with vertically aligned
electrodes (cf. Figure 5.1) were placed in the lowest
two RMC rows in the front of the flow tank, including
one temperature sensor (T3) (Figure 5.3 and Figure
5.4A).
Beside the initially filled tank freshwater (tap water),
thirteen calibration solutions (each 120 l) of specific
amounts of sodium chloride (table salt from Salins,
Montpellier, France) dissolved in freshwater were
prepared using an electric mixer with regard to the fact
that the initial water volume increases considerably
when a lot of salt is added to the water (e.g., Wolf et
al., 1982). The following Na-Cl calibration solutions
were prepared: 1, 2, 5, 10, 20, 30, 40, 50, 100, 150,
200, 250, and 300 g l‑1. A standard conductivity flowthru cell (WTW model TetraCon DU/T) connected to
a laboratory conductivity meter (WTW model inolab
Cond Level 2) was also calibrated with the same
solutions.
The calibration procedure is presented in Figure 5.3
and Table 5.2. The initially filled tank freshwater
was the first calibration solution. The salt (Na-Cl)
(A)

concentration of the freshwater is assumed to be 0
g l‑1. The output voltage was measured in stagnant
pore water over several hours (Table 5.2). The
recharge reservoir was subsequently connected via a
plastic tube to the filling valve. Each of the prepared
calibration solutions (in sequential order from lowdensity to high-density solutions) was injected with
a peristaltic pump through four equidistant holes
(Ø 1 cm) in the bottom plate of the flow tank. The
outflow was led through two overflows (Figure 5.3).
Therefore, flow was always directed upward with the
heavier solution displacing the lighter resident one.
Thus, all the calibration solutions injected may be
regarded as stable displacements. About double (100
l) the estimated pore volume (50 l) was injected each
time. The inflow rate was always ∼10 l h‑1 and each
pumping sequence ∼10 h. Each calibration solution
was injected until the measured output voltage of
each individual RMC, located in the porous medium,
had reached a constant value over some hours. From
the moment the breakthrough curves leveled out to a
constant value, the average output voltage value with
its standard deviation was calculated for each RMC.
The data logger recording software ELCOL-1/-2 was
used for the calibration solutions containing 0−40 g
l‑1. For the 50−300 g l‑1 calibration solutions, the data
logger recording software ELCOH-1/-2 was applied
(cf. Table 5.1). The cells/sensor were automatically
and sequentially scanned every 6 min (Table 5.2).
One measurement was also conducted with the
complementary data logger recording software at the
end of each calibration pass.

5.3.2 Different electrode arrays
In another experimental setup, different electrode
(B)

Figure 5.4 Experimental setup for tests in the (A) 2D flow tank and in the (B) small container, respectively. The horizontal
saltwater layer can be clearly observed in (B) (reddish color of the brine, yellowish color of the transition zone).
61

5.3 Testing: Calibration approach and electrode arrangement

R2A R2B R2C R2D R2E R2F R2G R2H

R2I R2J R2K R2L R2M R2N R2O R2P

R1A R1B R1C R1D R1E R1F R1G R1H

R1I R1J R1K R1L R1M R1N R1O R1P

T3

Peristaltic pump
(flow rate: ~10 l h-1)
Filling
valve
Recharge reservoir:
Calibration solutions
0, 1, 2, 5, 10, 20, 30
40, 50, 100,
150, 200, 250, and
300 g l-1

Inflow
Outflow

Figure 5.3 Location of the resistance measuring cells in the flow tank and calibration procedure. The grey arrows indicate
the spread of the injected calibration solutions.

Displaced calibration solution
-1
gl
a
0
0
1
2
5
10
20
30
40
50
100
150
200
250
a
Pore water not displaced
b
Measured during 4.97 h

Injected calibration solution
-1
l
gl
90.4
1
92.2
2
105.5
5
102.4
10
102.4
20
103.7
30
103.4
40
102.8
50
102.5
100
108.0
150
107.6
200
108.0
250
105.8
300

Pump on Mean inflow rate Scan rate
-1
h
lh
min
6b
10.08
8.97
6
10.28
8.97
6
10.42
10.12
6
10.12
10.12
6
10.12
10.12
6
10.25
10.12
6
10.22
10.12
6
10.16
10.12
6
10.13
10.12
6
10.67
10.12
6
10.63
10.12
6
10.67
10.12
6
10.45
10.12
6

Table 5.2 Specifications of the calibration procedure.

arrays were tested to determine the most appropriate
electrode arrangement showing a small dependence
from the position of the saltwater front being at the
same distance from the grounding electrode.
The tests were conducted in a small container of 35.8
cm length, 15.9 cm height, 9.2 cm depth and open
top. The prepared container was always positioned
horizontally on two tables. Two RMC attachments
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at the tank’s head and one in the rear were available
to test up to three RMCs simultaneously (Figure
5.4B and Figure 5.5). The tank preparation and sand
material were set up as illustrated in Section 5.3.1. A
new sand pack was used for each test.
To test different electrode arrays, a Na-Cl brine (300 g
l‑1) containing a small amount of a reddish fluorescent
dye (uranine, 1.0 g l‑1) was injected slowly into the

5.3 Testing: Calibration approach and electrode arrangement

Cross section:

Front of the tank:

9.2 cm

35.8 cm
Freshwater

15.9 cm

Overflow

h

Water
column

Filling
valve
Peristaltic pump
(flow rate: ~11.2 ml min-1)

Figure 5.5 Schematic view of the small
container for testing different electrode arrays.
h represents the height of the freshwatersaltwater interface above the inner side of the
bottom plate.

Brine:
300 g Na-Cl l-1;
1 g uranine l-1
(V = 2 l)

Array 1
C1
P1
P2
C2

Array 1 rotated clockwise by 90°

C2 P2

P1 C1

Array 2

Array 3

P2

P1

C2

C1

C1

P1

P2
C2

Array 3 rotated clockwise by 90°
C1
C2

P1
P2

Array 3 rotated clockwise by 180°
C2
P2

C1
P1

Array 3 rotated clockwise by 135°
C2 C1
P2 P1

Array 3 rotated clockwise by 315°
P1 P2
C1 C2

Figure 5.6 Tested basic electrode arrays 1, 2, and 3. C1 und C2 represent the current electrodes, P1 und P2 the potential
electrodes. The grounding electrode was placed in the center.
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5.3 Testing: Calibration approach and electrode arrangement

porous medium through the hole (Ø 1 cm) in the center
of the bottom plate. The outflow was led through an
overflow (Figure 5.5). The inflow rate was set at ∼11.2
ml min‑1. The difference in density between freshwater
and brine amounts to ∼0.2 g cm‑3. Therefore, buoyancy
effects at the beginning of the tests caused the brine
body to move laterally forming a horizontal planar
freshwater-saltwater interface, which rose steadily
upward during injection. The brine was dyed with
uranine as the reddish color of the fluorescein at this
concentration rendered it clearly visible in the pore
water (Figure 5.4B). It was therefore possible to
trace quantitatively the freshwater-saltwater interface
during injection. As all RMC attachments are at the
same height above the bottom plate, a comparison
of the measurements of different electrode arrays
was possible when the horizontal saltwater front was
rising.
Three basic electrode arrays were tested as presented
in Figure 5.6. In array 1 (cf. Figure 5.1), the five
parallel electrodes were spaced uniformly in a plane.
In another mounting, the two current and potential
electrodes were arranged in a square with the
grounding electrode in the center. In this mounting,
the surrounding electrodes were spaced at 1 cm from

the center electrode. Either the current electrodes (C1,
C2) and the potential electrodes (P1, P2) were crossed to
each other (array 2; Figure 5.6) or they were placed in
parallel (array 3; Figure 5.6). For the basic array 1, the
distance between the grounding electrode/lowermost
electrode from the inner side of the bottom Plexiglas
plate amounted to 7.8 cm and 5.8 cm, respectively.
For the arrays 2 and 3, the distance between the
grounding electrode/lowermost electrode from the
inner side of the bottom plate amounted to 7.8 cm and
6.8 cm, respectively. Arrays 1 and 3 were also rotated
around their own axis to study the measuring behavior
when the saltwater front is approaching the measuring
volume of an RMC from different sides. Here, array 1
was rotated 90° clockwise and array 3 was rotated 90,
135, 180, and 315° clockwise (Figure 5.6).
Four tests (A−D) were carried out with the following
electrode arrays in the small container:
A) Array 1; array 1 rotated 90° clockwise
B) Array 2; array 3 rotated 90° clockwise
C) Array 3; array 3 rotated 180° clockwise
D) Array 3; array 3 rotated 135° clockwise; array 3
rotated 315° clockwise
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Figure 5.7 A) Log-log plot of equivalent NaCl concentration or Na-Cl concentration versus electrical conductivity of
standard measuring flow-thru cell: measured electrical conductivity (crosses), experimental data from Wolf et al. (1982)
(open squares) and corrected and measured electrical conductivity (open triangles). Note that the measured electrical
conductivity of 0 g l‑1 Na-Cl concentration is not represented as log0 = −∞. B) Linear regression line on linearized scale
based on data by Wolf et al. (1982). R = correlation coefficient.
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5.4 Results

Recording was performed by the data logger recording
software ELCOL-1/-2 (cf. Table 5.1). Output voltage
was conducted every minute; the height of the visible
freshwater-saltwater interface (h) was determined
regularly by naked eye in 3 of 4 tests (A−C).

5.4

Results

5.4.1 Calibration
The complexity of mathematical functions can be
avoided by linearizing the relations (e.g., Yevdjevich,
A)

1964). All measurements are thus presented on double
logarithmic plots, which allow achieving a linear
relationship up to high salt concentrations.
The measured electrical conductivity (symbol crosses)
of the standard measuring flow-thru cell is presented
in Figure 5.7A. The symbol of freshwater (electrical
conductivity of 0.547 mS cm‑1 or Na-Cl concentration
of 0 g l‑1, respectively) is not given in Figure 5.7A as
the logarithm of 0 equals minus infinite.
To determine the equivalent NaCl concentration of
the freshwater, experimental data (at 20°C, and 1
atmosphere) of electrical conductivity is also plotted as
a function of Na-Cl concentration in Figure 5.7A (open
squares). The missing equivalent NaCl background
concentration of the measured electrical conductivity
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Figure 5.8 Relation between output voltage and equivalent NaCl concentration for all resistance measuring cells, A)
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where y is the solute concentration
of NaCl (g l‑1),
A Blog x
y
10
‑1
x the electrical conductivity (mS cm ) and A and B
are cell constants. Eq. (5.1)A can Bbe
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x
y
10

10
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In the presented fit (Figure 5.7B), a = 10‑0.23 = 0.59
and B = 1.02. If xy = a0.547
cm‑1, y = 0.316 g l‑1.
 xov BmS
 0.316

RMC
Therefore, the electrical conductivity of freshwater
(equaling the initial electrical conductivity) is

equivalent to a 0.316 g l‑1 Na-Cl solution. Adding
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can be seen at lower Na-Cl concentrations, where the
measured electrical conductivities are clearly lower
than those of the experimental values from Wolf et
al. (1982). To find the equivalent NaCl background
concentration, the experimental values from Wolf et
al. (1982) at solute concentrations 1.0, 2.0, 3.0, and
4.0 g l‑1, covering also the range of salt concentration
at outflow measured in the experiments (Chapter 6),
were fitted by a straight line (Figure 5.7B). The linear
form of the equation is expressed as
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where xm is the measured electrical
conductivity.
B
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0
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00
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a  xov  0.316

Similar to Eq. (5.4), to calculate the solute
concentration of NaCl of each RMC in the flow tank,
the following equation is used:

Figure 5.9 Breakthrough curves of output voltage (A−D)
y = a ⋅ xov B − 0.316
and heights of freshwater-saltwater interface (closed
triangles; A−C) observed in the small container tests.
where xov is the measured output voltage and a and B
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5.5 Discussion and conclusions

the cell/location constants. For each cell, a very strong
negative correlation is found between log(equivalent
NaCl concentration) and log(output voltage). As for
the standard conductivity flow-thru cell there is a
linear relationship up to ∼100 g l‑1 and a curvilinear
relationship above this amount (Figure 5.8).
For completeness sake, the measured breakthrough
curves of output voltage are presented in the
Appendices B.1.1−B.1.4 and the corresponding pore
water temperature is given in Appendix B.1.5.

5.4.2 Electrode arrangement
In this pilot batch, the freshwater-saltwater interface
developed very well into a horizontal plane with a
transition zone that is ∼1 cm thick (see Figure 5.4B).
The breakthrough curves of the output voltage and
the measured heights are illustrated in Figure 5.9. The
breakthrough curves of array 1 and array 1 rotated
90° clockwise clearly show the dependence of these
alignments on the position of the saltwater front situated
at the same distance from the grounding electrode
(Figure 5.9A). There is a temporal shift between both
curves, and array 1 even shows a temporarily constant
value amidst a general decrease in output voltage.
However, the rotated or not rotated array 3 reveals
breakthrough curves far less dependent on the position
of the saltwater front (Figure 5.9B, Figure 5.9C and
Figure 5.9D). Furthermore, the measured output
voltage in array 3 decreased continuously as soon as
the current flowlines of the RMC, initially surrounded
by freshwater (high resistivity), get in contact with the
rising saltwater (low resistivity). A comparison of the
output voltage measurements of arrays 1 and 3 with
the corresponding measured heights of the freshwater-

saltwater interface (Figure 5.9B and Figure 5.9C)
reveals that the RMC measurements were influenced
by the rising saltwater front at approximately h > 3
cm. Array 2 delivers no breakthrough curve (Figure
5.9B).

5.5

Discussion and conclusions

The calibration results of array 1 clearly reveal that
calibration lines relating output voltage to equivalent
NaCl concentration on double logarithmic plot can
be used to convert output voltage measurements
to local salt concentrations. Each RMC has to be
calibrated in situ before starting an experiment. The
tests also showed that array 3 is the most suitable and
also less dependent on the position of the saltwater
front (being at the same distance from the grounding
electrode) than array 1. Array 2 is not suitable, as this
configuration can only display unsymmetry effects of
the liquid and the electrodes (E. Meier, 2007, personal
communication).
Based on these facts, the electrodes were arranged
as in array 3 (Figure 5.10) and the data logger
recording software ELCONDU-1/-2 (see Table 5.1)
was chosen for the first experiments in the flow tank
(Chapter 6). Depending on the measured range of
salt concentrations in an experiment 1−2 calibration
lines have to be fitted for each RMC. The measuring
volume of this RMC is estimated to be a volume of a
circular right cylinder of ∼3 cm radius with the axis
corresponding to the grounding electrode.
A more detailed discussion of this measuring technique
(array 3) is given in Chapter 6 documenting the results
of three experiments conducted.

Section view

Front view

13 cm
6.4 cm
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gold plated,
∅ 0.4 cm

2 cm1.5 cm 3.1 cm
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Power
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sidewall
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and power supply

Figure 5.10 Resistance measuring cell used in the first experiments (see Chapter 6). C1 and C2 represent the current
electrodes, P1 and P2 the potential electrodes.
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6

Development of an intermediate scale 2D
physical flow tank model to test a variable
density flow model

6.1

Introduction

Strongly density-driven groundwater flow in aquifers
may occur naturally or anthropogenically if for
example the aquifer is hydraulically connected to
fossil brine aquifers (e.g., Ma et al., 1997) or to
geological salt deposits occurring as saltdomes (e.g.,
Klinge et al., 2002) or salt beds (e.g., Anderson and
Kirkland, 1980).
In the Muttenz-Pratteln region, the evolution of the
salt (Na-Cl) concentration in the Upper Muschelkalk
aquifer could play a key role in the formation of
interstratal evaporite karst caused by hydraulic
connections between this karstic system and the largescale groundwater pumping including the topographydriven regional groundwater circulation system
(see Chapter 1). An understanding of the individual
processes at relevant time scales is necessary to study
this complex groundwater flow regime, including
mixing and transport of dissolved NaCl in the
main aquifer. A regional numerical model could be
developed to predict the possible effect of the regional
groundwater flow system on saltwater upconing.
However, numerical simulation of strongly densitydriven flow in pore aquifers is already a complex
mathematical problem (e.g., Diersch and Kolditz,
2002), let alone in double-continuum media (conduit
network and matrix) of karstic aquifers. Controlled
laboratory experiments in porous media, designed as
a test problem (benchmarking) for density-dependent
flow computer codes, is an approach to solve this
problem. Spatial flow and concentration data are
much more accessible in the laboratory than in the
field. Furthermore, laboratory studies are more suited
for investigating basic concepts.
Oswald (1998) proposed a 3D physical benchmark
(so-called saltpool experiment) for variable density
flow in porous media. It consists of a 3D, timedependent saltwater upconing process in a cubic
box. The experimental setup comprises a cubic

Plexiglas container of 20 cm side length filled with
a homogeneous and saturated porous medium. At
the beginning of the main  experiments (see Oswald
(1998) and Oswald and Kinzelbach (2004)), a stable
layering of the saltwater (up to 107 g l‑1 of Na-Cl) was
achieved below deionized and degassed freshwater,
forming a narrow horizontal transition zone. At this
initial stage, density contrasts amounted up to ∼0.08
g cm‑3. Inflow and outflow occurred only via small
holes in the opposite top corners of the test cube.
The 3D salt concentration distribution, including its
evolution in time, was determined by the Nuclear
Magnetic Resonance Imaging (NMRI) technique.
At the outflow opening, salinity breakthrough curves
were measured on the basis of electrical conductivity.
See Oswald (1998) and Oswald and Kinzelbach (2004)
for a complete description of the conducted saltpool
experiments. These provide reliable quantitative
results for a 3D saltwater mixing process under
density effects not available before Oswald’s work
(Diersch and Kolditz, 2002). This saltpool problem
is currently well known and has been modeled by
various authors but with varying success (Oswald,
1998; Ackerer et al., 2000; Diersch and Kolditz,
2002; Johannsen et al., 2002; Younes, 2003; Oswald
and Kinzelbach, 2004). 2D and 3D presentations of
distributed salt concentrations can be obtained with
the NMRI technique, however, salt concentration
breakthrough curves from within the salt upconing
salt mass cannot be received.
We therefore developed a 2D flow tank allowing
also to study and numerically model the saltwater
upconing process. As in the saltpool experiment, a
stable layering of saltwater below the freshwater was
the initial condition achieved. Taking into account
the rock salt (halite) dissolution process, a higher
saltwater concentration (300 g l‑1) was chosen. Indirect
solute concentration measurements were conducted
with newly developed resistance measuring cells (see
Chapter 5). With this technique, salt concentration
breakthrough curves can be measured in the saline
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6.2 Overview of the 2D flow tank model

plume.

6.2 Overview of the 2D flow tank
model
The schematic view of the experimental setup is
illustrated in Figure 6.1 and Figure 6.2. The quasi-2D
flow tank model containing a water-saturated porous
medium is made of 2 cm thick Plexiglas plates and
has an open top. The inner dimensions of the tank are
1.68 m long, 1.31 m high and 0.20 m wide. A vertical
standing steel support girder was built around the
center of the flow tank to avoid deflection of the front
and back sidewall (Figure 6.2 and Figure 6.3C). The
flow tank was built in such a way as to represent a
vertical 2D cross-section of a porous aquifer in the
flow direction with a thin third dimension.
Eight water-filled chambers on the left (inflow) and
right (outflow) end of the tank placed at eight different
levels provide flow control (Figure 6.3C and Figure
6.3E). The chambers were connected by rectangular
openings (inlets I1−I8 and outlets O1−O8; numbered
top down) to the porous medium. The inlets/outlets
are 14.7 cm long and 4 cm high (Figure 6.1). The
lower border of I1 and O1 is situated 11 cm above the
inner side of the bottom Plexiglas plate. The vertical
distances between adjacent lower borders of the inlets
and between adjacent lower borders of the outlets are
11 cm, except between I4 and I5 and between O4 and
O5, respectively, where the distance amounts to 14 cm.
The inflow/outflow chambers were separated from
the porous medium by fine-mesh nylon screens to
prevent grains from washing out. At both ends of the
tank, tubes connect the chambers with the freshwater
inflow and saltwater outflow container (Figure
6.1 and Figure 6.3C). The water level in these two
containers is maintained at a prescribed level defining
the hydraulic boundary conditions. The water surface
is free in the flow tank. During the experiments, a
flow field was produced by applying a constant head
gradient between the open inlets and open outlets. If
several adjacent valves are open, they can buffer the
effect of the inflow and/or outflow by redistributing
the flow across the porous medium.
Since the indirect salt (Na-Cl) concentration
measuring method (Section 6.2.1.1) is sensitive to
temperature variations, tap water (hereafter referred
to as “freshwater”) at controlled ambient temperature
had to be supplied continuously to the freshwater
inflow container. A water-heating system was therefore
placed alternately in one of the two ∼1600 l freshwater
reservoirs (Figure 6.1 and Figure 6.3A). One of the two
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freshwater reservoirs was connected via a three-way
valve to the intermediate ∼200 l freshwater reservoir
by a peristaltic pump (Figure 6.1 and Figure 6.3B). The
intermediate freshwater reservoir was also connected
to the freshwater inflow container. The setting up of an
intermediate freshwater reservoir allowed the supply
of a continuous, pulse free freshwater flow by gravity
in the inflow freshwater container. Meanwhile, the
twin freshwater reservoir was filled with freshwater
from the water distribution network (12−13°C) and
heated to ambient temperature (∼21°C) by a heating
rod coupled to a thermostat. During heating, the water
was stirred by a motor-driven propeller-mixing device.
The electrical conductivity (at 20°C) of the freshwater
varied from about between 0.500 to 0.600 mS cm‑1.
The recharge reservoir, connected via a peristaltic
pump and filling valve to the four equidistant holes (Ø
1 cm) at the bottom of the tank, was only used for tank
preparation: either to fill the tank with freshwater or
to calibrate the resistance measuring cells or to inject
a brine into the tank.

6.2.1 Instrumentation
The instrumentation comprised resistance measuring
cells combined with temperature sensors for
determining indirectly solute concentrations of
pore water, pressure transmitters to determine the
hydrostatic pressure of pore water and/or indirectly
the hydraulic head, and a standard conductivity flowthru cell to measure indirectly solute concentration
at the tank’s outflow. The effluent flow rate was
measured by sampling water at free drain. Data was
collected automatically at regular intervals using a
data acquisition system.
6.2.1.1 Solute concentration and temperature
measurements of pore water
Laboratory-scale resistance measuring cells (RMCs)
were used where electrodes were installed through
the front Plexiglas plate in the porous medium. These
cells were subject to relatively extensive development
and testing to ensure their reliability with the salt
concentration range measured during the experiments
(for details, see Chapter 5). An RMC consists of
five gilded stainless steel electrodes fitted through
the front Plexiglas plate extending 6.4 cm into the
porous medium perpendicular to the flow direction.
The measuring volume of an RMC was estimated
to amount to the volume of a circular right cylinder
of ∼3 cm radius. Calibration lines relating output
voltage to equivalent NaCl concentration on double

1.31 m

Air
escape
valve

Peristaltic
pump

Overflow

I8

I7

Filling
valve

Legend:

Base flushing
valve

3-way valve

Valve

Na-Cl brine (300 g

l-1)

Transition zone (~0.01 m)

0.11 m
Free
drain

Overflow

Saltwater
outflow
container

Determination
of discharge

Conductivity
measuring
flow-thru cell

Adjustable
base plate

O8

O7

O6

Freshwater

I6

O4

I4
O5

O3

I3

I5

O2

I2

Porous media

O1

Tie rod

I1

Recharge
reservoir (220 l)

Peristaltic
pump

Nylon
grid

Freshwater
inflow container
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logarithmic plots were applied to convert output
voltage measurements to local salt concentration
measurements. Accuracy of this measuring technique
is provided and discussed in the Chapter below.
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6.2 Overview of the 2D flow tank model

Possible locations for RMCs were placed at 9.5
to 15.5-cm interval in horizontal (x direction) and
vertical (z direction) direction, respectively. If
Cartesian coordinates (x, z) are measured from the
inner lower left corner of the tank, as shown in Figure
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6.2 Overview of the 2D flow tank model

6.2 Overview of the 2D flow tank model

(B)

(A)
Mixer

Heating rod
Thermostat
rod

Saltwater
outflow container

(C)

Flow-thru cell

Freshwater inflow container

(D)

(E)

Figure 6.3 Photographs of the (A) two freshwater reservoirs with heating rod, thermostat rod and mixer, the (B)
intermediate freshwater reservoir, the (C) front view of the 2D flow tank during an experiment, the (D) back view of the
2D flow tank with pressure transmitters, and (E) view of the outflow end.
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6.2, the vertical columns of possible measuring points
were located at x = 11.5, 21.0, 30.5, 40.0, 49.5, 59.0,
68.5, 78.0, 90.0, 99.5, 109.0, 118.5, 128.0, 137.5,
147.0, and 156.5 cm. The horizontal rows of possible
measuring points were located at z = 14.0, 23.5, 33.0,
42.5, 58.0, 67.5, 77.0, and 86.5 cm. Therefore, the
tank theoretically allowed installation of 128 RMCs
(16 columns × 8 rows) in the front plate.
As this measuring method is sensitive to temperature
variations, YSI 4006 sensors were also fitted in the
porous medium (for details, see Chapter 5) to control
fluid temperature during experimental runs. The
pore water temperature was measured with an error
deviation of ±0.01°C. The four possible measuring
points of the pore water temperature
2V (see
2 2Figure
 D  t 6.2):
left down (x = 16.3 cm / z = 18.8 cm), middle left
(16.3/37.8), right down (151.8/18.8), and middle right
(151.8/37.8). The attachments not used were sealed
by inserting stainless steel sticks.
6.2.1.2 Pressure measurements of pore water
Highly accurate pressure transmitters (Keller AG
model PR-35H/80797-0.1) to measure the pore water
pressure in the tank were installed in the rear of the
tank’s Plexiglas sidewall (Figure 6.2 and Figure
6.3D).
Possible locations were placed lattice-like at 7.8
to 14.0-cm intervals in the horizontal and vertical
direction, respectively. The columns of potential
measuring points were located at x = 10.0, 20.0,
30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 87.8, 97.8, 107.8,
117.8, 127.8, 137.8, 147.8, and 157.8 cm. The rows
of possible measuring points were located at z =
13.0, 24.0, 35.0, 46.0, 60.0, 71.0, 82.0, 93.0, 104.0,
and 115.0 cm. Thus, 160 (16 columns × 10 rows)
pressure transmitters can be theoretically installed in
the tank’s rear side. Attachments not used for pressure
transmitters were sealed by screw-in stoppers (see
Figure 6.3D).
6.2.1.3 Solute concentration and flow rate measurements at outflow
The breakthrough curve of the solute concentration
was monitored at the tank’s outflow by passing the
total discharge through a calibrated (for details, see
Chapter 5), standard conductivity flow-thru cell (WTW
model TetraCon DU/T) connected to a laboratory
conductivity meter (WTW model inolab Cond Level
2) (Figure 6.1, Figure 6.2, and Figure 6.3C). Electrical
conductivity (at 20°C) was measured at ±0.5% error
deviation.
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The overflow from the saltwater outflow container is
regarded as the total volumetric discharge rate through
the tank. During an experiment, the volumetric
discharge rate was determined by sampling one liter
of water in a narrow-necked volumetric flask at free
drain (Figure 6.1). Measurement accuracy amounted
to about ±0.012 l h‑1.
Integration of the breakthrough curves multiplied by
the discharge resulted in about the total amount of
dissolved salt mass discharged from the porous medium.
The total flux of solute can be determined as follows:

M

³ Q(t )  c

out

(t )dt

where Q is the average volumetric flux and cout the
solute concentration of Na+ and Cl‑ in the outflow.

P
Uw  g

h z system

6.2.1.4 Data acquisition

Simultaneous and continuous reading and registration
P
of all the instruments
h z was made possible by a
996system
 9.81 (Figure 6.2).
computerized data acquisition
Two multiplexers with 16 channels each (Campbell
Scientific Inc modelAM16/32), a data logger (Campbell
Scientific Inc model SC32A) and a multiplexer
(manufactured by the Institut de Mécanique des
Fluides et des Solides, Université Louis Pasteur) were
used for data acquisition. The two AM16/32 and the
data logger were controlled by Campbell Scientific
Inc PC208W 2.3 software. The third multiplexer and
the laboratory conductivity meter were controlled by
the Agilent VEE Pro 6.01 software.

6.3 First solute transport experiments
Three experiments (named 2D_8/8h, 2D_8/2h and
2D_8/2s) on the variable-density flow and transport
behavior were conducted for a stable layering situation
prepared prior to starting the experiment by saltwater
recharge containing 300 g l‑1 Na-Cl (thereafter referred
to as “brine”) from below forming a narrow transition
zone (Figure 6.1 and Table 6.1). The names of the
experiments indicate the following: 2D_8/8h refers to
2D experiment, all 8 valves of the inlets I1−I8 were
open, all 8 valves of the outlets O1−O8 were open,
h refers to high total hydraulic head difference, s to
small total hydraulic head difference.
It was assumed that the lower boundary of the
experimental scale corresponds to the top of a natural
rock salt layer. Due to the fast halite dissolution kinetics
(e.g., Alkattan et al., 1997), it can also be assumed

6.3 First solute transport experiments

Experiment
Inlets
Outlets
Duration (d)
Initial inflow/discharge (l h-1)

2D_8/8h 2D_8/2h 2D_8/2s
I1 - I8
I1 - I8
I1 - I8
O1 - O8 O1 - O2 O1 - O2
2.00
18.98
25.85
27.9
27.3
14.2

Error
±0.012

Table 6.1 Specifications of the experiments.

that water in contact with rock salt is always saturated
with respect to halite (NaCl). However, to avoid
halite precipitation in the tank, a brine concentration
of 300 g l‑1 was chosen as it is close to the equilibrium
concentration of Na+ and Cl‑ with respect to halite
(∼0.95 saturation index) (e.g., Seidell, 1965) thereby
resulting in a maximum density contrast of ∼0.2 g
cm‑3 during experiments.
Experiments 2D_8/2h and 2D_8/2s were conducted to
simulate the vertical movement (upconing) of saltwater
in a discharging well. Here the valves at the inlets I1−I8
(groundwater flow practically throughout the aquifer’s
thickness) and at the outlets O1−O2 (discharging well)
were opened. In experiment 2D_8/8h, a complete well
was simulated. Furthermore, these experiments served
as a benchmark for numerical simulation of saltwater
upconing in a porous medium. The experiments were
simulated with a 2D variable density flow computer
code, named TVDV-2D for Transport with Variable
Density and Viscosity. The numerical model is
based on mixed hybrid finite elements for flow and
a combination of discontinuous finite elements for
the convection part and mixed hybrid finite elements
for the dispersion part of the transport equation. The
density was set to vary linearly between freshwater
00
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0
0
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0
0
0
0
0
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0
0.



Grain size (mm)

Figure 6.4 Grain-size distribution of sand with fine
gravel.

and maximum saltwater concentration. For details see
Younes (1998), Ackerer et al. (1999), and Younes et
al. (1999).
The tank was packed with commercial quartz sand
from the Rhine valley (Quartz d’Alsace, type K10,
Kaltenhouse, France). To characterize the packed
material and hydraulic properties of the porous
medium, a grain size analysis was carried out in
accordance with European Standard SN EN 933-1
(Figure 6.4). The material consists of ∼67% coarse
sand (0.6−2 mm diameter) with ∼33% fine gravel
(2−4 mm diameter). The uniformity index (U = d60/
d10) is ∼1.6 and the median grain size (mean particle
diameter) is ∼1.7 mm. However, this material also
contains a small fraction of silt and clay. The total
volume of recharged brine amounted to ∼15 l (Table
6.3). The initial quantity of dissolved halite in the tank
totaled ∼4.5 kg.
Thirty-two RMCs, three temperature sensors,
twelve pressure transmitters, and one standard
conductivity measuring flow-thru cell were used for
the experiments. The arrangement and labeling of
the positioned RMCs and temperature sensors (T1,
T2 and T3) are illustrated in Figure 6.5. The RMCs
were distributed in or close to the area of the expected
saltwater upconing during the experiments. Nine
RMCs were placed on each of the lowest two RMC
rows, six in the third row, three in the fourth row, two
in the fifth row, and in each case one in the sixth to
eighth row. The RMC columns were located at x =
21.0, 49.5, 78.0, 109.0, 118.5, 128.0, 137.5, 147.0,
and 156.5 cm. The RMC rows were positioned at z =
14.0, 23.5, 33.0, 42.5, 58.0, 67.5, 77.0, and 86.5 cm.
To label the location of the RMCs, we named them
for example R1E. The letter at the beginning stands
for the technique (R for resistance), the number refers
to the RMC row counting bottom-up, and the end
letter for the RMC column from left to right. By using
this pattern, the variation in spatial distribution of
solute concentration in the upconing saltwater mass
can be followed temporally during an experiment.
Comparable to the arrangement of the RMCs, the
pressure transmitters were placed in the first row, two
in the second row and in each case one in the third and
fifth row. Indirect solute concentration of outflowing
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Cross section:
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Figure 6.5 Resistance measuring cells and temperature sensors positioned in the tank and data acquisition system.

water was measured by a standard conductivity flow
thru-cell and the discharged salt was determined
together with the volumetric rate of discharge. The
volumetric rate was determined several times daily.

water. The electrodes and temperature sensors
were finally inserted into the porous medium.
2.

Rinse out of fine-grained particles (the valves at
the inlets I1−I8 and outlets O1−O8 were opened;
the outflow at the base flushing valve at the
bottom of the tank was throttled): the tank was
completely flushed with freshwater for several
days to discharge fine-grained particles (silt,
clay).

3.

In situ calibration of resistance measuring cells
(the filling valve and the valve at outlet O1 were
opened): the prepared calibration solutions
(in sequential order from low-density to highdensity) were injected into the porous medium
by a peristaltic pump one by one through four
equidistant holes (Ø 1 cm) in the bottom plate
of the tank thus preventing instabilities and
allowing a uniform filling of the pore space. The
calibration procedure is presented in Figure 6.6
and Table 6.2 (during injection the pump was
stopped once either overnight or on a weekend).

4.

Rinse out of salt: the pore volume of the tank was
thoroughly flushed with freshwater for several
days until all RMCs and the standard measuring
flow-thru cell indicated steadily freshwater.

An eight-step procedure was used for preparation and
realization of an experiment.
1.
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Positioning the cells/sensors and filling the tank
with freshwater/sand (the valves at the inlets
I1−I8 and outlets O1−O8 and the filling valve were
opened): the pressure transmitters were placed
in position. The electrodes and the temperature
sensors were inserted until the inner wall of the
tank and fixed. Thus, the side plates were sealed
and the electrodes/sensors were not entering
the volume designated for the porous medium.
Freshwater from the recharge reservoir was
pumped into the empty tank through the four
holes at the bottom of the tank. The wetted sand
was sprinkled manually through standing water
to avoid trapped air and thus ensure saturation
of the porous medium. The sand compacted
in ∼10 cm thick layers formed a ∼110 cm high
homogenous and isotropic porous medium. The
filling valve was subsequently closed and air
escape valves were opened until the attached
sideways chambers were completely filled with
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R8P
R7P

Overflow

R6P
R5N

R5P

R4N R4O R4P
T1

R3H

R3K

T2

R3M R3N R3O R3P

R2B

R2E

R2H

R2K R2L R2M R2N R2O R2P

R1B

R1E

R1H

R1K R1L R1M R1N R1O R1P

T3

Peristaltic pump
(flow rate: ~22.3 l h-1)
Filling
valve
Recharge reservoir:
Calibration solutions
0, 1, 2, 5, 10, 20, 30
40, 50, 100,
150, 200, 250, and
300 g l-1

Inflow
Outflow

Figure 6.6 Scheme of calibration of resistance measuring cells. Grey arrows indicate the spread of the injected calibration
solutions.

Displaced
Injected calibration
calibration
solution
solution
-1
l
g l-1
gl
a
0
0
216.8
1
1
216.3
2
2
216.6
5
5
219.0
10
10
216.2
20
20
216.6
30
30
216.0
40
40
216.6
50
50
136.7
100
100
136.4
150
150
136.6
200
200
136.7
250
250
136.0
300
a
Pore water not displaced
b
Measured during 6.70 h

Step 1
Pump
on
h
4.90
5.02
5.00
5.02
5.00
5.00
5.00
5.00
6.22
6.25
6.23
6.04
6.13

Step 2

Scan
Pump
Scan
rate shutdown rate
min
h
min
6b
6
13.33
133
6
14.15
133
6
14.05
133
6
61.95
133
6
14.75
133
6
13.22
133
6
14.25
133
6
62.42
133
6
12.75
133
6
6
11.12
133
6
6
11.17
133

Step 3
Pump
on
h
4.69
4.73
4.89
4.53
4.35
4.55
4.63
4.54
-

Scan Mean inflow
rate
rate
min
l h-1
6
22.61
6
22.18
6
21.90
6
22.93
6
23.12
6
22.68
6
22.43
6
22.70
21.98
21.82
21.93
22.63
22.19

Table 6.2 Specifications of the RMCs calibration procedure.
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Freshwater
(A)
0 g l-1

300 g l-1

Base
flushing
valve
Throttled
discharge
(~30 l h-1)
(B)

Freshwater
inflow tank
Overflow
Overflow

Tap
water

Base
flushing
valve
Throttled
discharge
(~30 l h-1)

Figure 6.7 Rinse out of salt: initially as presented in (A), subsequently as presented in (B).

Here, first freshwater was filled uninterruptedly
into the tank through the open top and saltwater
flushed out continuously through the open base
flushing valve (at ∼30 l h‑1 throttled discharge)
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(Figure 6.7A). This activity was conducted for
several hours until most of the dissolved salt was
removed by top down flow (stable displacement).
All the available valves at both ends of the tank

6.3 First solute transport experiments

Experiment
2D_8/8h 2D_8/2h 2D_8/2s Error
Brine injection
Duration of inflow (h)
-1
Average inflow rate (l h )
Volume of brine recharged (l)
Stabilization of the brine layer
Initial thickness of the brine layer (m)
Duration (h)

6.35
2.30
14.6

6.39
2.36
15.1

6.39
2.33
14.9

±0.03
±0.2

0.11
157.71

0.11
35.88

0.11
35.57

±0.005
-

Table 6.3 Specifications of the injections and local stabilization of the brine layer. All the cells were automatically and
sequentially scanned every 6 min during pumping and every 133 min during the stabilization phase.

(I1−I8 and O1−O8) were subsequently opened
and the outflow at the base flushing valve was
further on throttled at ∼30 l h‑1 (Figure 6.7B).
This flushing lasted for several days. The twostep flushing procedure was conducted to reduce
water degassing during flushing, as solubility
of dissolved gas decreases with increasing salt
concentration (salting out effect) (e.g., Harvie et
al., 1984; Stumm and Morgan, 1996). Enhanced
degassing can lead to the formation of gas bubbles
and thus distort later experimental results.
5.

Total discharge adjustment (the valves at the
inlets I1−I8 and outlets O1−O8 were opened): the
required discharge was adjusted by shifting the
freshwater container vertically.

6.

Injection of the brine and ultimate stabilization
of the brine layer: the brine (300 g l‑1 dissolved
NaCl) containing a small amount of uranine
tracer (0.1 g l‑1) was injected slowly (∼2.3 l h‑1)
into the porous medium through the four holes
at the bottom of the tank. The outflow was led
through the outlet O1. The upward movement of
the upper horizontal limit of the brine body was
traced visually along the transparent walls of the
tank, as the yellowish color of the fluoresceincontaining brine solution was slightly visible
to the naked eye in the pore water. However, it
was clearly visible in the two water columns at
the inner side of the tank’s front near each end
of the tank (see Figure 6.2). (The water columns
consisting of U-shaped Plexiglas profiles, 21 cm
high, 1.5 cm wide and 1 cm deep, separated by
fine-mesh nylon screens from the sand inflow).
Injection was stopped at a final height of the brine
body at ∼0.11 ± 0.005 m. The filling valve was
subsequently closed and, since no external flow
was applied, the flow in the porous medium was
driven entirely by free convection (stabilization
phase of the brine layer). The specifications of
this step are presented in Table 6.3.

7.

In situ calibration of pressure transmitters (the

valve at inlet I1 was opened): the water level in the
tank was set at the same level as in the freshwater
inflow container. Each pressure transmitter was
set to zero by a digital pressure indicator (Keller
AG model EV-120).
8.

Experiment: first inlet valves were opened and
later the outlet valves. No further salt could enter
the tank but only leave it via the open outlets (cf.
Figure 6.1).

All three experiments were conducted with the same
sand pack. Steps 4−8 were repeated for each new
experiment. The experiments were conducted until a
quasi-steady state of salt concentration was reached at
the RMC-locations and at the outlet.
These experiments required a great deal of preliminary
work. Since experience with this new experimental
setup was limited, potentially negative effects had to
be determined first.
M. Konz (PhD thesis in preparation, 2008) conducted
an additional experiment with open valves at the inlets
I1−I8 and outlets O1−O8 and pores filled initially with
undyed freshwater. In this experiment, uranine-dyed
freshwater was recharged through the inlets I1−I8.
In place of the expected more or less vertical tracer
front above the level I8 /O8, an inclined tracer front
was observed, thus, indicating a different hydraulic
head at inlets I1−I8. This was attributed to the selected
tube arrangement connecting the chambers with the
inflow and outflow container (cf. Figure 6.1). M. Konz
solved the problem by connecting in each case a tube
directly from the freshwater inflow container to an
inlet and repeated the procedure with the outflow end.
Furthermore, he discovered that the porous medium
was not homogeneous isotropic due to the calcareous
deposits forming during periods when the tank
contained a water-saturated porous medium.
Since the left boundary condition for flow and the
porosity pattern in the tank are unknown, the results
obtained cannot be used for benchmarking. Therefore,
the three experimental (step 8) and the simulation
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Figure 6.8 Brine injection and stabilization (experiment 2D_8/2s): A) salt concentration versus time for first row. B) salt
concentration versus time for 2nd−8th row. Every 10th salt concentration data point is displayed as a symbol. Arrows
indicate time of pump shutdown.
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6.4 Observations and results

results have not been included in this work. However,
the observations during salt rinse out (step 4) and some
results related to injection of the brine and ultimate
stabilization of the brine layer (step 6) are presented
and discussed. Furthermore, experiences with the
resistance measuring technique, calibration (step 3)
and long-term behavior if several experiments are
conducted successively (steps 4−8) are also presented
and discussed. The discussion also contains some
remarks for future experiments and simulations.

6.4

Observations and results

6.4.1 Rinse out of salt (step 4)
During salt rinse out, as illustrated in Figure 6.7A,
fine-grained particles in the water-filled chambers at
the inflow and outflow end were observed: first in the
water-filled chamber at I1 and O1, then at I2 and O2
etc. up to I8 and O8. During subsequent flushing, as
illustrated in Figure 6.7B, the fine-grained particles
were gradually removed from the water-filled
chambers.

6.4.2 Injection of the brine and stabilization of the brine layer (step 6)
The high-density contrast revealed that the brine
(yellowish color) entering the porous medium had
spread instantly in horizontal direction. The upper
limit developed very well to a horizontal plane and
over it a transition zone (only faintly yellowish
in color) of ∼1 cm thickness was observed (cf.
Figure 6.1). Furthermore, the horizontal freshwatersaltwater interface plane was also confirmed by RMC
measurements during the injection and stabilization
phase, as the indirectly measured salt concentrations
in the lowest RMC row were always within a
narrow range. Figure 6.8 (experiment 2D_8/2s) is
representative of the RMC measurements during
the brine inflow and stabilization phase. In this
experiment, first row concentrations of 4.8 ± 0.5 g l‑1
were measured at the end of the stabilization phase
(Figure 6.8A). Form the second to the eighth row, no
increasing salt concentrations were detected (Figure
6.8B).

6.4.3 Resistance measuring cells: calibration (step 3) and long-term behavior (steps
4−8)
The breakthrough curves of output voltage during
calibration of the RMCs are presented in the
Appendices B.2.1−B.2.2, and the corresponding pore
water temperature is given in Appendix B.2.3. The
resulting constant average output voltage values are
plotted on log-log plots in Figure 6.9A and Figure
6.9B versus equivalent NaCl concentration. As
derived in detail in Chapter 5 for the prototype of
RMC, a very strong correlation was found for each
RMC between log(equivalent NaCl concentration)
and log(output voltage). To determine indirectly
solute concentrations, 2 × 32 least-mean-square
fits were fitted: for salt concentrations 0−5 g l‑1,
measurements with ELCONDU-1 were used, higher
salt concentration measurements with ELCONDU-2,
which were fitted up to 60 g l‑1 (60 g l‑1 corresponds
to the maximum indirectly measured concentration
during experimental runs). The equation and
correlation coefficients (R ≈ 0.999) of the least-meansquare fits are listed in Table 6.4, which again clearly
shows a high degree of linear correlation for each
RMC. The pore water temperature variation during
calibration amounted to 21.9 ± 0.6°C (Figure 6.9C).
As regards the ionic conductivity, the sensitivity of
the measuring method on pore water temperature
variations is evident. A temperature increase leads to
lower measured output voltages and higher calculated
salt concentrations. A comparison of temperature curve
progressions (Appendix B.2.3) and corresponding
output voltage (Appendices B.2.1−B.2.2) reveals that
the calculated salt concentrations increase per degree
Celsius by ∼0.15 to ∼0.20 g l‑1.
The three aforementioned experiments were
conducted in the following order: 2D_8/8h, 2D_8/2h
and 2D_8/2s. To determine the quality of the RMCs
over several successively conducted experiments,
the measured average output voltage and related
calculated salt concentration of each RMC in contact
with freshwater are compared at initial calibration
(step 3), before and after an experiment. In this case,
“before an experiment” corresponds to the time before
brine injection (step 6), and “after an experiment”
corresponds to the time after the experiment (step
8) and ensuing rinse out of salt (step 4). Figure 6.10
represents this comparison:
-

Experiment 2D_8/8h (Figure 6.10A and Figure
6.10D): the phenomenon of rinse out of finegrained particles during step 4 (see Section
6.4.1) had no obvious impact on the output
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Figure 6.9 Relation between output voltage and equivalent NaCl concentration for all resistance measuring cells: (A) data
logger recording software ELCONDU-1 (cf. Table 1 in Chapter 5) and (B) data logger recording software ELCONDU2. C) Temperature pattern during calibration. It is important to note that a line + symbol plot (no regression lines) are
presented in (A) and (B). Error bars for standard deviation are included, however, in (A) and (B) they are smaller than
the data points.

voltage measurement. The maximum measured
average output voltage difference for each RMC
ranged between 13 and 27 mV, the related salt
concentration difference between ∼−0.008 and
∼−0.07 g l‑1.
-
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Experiment 2D_8/2h (Figure 6.10B and Figure
6.10E): for each RMC, variation of the measured
average output voltages was greater, mainly as
regards RMCs R7P and R8P, revealing clearly
different values after the experiment. The

maximum measured output voltage difference
for each RMC ranged between 2 and 149 mV,
and the calculated salt concentration difference
ranged between ∼0.006 and ∼−0.12 g l‑1.
-

Experiment 2D_8/2s (Figure 6.10C and Figure
6.10F): after this experiment, the output
voltage measurements and the calculated salt
concentrations remained in the same range as
after the experiment 2D_8/2h.

All the data in Figure 6.10D, Figure 6.10E, and

6.5 Discussion and conclusions

Data logger recording
software
Resistance measuring
cell identification
R1B
R1E
R1H
R1K
R1L
R1M
R1N
R1O
R1P
R2B
R2E
R2H
R2K
R2L
R2M
R2N
R2O
R2P
R3H
R3K
R3M
R3N
R3O
R3P
R4N
R4O
R4P
R5N
R5P
R6P
R7P
R8P

ELCONDU-1
Equation coefficients Correlation
coefficient
a
B
284.70166 -1.16979
-0.99975
279.35085 -1.19374
-0.99984
230.31912 -1.16157
-0.99973
202.66558 -1.14790
-0.99957
249.00037 -1.15362
-0.99965
189.61819 -1.12408
-0.99969
221.33495 -1.14310
-0.99975
201.95286 -1.12785
-0.99973
205.77850 -1.12191
-0.99969
171.69593 -1.13892
-0.99973
212.97077 -1.17691
-0.99962
187.70680 -1.14803
-0.99979
237.59648 -1.14932
-0.99992
275.63223 -1.18980
-0.99976
233.92681 -1.16668
-0.99980
294.32015 -1.16617
-0.99965
209.00660 -1.12381
-0.99985
246.68344 -1.17189
-0.99980
240.85186 -1.15407
-0.99992
232.01710 -1.14135
-0.99990
252.76678 -1.17855
-0.99968
283.52411 -1.18909
-0.99979
184.20016 -1.11430
-0.99991
203.03457 -1.16548
-0.99973
222.71014 -1.14808
-0.99986
226.24553 -1.15489
-0.99982
216.58082 -1.15936
-0.99977
280.07220 -1.18876
-0.99984
257.01591 -1.16230
-0.99984
235.74908 -1.15069
-0.99982
284.87215 -1.18653
-0.99969
188.81218 -1.14061
-0.99987

ELCONDU-2
Correlation
Equation coefficients
coefficient
a
B
4729.33415
-1.21326
-0.99997
3607.11510
-1.17752
-0.99980
4852.88500
-1.24995
-0.99988
4154.12920
-1.23970
-0.99989
4766.50442
-1.22548
-0.99995
4000.82910
-1.23048
-0.99982
4251.57652
-1.21846
-0.99996
3990.15715
-1.21947
-0.99974
4039.52221
-1.21376
-0.99975
3522.24856
-1.23455
-0.99977
4161.98011
-1.25025
-0.99983
4149.63597
-1.25318
-0.99979
2943.54039
-1.14338
-0.99984
5823.57939
-1.26774
-0.99995
4194.59466
-1.22371
-0.99997
11488.41195 -1.37429
-0.99979
4213.47091
-1.22196
-0.99972
5436.88316
-1.26599
-0.99967
3453.34526
-1.17222
-0.99998
4091.94700
-1.20439
-0.99994
5054.17180
-1.24686
-0.99996
5774.30873
-1.26022
-0.99992
4289.53287
-1.24324
-0.99961
4820.25485
-1.28189
-0.99980
5502.11926
-1.27065
-0.99972
4694.18282
-1.24259
-0.99980
4364.85680
-1.23974
-0.99974
4620.61730
-1.21897
-0.99997
5110.46008
-1.23913
-0.99988
4489.00408
-1.22427
-0.99981
6155.45272
-1.26669
-0.99982
3575.60882
-1.21984
-0.99977

Table 6.4 Equation and correlation coefficients of the curve fittings.

Figure 6.10F should reach an 0 g l‑1 value. Therefore,
the average systematic error of all the calculated salt
concentrations amounts to 0.04 g l‑1 with a maximum
standard deviation of 0.02 g l‑1. With each additional
experiment, accuracy of measurement decreased
slightly. The standard deviation increased from 0.012
g l‑1 (experiment 2D_8/8h) to 0.025 g l‑1 (experiment
2D_8/2s).

6.5

Discussion and conclusions

6.5.1 Resistance measuring cell technique
The measured output voltage is a function of the porous
medium type, porosity, pore water composition,
temperature, and geometrical arrangement of the
electrodes (see also Chapter 5). If all the factors, except

the salt content of the pore water, are maintained
constant and considering that the salt concentration
is uniform throughout the entire RMC measuring
volume, the measured output voltage can be related
directly to the salt concentration of the solution. In
this case, the total measurement error of an RMC
is attributed to (1) instrument error, (2) calibration
error (making calibration solutions, variation of
pore water temperature during calibration, curve
fitting), (3) variation of pore water temperature, and
(4) variation in freshwater source composition. The
most significant error is likely to be attributed to pore
water temperature variation. During the experiments,
higher flow velocities and/or flocculated/deflocculated
particles (see Section 6.5.2) and/or gas bubbles could
also be responsible for a slight decrease in time of
RMC measurement accuracy. However, if all the
calculated salt concentrations are corrected by the
systematic error, accuracy of the concentration data is
quite high. Since measurement accuracy can decrease
during an experiment, all RMCs should be checked
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Figure 6.10 Experiments 2D_8/8h, 2D_8/2h, and 2D_8/2s: average RMC values (A−C) and corresponding modeled
salt concentrations (D−F) of the tank’s freshwater during initial calibration (open squares), before brine injection (open
circles) and after the experiment/rinse out of salt (open triangles).
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individual deflocculated particles were entrained
by the fluid. This deflocculating effect is one of
the basic phenomena of colloid chemistry (e.g.,
van Olphen, 1991). Consequently, individual
deflocculated particles can also deposit as
microscopic filter cakes on narrow-pore openings
such as for example on the fine-mesh nylon screens
at the outlets and may thus reduce the discharge
considerably and distort the experimental results.
For this kind of experiment and in agreement with
M. Konz’s findings, it is recommended to pack
the tank for example with industrial glass beads
instead of natural sand, and to use deionized (and
degassed) water instead of tap water.

after each experiment as presented in Figure 6.10.
The developed method has the following advantages:
-

It allows online, indirect and simultaneous
measurements of salt concentrations up to
saturation with halite at different points in the
tank (in situ measurement) without significantly
affecting the flow field during an experiment.

-

If the salt concentration is uniform throughout
the measuring volume, measurement accuracy is
quite high.

Apart from a time-consuming calibration of each
individual RMC, the main drawback of this measuring
technique is the fact that the measurement error is not
known if a salt concentration gradient occurs within
the measuring volume or if a freshwater-saltwater
interface intersects the RMC measuring volume.
Therefore, additional (cf. Chapter 5) and extensive
testing of the RMC should be conducted.

6.5.2 Experiences to be considered in follow-up experiments

-

Calibration solutions: depending on the range
of expected solute concentrations during the
experiments, only a few injected calibration
solutions during step 3 would be sufficient,
as the correlation between equivalent NaCl
concentration and output voltage is very strong.
This significantly advances RMCs calibration
during tank preparation.

-

Stabilization phase of the brine layer: with a
high brine concentration, a stabilization phase
of the brine after brine injection and start of the
experiment is superfluous, as no additional time
is necessary to allow stabilization of the brine
layer. Furthermore, density effects limit mixing
across the interface between freshwater
M andQ(t )  cout (t )dt
saltwater. This fact is also shown by the formula

This work includes many important findings dealt
with in M. Konz’s work (PhD thesis in preparation,
2008), which also contains further experimental
modification attempts. If M. Konz’s findings on the
experimental setup are taken into consideration and
if the measurement error of the RMC technique in
solutions showing concentration gradients can be
assessed, this newly developed experimental setup
forms a good basis to finally obtain an excellent
benchmark for testing density-dependent flow
computer codes. In addition to data obtained from
the saltpool experiments, a comparison can be drawn
between the received breakthrough curves of salt
concentrations at all RMC sites and the simulated
data.
Based on our findings with the experimental setup
and the first results, the following points have to be
considered in future experiments:
-

Porous medium: the rinse out of fine-grained
particles from the tank during step 4 can lead to
changes in the fluid phase composition. When
saltwater flows through a porous medium, clay
is found in a flocculated form and is fixed as a
loosely built and permeable framework between
the larger mineral grains.2V However,
2 2  D  t when
freshwater flows through a porous medium,
clay is deflocculated. Therefore, as the saltwater
was gradually washed out by freshwater (cf.
Figure 6.7A), clay started to deflocculate and the

³

2V 2 2  D  t , which allows to assess the
mean diffusion length (e.g., Appelo and Postma,
P
1996). In this formula, σ2 represents the variance
h z
of the distribution, D the pore water diffusion U w  g
coefficient and t the time. With D = 1.4 × 10‑10
m s‑1 (see below) and t = 36 h (cf. Table 6.3)
P
z
the transition zone enlarged to ∼3 cm, hwhich
996  9.81
correlates approximately with the measurements
presented in Figure 6.8.

-

Arrangement of pressure transmitters: the
pressure transmitters can be used to measure the
pore pressures in the tank; however, the hydraulic
head can also be determined indirectly under
certain conditions. To obtain the hydraulic head
h, the measured pore water pressure has to be
converted in pressure head. The hydraulic head
h (m) is represented
M
Qby
(t )the
 coutsum
(t )dtof the elevation
head z (m) and the pressure head P/ρw·g (e.g.,
Dominco and Schwartz, 1998), i.e.

³

h

h

z

z

P
Uw  g

P
996  9.81

(6.1)
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where P is the pressure (kg m‑1 s‑2), ρw the fluid
density (kg m‑3) and g (m s‑2) the gravitational
acceleration. However, if the pressure transmitters
are in contact with saltwater (as in this work),
hydraulic heads cannot be calculated as ρw
is unknown. For this kind of experiment, the
M
Qshould,
(t )  cout (therefore,
t )dt
pressure transmitters
best be
installed near the free water surface where they
are in contact with freshwater and where the water
flows in sub-horizontal direction. Therefore,
considering ρw = 996 kg m‑3P (e.g., Weast, 1982)
h z
and g = 9.81 m s‑2 with Eq.
U (6.1)
 g we obtain

³

2 D t

w

h

z

The effects caused by dissolved salt entering into
the chambers at the closed outlets (dead ends) can
be neglected. If the measuring volume of an RMC
is considered (see Chapter 5), all the calculated
salt concentrations at each node point within each
measuring volume can be averaged.
For this kind of experiment, the determination method
for boundary and initial conditions as well as the
parameters are given in Table 6.5. Focus is placed on
the following points:
- Boundary and (6.1)
initial conditions: the hydraulic
gradient can be determined as proposed above.
At open inlets and initially above the brine layer,
the salt concentration of freshwater amounts to
0 g l‑1. The thickness of the brine layer can be
determined visually and its salt concentration is
known at preparation.

P
996  9.81

Elevation of the free surface can be determined
and, based on Dupuit-Forchheimer’s groundwater
free surface approximation, also the total hydraulic
head difference (hydraulic boundary conditions
of the experiment). Based on the pressure
transmitters measurements in this work and on
experience with former laboratory experiments
(F. Lehmann, 2004, personal communication),
the error of P/ρw·g is about ±1 mm.

-

Permeability: permeability can be assessed by
supplying flowing freshwater through the tank
with open valves at the inlets I1−I8 and outlets
O1−O8. By measuring the total discharge, crosssectional area of flow and hydraulic gradient, and
by taking freshwater density (ρ) and viscosity (μ)
from the literature (e.g., Weast, 1982), the intrinsic
permeability (k) can be calculated by Darcy’s law
K = QL/[A(h1−h2)]. In this formula the hydraulic
conductivity of the medium (K) is proportional
to the flow rate (Q) and length of the tank (L),
and inversely proportional to the cross section

For numerical simulations, the model geometry would
be that of a rectangle representing a longitudinal
section of the tank. Except at the positions of flow
through inlets/outlets, the lower and lateral borders of
the tank would be maintained as no-flow boundaries.

Unit

Means of determination

Boundary conditions for flow
Hydrostatic pressure at open inlets
Hydrostatic pressure at open outlets

m
m

Experimental
Experimental

Boundary condition for transport
Salt concentration of freshwater at open inlets

kg m-3 Defined

Initial conditions for transport
Salt concentration of freshwater
Salt concentration of brine
Thickness of the brine layer

kg m-3 Defined
kg m-3 By making solution
m
Visual measurement

Parameter
Permeability k (k x /k z = 1)

m2

Estimation by calculation, literature

Porosity w
Longitudinal dispersivity D L
Dispersivity ratio D T / D L

m
m

By step 6
Literature
Literature

Pore water diffusion coefficient D
Specifc storage

m2 s-1 Literature
Negligence

Table 6.5 Boundary conditions, initial conditions and parameters for this kind of experiment.
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area (A) with different inlet and outlet hydraulic
heads (h1−h2) and K = kρg/µ. This derived value
can also be compared with empirical equations
used to assess permeability. The horizontal and
vertical permeability ratio is estimated at kx/kz =
1.
-

Porosity: the effective porosity of the grains can
be assessed by LWh/V, where W is the width of
the tank, h the height of the freshwater-saltwater
interface above the inner side of the bottom plate
plus half of the transition zone height, and V the
volume of brine recharged during step 6.

-

Dispersivities: typical values for dispersivities at
the pore-grain scale are αL ≈ d50 and αL ≈ 1/10 αT
(e.g., Spitz and Moreno, 1996).

-

Pore water diffusion coefficient: the molecular
diffusion coefficient of dissolved NaCl for the
relevant molarities in water is quoted in the
literature to range between 1.4 × 10‑9 and 1.5 ×
10‑9 m2 s‑1 at 20°C (Zaytsev and Aseyev, 1992).
The diffusion coefficient at such a pore-grain
scale is about 10 times smaller or ∼1.4 × 10‑10 m2
s‑1 (P. Ackerer, 2004, personal communication)
due to collision with the solids of the medium.
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7

Conclusions and perspectives

7.1

Summary

The main objectives of this thesis were to investigate
(1) the genesis and shape of natural, deep-seated, nonaccessible cavities within salt deposits, (2) the genesis
of an unusual horizontal fracture-guided passage with
tip-down cavity cross-section encountered mainly in
gypsum caves, (3) the genesis of an interstratal salt
karst at the top of a salt layer, and (4) to test a densitydependent flow computer code. An experimental
approach was selected to meet all these objectives.
The genesis and shape of natural solution cavities
within a salt body was studied by an experimental lab
setup, where freshwater was slowly pumped into rock
salt cores through a horizontally oriented borehole
(Chapter 2). Eight dissolution runs at two different
average inflow rates were conducted. The dynamics of
concentration-driven turbulent buoyant flow coupled
with salt dissolution was thereby visualized by the
fluorescent property of uranine. The results revealed
that due to slow inflow rate, as well as fast halite
dissolution kinetics and its extremely high solubility,
halite dissolution took place only in the inflow of
the rock salt cylinders. The shape of the small-scale
solution cavities created is roughly a symmetrical
half of a cone with a horizontal base facing upward.
It can be concluded that halite dissolution took place
at the horizontal ceiling and upper end of the facet.
The cavities therefore enlarged simultaneously
at the horizontal ceiling by upward and lateral
growth at the upper end of the facet. A theoretical
analysis was subsequently conducted to describe the
cavity enlargement mathematically. The computed
variables are quite consistent with the experimental
results. Moreover, the experimental results concur
qualitatively with natural and man-made salt cavities
on a field scale. Solution cavities of triangular prism
or conical shape may develop if a fracture or conduit,
respectively, provides a communication between
a confined undersaturated water aquifer and an
overlying salt body. Such a cavity enlargement may

cause land subsidence or collapse structures.
Due to similarities between small-scale salt and
natural gypsum solution cavities, the formation of
fracture-guided gypsum cave passages with tip-down
triangular cross-section is derived from knowledge
from rock salt dissolution experiments, because
none of the existing conceptual models provide a
satisfactory explanation of the genesis of such natural
caves (Chapter 3). According to the new data, the newly
developed experimental setup is of key importance,
as the resulting, small-scale solution cavities revealed
qualitatively the same morphological symmetry with a
horizontal ceiling covered by solution pits and narrowranged facet inclinations as that observed in natural
gypsum caves. A comprehensive conceptual model in
a regional hydrogeological context is provided based
on the existing models, on the new experimental
data and on theoretical, hydrogeochemical analysis.
Generally, as described in the previous chapter, the
same genesis model can be applied to such gypsum
caves. Therefore, such a passage starts to develop
from the upper end of a permeable fracture, providing
a communication to a confined underlying, gypsumdepleted water aquifer with its potentiometric surface
above the developing passage. Since the aquifer is
under pressure, a buoyant turbulent cycle develops in
the fracture/cavity void, where the gypsum dissolution
at the upper limit of the developing cavity supplies the
density gradient that becomes the driving mechanism
for its own dissolution. Since a stable fluid density
interface is horizontal and, in this case, close to the
upper limit of the developing cavity, the formed ceiling
must also be horizontal. If the cavity is situated in the
epiphreatic or vadose zone, this triangular morphology
is an indicator for paleohydrogeology.
Two types of rock salt dissolution experiments were
conducted to investigate the subrosion process at the
top of a salt layer in a horst and graben structure, such
as for example in the Muttenz-Pratteln region (Chapter
4). Freshwater was slowly pumped from above into
the rock salt cores through an axial, nearly vertical or
89

7.2 Limitations and perspectives

inclined-oriented borehole. In these experiments, the
upper end of the core cylinder represented the top of a
salt layer situated below a covering layer. Furthermore,
the supply of NaCl-undersaturated water flowed
through a pipe and not through a more realistic linear
input (permeable fault). Under different inclinations
of the top of the salt layer, one type of experiment
simulated groundwater flow and salt dissolution at a
2D, the other at a more realistic step like 3D top of a salt
layer. Six dissolution runs were conducted totally. In
some, the flow field and cavity genesis was visualized
by fluorescent uranine. The close correlation of the
experimental solution cavities and cavity geometries
in the field indicates at first the development of an
interstratal salt karst along the top of the rock salt layer
mainly in the up-dip direction. When in contact with
a poorly soluble layer or displaced salt layer (i.e., at a
fault), the solution cavity mainly broadens downward
or upward, respectively, leading to a fault-associated
solution cavity section possibly exhibiting a larger
cavity height. Elongated subsidence bowls parallel to
the fault system may be related to underlying, faultbound solution cavities.
For the solute transport experiments in a laboratory
flow tank containing a water-saturated porous
medium, an adequate non-commercial measuring
technique (resistance measuring cell) was developed
in collaboration with Edi Meier + Partner AG to
measure in situ and indirectly solute concentrations
of Na-Cl over a wide range (Chapter 5). Three basic
electrode arrays were tested by pumping calibration
solutions or a high-density brine bottom-up into
one of two different flow tanks. One suitable array
comprises five electrodes fixed in parallel on a plane.
The grounding electrode is thereby located in the
center, flanked by two potential electrodes and an
outer pair of current electrodes. Another suitable array
consists of electrodes arranged in a square (current
electrodes and potential electrodes placed in parallel)
with the grounding electrode in the center. The
analysis revealed that calibration lines can be used in
both cases to convert output voltage measurements to
local salt concentrations. The second array mentioned
is even more suitable as it is less dependent on the
position of a saltwater front influencing the cell
measurements. Thus, the latter array was chosen to
conduct the experiments in the flow tank described in
Chapter 6.
In Chapter 6, the developed measuring technique was
used in the newly developed 2D flow tank designed as
a benchmark for variable-density computer codes. The
developed flow tank model is ∼1.7 m long, ∼1.3 m high
and 0.2 m wide. Water-filled chambers at both ends of
the tank placed at different levels regulate flow control.
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Three transport experiments simulating a pumping
well (saltwater upconing) were carried out with thirtytwo resistance measuring cells and three temperature
sensors (at the front of the tank), twelve pressure
transmitters (at the rear of the tank) and one standard
conductivity measuring cell (at the outflow end of the
tank). A computerized data acquisition system was
setup to allow simultaneous and continuous reading
and registration of all the instruments. Although the
first results were very promising, they clearly showed
the limitations of the initial setup. Nevertheless, this
chapter comprises much preliminary work (flow
tank setup, instrumentation and realization of an
experiment) included in M. Konz’s thesis (PhD thesis
in preparation, 2008). Regarding the new measuring
technique, the first three experiments revealed that
if the salt concentration is uniform throughout the
measuring volume, measurement accuracy remains
quite high even if several experiments are conducted
with the same sand pack. The measurement error is not
known if a salt concentration gradient occurs within
the measuring volume or if a freshwater-saltwater
interface intersects the cell measuring volume (which
is often the case in salt upconing experiments). Yet,
this newly developed experimental setup forms a
good basis in obtaining an excellent benchmark.

7.2

Limitations and perspectives

In the framework of this thesis it could be shown that
beside the hydraulic gradients, tectonic structures
play a major role in the development of the geometry
of the solution cavities. The motion of dissolved salt
and its mixing in the aquifers based on natural and
forced hydraulic conditions is subject of an ongoing
thesis (M. Konz).
The results of this research will be used as a basis
for further experimental and conceptual model
developments on salt dissolution and solute transport
by density-driven groundwater flow. These may
ultimately help provide predictions on land subsidence
and other risks.
Experience with both developed general experimental
setups is limited, as these were newly developed for
this thesis. This is one of the reasons why M. Konz
(PhD thesis in preparation, 2008) has further improved
the 2D flow tank experimental setup. The new
resistance measuring technique could be also further
developed to be applied in natural underground (e.g.,
for borehole measurements). Regarding the other
general experimental setup, potential improvements
can certainly be achieved, mainly for the tracer

7.2 Limitations and perspectives

visualization technique and its evaluation methodology
(image processing and analysis). Furthermore, there is
quite a bit of room for improvement of the presented
models and validation of up scaling.
Further investigations will require an even more
interdisciplinary
approach,
involving
close
collaboration between physicists/engineers (fluid
mechanics; image processing and analysis; rock
mechanics), geochemists (rock-water interaction),
and hydrogeologists. The results of Chapter 4 could
form the basis of a regional scale model combining
interstratal salt karst development and transport
processes. It could represent a combined hydraulichydrochemical approach explaining the consequences
for the rock mechanical behaviour of the different
overlying units.
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A

Rock salt dissolution experiments

A.1

Photographs of experimental setup and solution cavities

A.2

Mineralogical and chemical analyses

A.3

Combining experimental errors

A.4

Mathematical model half conical frustum

B

Solute transport experiments

B.1

Breakthrough curves during calibration of RMCs in tests

B.2

Breakthrough curves during calibration of RMCs for experiments

A.1 Photographs of experimental setup and solution cavities

B)

A)

C)

E)

D)

A.1.1 Photographs of the (A) core of rock salt with drilled hole (Ø = 4 mm), the (B) prepared core ready for
experimental run, the (C) experimental setup (horizontally oriented borehole), the (D) experimental setup
(vertically oriented borehole), and the (E) injection of uranine.
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A.1 Photographs of experimental setup and solution cavities

RS2:

RS10:

1 cm

RS11:

1 cm

RS15:

1 cm

1 cm

A.1.2 Scanned inflow ends of the drill cores after dissolution runs with a horizontally oriented borehole
(dissolution runs RS2, RS10, RS11, RS15, RS17, RS21, and RS23).
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A.1 Photographs of experimental setup and solution cavities

RS21:

RS17:

1 cm

1 cm

RS23:

1 cm

A.1.2 (continued)
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A.1 Photographs of experimental setup and solution cavities

RS7:

RS13:

Outline

1 cm

1 cm

RS24:

RS12:

1 cm

1 cm

A.1.3 Scanned inflow ends of the drill cores after dissolution runs with a 2D upper end of the core cylinder
(dissolution runs RS7, RS13, RS12, RS24).
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A.1 Photographs of experimental setup and solution cavities

RS27:

RS28:

1 cm

1 cm

A.1.4 Scanned inflow ends of the drill cores after dissolution runs with a 3D upper end of the core cylinder
(dissolution runs RS27 and RS28).

1 cm
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A.1 Photographs of experimental setup and solution cavities

t a0.85 h

t a1.18 h

t a1.52 h

t a1.85 h

t a2.18 h

t a2.52 h

t a2.85 h

t a3.18 h

t a3.52 h

t a3.85 h

t a4.18 h

t a4.52 h

t a4.85 h

t a5.18 h

t a5.52 h

t a5.85 h

t a6.18 h

t a6.52 h

Full scale

A.1.5 Times-lapse, videotape recording of the enlargement of solution cavity (dissolution run RS23) at the
entrance of the borehole. The elapsed times after starting the dissolution run: every twenty minutes from 0.85
h to 6.52 h.
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A.2 Mineralogical and chemical analyses

A)

Major constituent
d
e
Analytical method XRD , WD-XFA
Halite
88-2300
ICDD-No.a
2.16-2.17
Density (g cm-3)b
Weight-%
Drilling powder numberc
Horizontally oriented borehole:
RS2
97
RS10
99
98
RS11
98
RS15
92
RS17
95
RS19
RS21
85
RS23
94

Minor constituents
XRD
XRD
XRD
XRD
XRD
Quartz Chlorite Illite-muscovite Dolomite Anhydrite
33-1161 29-701
6-263
36-426
72-503
2.65
2.6-3.3
2.6-2.9
2.86-2.93 2.9-3.0
x
x
x
x
x
x
-

Vertically or inclined oriented borehole:
RS7
97
x
RS13
97
x
RS12
97
x
a
International Centre for Diffraction Data
b
From Deer et al. (1992)
c
Corresponds run number
d
X-ray diffraction
e
Wavelength-dispersive X-ray fluorescence analysis
x Minor component
xx Major component
- Not detected
B)

SiO2 (Wt%)
Al2O3
Fe2O3
MnO
MgO
CaO
NaCl
K2 O
TiO2
P 2 O5
SO3
Br
Total

x
xx
x
x
x
x
-

x
xx
x
x
x
x
x

x
x
x
x
-

x
x
x
xx
x
x
x

x
x
x

x
x
x

x
x

x
x

2.32
0.958
0.468
0.113
0.0
0.583
93.5
0.259
0.080
0.382
0.780
0.032
99.475

A.2.1 A) Mineralogical and chemical analyses from drilling powders of all dissolution runs. B) Detailed
chemical analyses from drilling powder represented by the dissolution run RS23.
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A.2 Mineralogical and chemical analyses

A.2.2 Mineralogical analyses from drilling powder and solution residue represented by the dissolution run
RS23 (A = anhydrite peaks, H = halite peaks; I = Illite-muscovite peaks).
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A.3 Combining experimental errors

A.3

Combining experimental errors

Regarding the measurements conducted during the laboratory dissolution experiments, the formulas of
propagating uncorrelated errors are expressed as (Lyons, 19911)

'(a  b)

('a) 2  ('b) 2

' (a  b)

('a) 2  ('b) 2
2

§ 'a · § 'b ·
'(a  b) a  b ¨ ¸  ¨ ¸
© a ¹ © b ¹
§a·
'¨ ¸
©b¹

2

a § 'a · § 'b ·
¨ ¸ ¨ ¸
b © a ¹ © b ¹

2

2

The following conducted calculations are presented at the example of dissolution run RS11.

A.3.1 Density freshwater (g cm-3)
density freshwater

ab
c

where:
a = weight of flask filled with 100 ml freshwater, g
b = weight of empty flask, g
c = freshwater volume (100 ml), cm3
('a = 0.0001 g; 'b = 0.0001 g; 'c = 0.08 cm3)
For RS11:
density freshwater

120.5123 r 0.0001 g  20.7856 r 0.0001 g
100 r 0.08 cm3

Calculation of combined error:

d

a  b 99.7267
('a) 2  ('b) 2

'd
e

d
c

99.7267
100
2

'e

0.00012  0.00012

0.000141421

0.997267

d § 'd · § 'c ·
¨
¸ ¨ ¸
c © d ¹ © c ¹

2

2

§ 0.000141421 · § 0.08 ·
0.997267 ¨
¸ ¨
¸
© 99.7267 ¹ © 100 ¹

2

0.000797814 | 0.0008

1

Lyons, L. (1991), A practical guide to data analysis for physical science students, Cambridge
University Press, Cambridge.
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 density freshwater 0.9973 r 0.0008 g cm 3

A.3.2 Density NaCl-saturated brine (g cm-3)
ab
c

density NaCl-saturated brine

where:
a = weight of flask filled with 25 ml NaCl-saturated brine, g
b = weight of empty flask, g
c = NaCl-saturated brine volume (25 ml), cm3
('a = 0.0001 g; 'b = 0.0001 g; 'c = 0.03 cm3)
For RS11:
density NaCl-saturated brine

39.9516 r 0.0001 g  11.0495 r 0.0001 g
25 r 0.03 cm3

Calculation of combined error:

d

ab

('a) 2  ('b) 2

'd
e

28.9021

d
c

0.000141421

28.9021
1.156084
25
2

'e

0.00012  0.00012

d § 'd · § 'c ·
¨
¸ ¨ ¸
c © d ¹ © c ¹

2

2

§ 0.000141421 · § 0.03 ·
1.156084 ¨
¸ ¨
¸
© 28.9021 ¹ © 25 ¹

2

0.001387312 | 0.001

 density NaCl-saturated brine 1.156 r 0.001 g cm3

A.3.3 Average inflow rate (mm3 min-1)
average inflow rate

ab
a c
e
d

(a  b)d
(a  c)e

where:
a = weight of flask filled with 100 ml freshwater at the beginning of an experiment, g
b = weight of flask with freshwater at the end of an experiment, g
c = weight of empty flask, g
d = freshwater volume (100 ml), cm3
e = running time, min
('a = 0.0001 g; 'b = 0.0001 g; 'c = 0.0001 g; 'd = 0.08 cm3; 'e = 0 min)
For RS11:

average inflow rate
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(120.5123 r 0.0001 g  87.4205 r 0.0001 g)100 r 0.08 cm3
(120.5123 r 0.0001 g  20.7856 r 0.0001 g)3405 r 0 min

A.3 Combining experimental errors

Calculation of combined error in three steps:
1) f

a  b 33.0918
('a) 2  ('b) 2

'f

0.00012  0.00012

0.000141421

g f  d 3309.18
2

§ 'f · § 'd ·
f d ¨ ¸  ¨
¸
© f ¹ © d ¹

'g
2) h

2

§ 0.000141421 · § 0.08 ·
3309.18 ¨
¸ ¨
¸
© 33.0918 ¹ © 100 ¹

2

2.647381773

a  c 99.7267
('a) 2  ('c) 2

'h

i

0.00012  0.00012

0.000141421

h  e 339569.4135
2

§ 'h · § 'e ·
'i h  e ¨
¸ ¨ ¸
© h ¹ © e ¹
g
i

3) j

3309.18
339569.4135
2

'j

2

g § 'g · § 'i ·
¨
¸ ¨ ¸
i © g ¹ © i ¹

2

2

2

§ 0.000141421 · § 0 ·
339569.4135 ¨
¸ ¨
¸
© 99.7267 ¹ © 3405 ¹

2

0.481538485

0.009745224
2

§ 2.647381773 · § 0.481538485 ·
0.009745224 ¨
¸ ¨
¸
© 3309.18 ¹ © 339569.4135 ¹

2

0.000007796 | 0.000008

 average inflow rate 0.009745 r 0.000008 cm3 min -1 9.745 r 0.008 mm3 min -1

A.3.4 Dissolved halite volume (cm3) and average dissolved halite removal rate
(mm3 min-1)

average dissolved halite removal rate

§
·
¨ a b de ¸
¨
¸ r 'i

¨ a c df ¸
¨ g
g ¸¹
©
h

§ (a  b)g (d  e)g ·

¨
¸ r 'i
df ¹
© a c
h

where after the experiment:
a = weight of flask filled with 25 ml NaCl-saturated brine before filling in tubes/borehole, g
b = weight of flask with NaCl-saturated brine after filling in tubes/borehole, g
c = weight of empty flask, g
where before the experiment:
d = weight of flask filled with 25 ml NaCl-saturated brine before filling in tubes/borehole, g
e = weight of flask with NaCl-saturated brine after filling in tubes/borehole, g
f = weight of empty flask, g
where:

g = NaCl-saturated brine volume (25 ml) before filling in tubes/borehole, cm3
h = running time, min
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'i = ±0.005 cm3 (estimation of the analytical error when filling the borehole/tubes until the
outlet level of the Plexiglas tube on the outflow side of the borehole)
('a = 0.0001 g; 'b = 0.0001 g; 'c = 0.0001 g; 'd = 0.0001 g; 'e = 0.0001 g; 'f = 0.0001 g 'g = 0.03
cm3; 'h = 0 min)
For RS11:
average dissolved halite removal rate
§ (40.6149 r 0.0001 g  30.3873 r 0.0001 g)25 r 0.03 cm3 (39.9516 r 0.0001 g  36.5809 r 0.0001 g)25 r 0.03 cm3 ·
3

¨
¸ r 0.005 cm
(40.6149 r 0.0001 g  10.9857 r 0.0001 g)
(39.9516 r 0.0001 g  11.0495 r 0.0001 g)
©
¹
3405 r 0 min

Calculation of combined error in four steps:
1) j a  b 10.2276
('a) 2  ('b) 2

'j

k

j g

§ 'j · § 'g ·
j g ¨ ¸  ¨
¸
© j¹ © g ¹

l ac

m

k
l

255.69
29.6292

2) n
'n

2

§ 0.000141421 · § 0.03 ·
255.69 ¨
¸ ¨
¸
© 10.2276 ¹ © 25 ¹

2

0.306848369

0.00012  0.00012

0.000141421

8.62966263

2

'm

2

29.6292

('a) 2  ('c) 2

'l

0.000141421

255.69
2

'k

0.00012  0.00012

k § 'k · § 'l ·
¨
¸ ¨ ¸
l © k ¹ © l ¹

2

2

§ 0.306848369 · § 0.000141421 ·
8.62966263 ¨
¸ ¨
¸
© 255.69 ¹ © 29.6292 ¹

2

0.010356364

d  e 3.3707
('d) 2  ('e) 2

0.00012  0.00012

0.000141421

o n  g 84.2675
2

'o

p

'p

104

§ 'n · § 'g ·
n g ¨
¸
¸ ¨
© n ¹ © g ¹

df

2

2

§ 0.000141421 · § 0.03 ·
84.2675 ¨
¸ ¨
¸
© 3.3707 ¹ © 25 ¹

28.9021

( 'd) 2  ('f ) 2

0.00012  0.00012

0.000141421

2

0.101182788

A.3 Combining experimental errors

o
p

q

84.2675
2.915618588
28.9021
2

o § 'o · § 'p ·
¸
¨
¸ ¨
p © o ¹ © p ¹

'q
3) r

mq

2

2

§ 0.101182788 · § 0.000141421 ·
2.915618588 ¨
¸ ¨
¸
© 84.2675 ¹ © 28.9021 ¹

2

0.003500909

8.62966263  2.915618588 5.714044042

Considering 'i, then
( 'o) 2  ('q) 2  'i

'r

0.1011827882  0.0035009092  0.005 0.106243335
 dissolved halite volume 5.7 r 0.1 cm3

r
h

4) s

5.714044042
3405
2

's

r § 'r · § 'h ·
¨ ¸ ¨
¸
h © r ¹ © h ¹

2

0.001678133
2

§ 0.106243335 · § 0 ·
0.001678133 ¨
¸ ¨
¸
© 5.714044042 ¹ © 3405 ¹

2

0.000031202 | 0.00003

 average dissolved halite removal rate 0.00175 r 0.00003 cm3 min-1 1.75 r 0.03 mm3 min -1

A.3.5 Final height of solution cavity/running time (mm h-1)
final height of solution cavity
running time

a
b

where:
a = final height of solution cavity, mm
b = running time, h
('a = 1 mm; 'b = 0 h)
For RS11:
final height of solution cavity
running time

30 r 1 mm
57 r 0 h

Calculation of combined error:

ªa º
'« »
¬b¼

2

a § 'a · § 'b ·
¨ ¸ ¨
¸
b © a ¹ © b ¹


2

2

30 § 1 · § 0 ·
¨ ¸ ¨ ¸
57 © 30 ¹ © 57 ¹

2

0.0175... | 0.02

final height of solution cavity
running time

0.53 r 0.02 mm h -1
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A.4 Mathematical model half conical frustum

A.4

Mathematical model half conical frustum

A.4.1 Mass balance equationEquation Chapter 1 Section 1
The mass balance equation is expressed as

Prs  U h

dV
dt

Q (ceq  cin )

(A.1)

Eq. (A.1) transformed gives

dV
dt

Q (ceq  cin )
Prs  U h

(A.2)

A.4.2 Geometry half conical frustum
From Figure 2.9A1, we obtain
tan D

a  a0
h

(A.3)

Eq. (A.3) transformed gives

a

tan D  h  a0

(A.4)

Also from Figure 2.9A2, we obtain
tan E

b  b0
h

(A.5)

Eq. (A.5) transformed gives
b

tan E  h  b0

(A.6)

Ditto from Figure 2.9A, we obtain
dV

1
S  a  b  dh
2

(A.7)

Substituting Eqs. (A.4) and (A.6) in Eq. (A.7) yields
1
S (tan D  h  a0 )(tan E  h  b0 )dh
2

(A.8)

1
S (tan D  tan E  h 2  b0  tan D  h  a0  tan E  h  a0  b0 )dh
2

(A.9)

dV
Eq. (A.8) transformed gives
dV

Subsequently, dividing both sides of Eq. (A.9) by dt equals

1

a is the semi-major axis of the top half ellipse

2

b is the semi-minor axis of the top half ellipse
107

A.4 Mathematical model half conical frustum

dV
dt

1
dh
S (tan D  tan E  h 2  b0  tan D  h  a0  tan E  h  a0  b0 )
2
dt

(A.10)

A.4.3 Derivation of h(t)
Combining Eqs. (A.2) and (A.10) yields
Q (ceq  cin )

dh
1
S (tan D  tan E  h 2  b0  tan D  h  a0  tan E  h  a0  b0 )
2
dt

³ (tan D  tan E  h

2

Prs  U h

2  Q (ceq  cin )

 b0  tan D  h  a0  tan E  h  a0  b0 )dh

Prs  U h  S

1
1
1
tan D  tan E  h3  b0  tan D  h 2  a0  tan E  h 2  a0  b0  h  C0
3
2
2

³ dt

2  Q(ceq  cin )
Prs  U h  S

t

(A.11)

If t = 0 and h = 0 then C0 = 0, and therefore Eq. (A.11) becomes
2  Q(ceq  cin )
1
1
§1
·
tan D  tan E  h3  ¨ b0  tan D  a0  tan E ¸ h 2  a0  b0  h 
t
3
2
Prs  U h  S
©2
¹

0

(A.12)

Eq. (A.12) is a cubic equation also expressed as
C1  h3  C2  h 2  C3  h  C4

(A.13)

0

where
C1

1
tan D  tan E
3

C2

1
1
b0  tan D  a0  tan E
2
2

C3

a0  b0

C4



2  Q(ceq  cin )
Prs  U h  S

t

As
3

2

§ C3
C C
C 2 · § C2 3
C ·
 2 2 ¸ ¨
 2 23  4 ¸ ! 0
¨
3
6  C1
2  C1 ¹
© 3  C1 9  C1 ¹ © 27  C1

the solution of Eq. (A.13) equals
2

h

§
§
C2  C3
C2  C3
C2 3
C4 ·
C2 3
C4 · § C3
C2 2 ·
3 








¨
¸
¨
¸ ¨
¸
3
3
6  C12 2  C1 ¹
6  C12 2  C1 ¹ © 3  C1 9  C12 ¹
© 27  C1
© 27  C1
2

3

3

§
§
C C
C C
C2
C ·
C2
C · § C
C ·
C
3 ¨
 2 23  4 ¸  ¨ 
 2 23  4 ¸  ¨ 3  2 2 ¸  2
3
3
6  C1
2  C1 ¹
6  C1
2  C1 ¹ © 3  C1 9  C1 ¹
3  C1
© 27  C1
© 27  C1
3
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3

2

(A.14)

A.4 Mathematical model half conical frustum

(e.g., Bronstein and Semendjajew, 19913; Bewersdorff, 20024). The Eq. (A.14) as h(t) equals
2

§
§
C2  C3 C5  t ·
C2  C3 C5  t · § C3
C2 3
C2 3
C2 2 ·
3 








¨
¸
¨
¸ ¨
¸
3
3
6  C12 2  C1 ¹
6  C12 2  C1 ¹ © 3  C1 9  C12 ¹
© 27  C1
© 27  C1

h(t )

2

3

3

(A.15)

§
§
C C C t ·
C C C t · § C
C2
C2
C ·
C
3 ¨
 2 23  5 ¸  ¨ 
 2 23  5 ¸  ¨ 3  2 2 ¸  2
3
3
3  C1
6  C1
2  C1 ¹
6  C1
2  C1 ¹ © 3  C1 9  C1 ¹
© 27  C1
© 27  C1
3

3

2

where
C5



2  Q (ceq  cin )
Prs  U h  S

Eqs. (A.14) and (A.15) also expressed as
h(t )

3

C6  C7  t 

C6  C7  t

2

 C8  3 C6  C7  t 

C6  C7  t

2

 C8  C9

(A.16)

where
C6



C C
C2 3
 2 23
3
27  C1
6  C1
3

1
1
§1
· §1
·
¨ b0  tan D  a0  tan E ¸ ¨ b0  tan D  a0  tan E ¸ a0  b0
2
2
2
2
¹ ©
¹
©
3
2
1
1
§
·
§
·
27 ¨ tan D  tan E ¸
6 ¨ tan D  tan E ¸
3
3
©
¹
©
¹

C7

b0  tan D  a0  tan E
8 tan D  tan E

3

3



3  a0  b0 b0  tan D  a0  tan E
4 tan D  tan E

2

C5
2  C1




2  Q (ceq  cin )
1
Prs  U h  S  2  tan D  tan E
3
3  Q (ceq  cin )
Prs  U h  S  tan D  tan E

3

Bronstein, I. N. & Semendjajew, K. A. (1991): Taschenbuch der Mathematik. Nauka, Moskau; Teubner
Verlagsgesellschaft, Stuttgart; Harri Deutsch, Thun.
4

Bewersdorff, J. (2002): Algebra für Einsteiger. Vieweg, Braunschweig/Wiesbaden.
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C8

§ C3
C2 ·
 2 2¸
¨
© 3  C1 9  C1 ¹

3

2
§
1
§1
· ·
D
E

tan


tan
b
a
¨
¨ 0
¸ ¸
0
a0  b0
2
2
¹ ¸
¨
©
2
¨ 1
¸
§1
·
9  ¨ tan D  tan E ¸
¨ 3  3 tan D  tan E
¸
©3
¹
©
¹

§ a b
b  tan D  a0  tan E
0
0
¨
 0
2
¨
4 tan D  tan E
© tan D  tan E
C9

2

·
¸
¸
¹

3

3

C2
3  C1
1
1
b0  tan D  a0  tan E
2
2
1
3  tan D  tan E
3
b0  tan D  a0  tan E
2  tan D  tan E

A.4.4 Derivation of Shoriz(t)
From Figure 2.9A, we obtain
S horiz

S a b

(A.17)

2

Substituting Eqs. (A.4), (A.6) and (A.16) in Eq. (A.17) yields
S horiz (t )

S (tan D  h(t )  a0 )(tan E  h(t )  b0 )
2

A.4.5 Derivation of Rh(t) of a half conical frustum
The average dissolution rate Rh was computed from

Rh (t )
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Prs  Q  ceq
Wh  S horiz (t )
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B.1 Breakthrough curves during calibration of RMCs in tests
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B.1.1 Breakthrough curves during calibration (ELCOL-1) of vertically aligned electrodes. Salt concentrations
0−40 g l‑1. [Concentration displaced calibration solution → concentration injected calibration solution].
Every 5th data point is displayed as a symbol.
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B.1.1 (continued)
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B.1.2 Breakthrough curves during calibration (ELCOL-2) of vertically aligned electrodes. Salt concentrations
1−40 g l‑1. [Concentration displaced calibration solution → concentration injected calibration solution].
Every 5th data point is displayed as a symbol.
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B.1.3 Breakthrough curves during calibration (ELCOH-1) of vertically aligned electrodes. Salt concentrations
40−300 g l‑1. [Concentration displaced calibration solution → concentration injected calibration solution].
Every 5th data point is displayed as a symbol.
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B.1.4 Breakthrough curves during calibration (ELCOH-2) of vertically aligned electrodes. Salt concentrations
40−300 g l‑1. [Concentration displaced calibration solution → concentration injected calibration solution].
Every 5th data point is displayed as a symbol.
115

0
Temperature sensor defect
(water temperature ~°C)

0







.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

0o
Temperature sensor defect
(water temperature ~°C)

0













0





.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0







0





0





.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0







0





0

  0 

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

Pore water temperature (°C)

Pore water temperature (°C)








Time (h)

  0 









0









0

0  

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0





0





.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

0





0





0

0  

0 o 0

0









Time (h)

0

0  

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

0 o 0

0









Time (h)

0

0  

Time (h)

00 o 0

0

0

00 o 0

Time (h)

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0



Pore water temperature (°C)

Pore water temperature (°C)

Pore water temperature (°C)


0

Time (h)

0 o 00

0



0 o 0

Time (h)

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

Temperature sensor defect
(water temperature ~°C)

Time (h)

Pore water temperature (°C)

Pore water temperature (°C)

Pore water temperature (°C)


o

Time (h)

0 o 0

0

0

 o 0

Time (h)

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0



Pore water temperature (°C)

o

0



.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

Time (h)

Pore water temperature (°C)

Pore water temperature (°C)

Time (h)

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

Pore water temperature (°C)

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

Pore water temperature (°C)

Pore water temperature (°C)

B.1 Breakthrough curves during calibration of RMCs in tests

.
.
.0
.
.
.
.
.0
.
.
.
.
.0
0

0 o 00

0









Time (h)

0 o 00

0









0

0  

Time (h)

B.1.5 Pore water temperature pattern during calibration. Salt concentrations 0−300 g l‑1. [Concentration
displaced calibration solution → concentration injected calibration solution].
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B.2.1 Breakthrough curves during calibration (ELCONDU-1) of RMCs. Salt concentrations 0−300 g l‑1.
[Concentration displaced calibration solution → concentration injected calibration solution]. Every 5th data
point is displayed as a symbol.
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B.2.1 (continued)
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B.2.2 Breakthrough curves during calibration (ELCONDU-2) of RMCs. Salt concentrations 2−300 g l‑1.
[Concentration displaced calibration solution → concentration injected calibration solution]. Every 5th data
point is displayed as a symbol.
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B.2.2 (continued)

121

B.2 Breakthrough curves during calibration of RMCs for experiments

.
.
.
.0
.
.
.
.
.0
0

0





.
.
.0
.
.
.
.

0





Time (h)

.
.
.0
.
.
.
.

0





.
.0
.
.
.
.

0





.0
.
.
.
.

.
.
.0
.
.
.
.

0





Time (h)

.
.0
.
.
.
.









.
.
.0
.
.
.
.
.0
0

0     0

0





.
.
.0
.
.
.
.

0



.0
.
.
.
.

0






Time (h)



0     0   

0 o 0

.
.
.
.0
.
.
.
.

0





0     0  

0 o 00

.
.
.
.0
.
.
.
.
.0
0

0









0     0

Time (h)

0 o 00

.
Pore water temperature (°C)

Pore water temperature (°C)

.0

.

.0
0



Time (h)

00 o 0

.

.

.

.

Time (h)

.0

.

.0

Pore water temperature (°C)

Pore water temperature (°C)

Pore water temperature (°C)

.

0

0 o 0

Time (h)

00 o 0

.

0     0   

.

.0
0

0     0   

.0

.

.0
0



Time (h)

0 o 00

.



.

.

.0
0

0     0   

.0

0

.0

Pore water temperature (°C)

Pore water temperature (°C)

Pore water temperature (°C)

.



.

Time (h)

0 o 0

.

.



.

.0
0

0     0  

.0

0 o 0

0

.

Time (h)

.

.0
0

.

.

.

Time (h)

.

.0

.0

.

.0
0

0     0   

.0

.

Time (h)

 o 0

.
Pore water temperature (°C)

Pore water temperature (°C)

.0

.

.0
0

.

Time (h)

o

.

.

.0
0

0     0   

Pore water temperature (°C)

.0

o

.

.

.0
0



.0

0o

.
Pore water temperature (°C)

Pore water temperature (°C)

.0

0

.

Pore water temperature (°C)

.0

.
.

T
T
T

.
.0
.
.
.
.
.0
0

0









0     0

Time (h)

B.2.3 Pore water temperature pattern during calibration. Salt concentrations 0−300 g l‑1. [Concentration
displaced calibration solution → concentration injected calibration solution].
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