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Abstract

This study aims at quantifying the parameters involved in water-gypsum
interactions to better assess of the development of dissolution cavities
in areas where gypsum is present at depth.The effect of erosion and
particle transport on gypsum dissolution is first determined by an orig-
inal leaching set-up under constant flow including a collector of the
released grains. Different types of natural gypsum facies are tested,
impure alabaster, sacharoidal, clay/carbonate matrices ones. The flow
of released particles is globally low and mostly composed of insoluble
grains. The distribution of insoluble at the water/solid interface has a
significant impact on the dissolution. The effects of the mineralogy of the
impurities present in gypsum deposits and of the groundwater chemistry
are then investigated by geochemical modeling. These findings are then
applied to in situ conditions. The use of a simple criteria such as dissolved
sulfate content or electrical conductivity is not sufficient. An effective
recession rate is derived from the porosity, the insoluble contents and
the groundwater saturation index obtained from its chemical analysis.

Keywords: Dissolution mechanisms, Geochemical modeling, Particular
transport, Recession rate, Underground cavities
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1 Introduction

The development of natural dissolution processes of gypsum in the subsoil is
still active in the Île-de-France region (France). This can have an impact on the
population and infrastructures. Disturbances induced by construction activ-
ities, especially the underground ones, can accelerate dissolution and trigger
disorders from disrupted or depressed areas generated by earlier dissolution
events [1–3]. In order to improve the prevention of surface risks in areas where
gypsum is present at depth, it is essential to have a good knowledge of the
dissolution mechanisms of natural gypsum formations and to quantify the key
parameters of water-gypsum interactions.

Generally, the natural dissolution of gypsum in the subsoil is a slow process
but it is difficult to quantify its kinetics according to the facies, the accessory
minerals and the hydro-geochemical conditions. This process can lead to the
formation of dissolution cavities associated with the creation of disorders at
the surface [4, 5] in case of an ultimate and sudden evolution. Very often, the
dissolution cavity results from a sudden hydraulic or mechanical disturbance
of anthropic or hydroclimatic origin [6, 7], such as industrial pumping, water
table drawdowns, hydraulic constructions and rainwater infiltrations.

Most of the knowledge on the dissolution kinetics of gypsum comes from
laboratory studies performed at the mineral gypsum-solution interface such
as rotating disk setups or flow cell devices, which quantify the dissociation
rate of the gypsum mineral under well-controlled flow conditions [8–13]. More
recent experiments employ atomic force measurements [14, 15] or holographic
interferometry [16, 17] to characterize kinetic processes at a nanometric scale.
These previous studies often use gypsum samples under ideal conditions (pow-
der, polished or cleaved gypsum crystals with a high purity criterion) and the
solvent used is often pure water so as to have only the effect of the solubil-
ity of the mineral. Under such conditions, the dissolution rate is maximized
and its application to the natural environment requires an upscalling scheme
that includes the surface texture and conditions generated by the dissolu-
tion [18, 19]. Natural gypsum is mainly composed of the mineral gypsum
CaSO4,2H2O. It presents a great diversity as it can be mixed with other sedi-
mentary minerals like carbonates, quartz or clays [20] that we will refer to as
solid impurities or insoluble. In case of active dissolution, this great variability
of the morphology and texture of gypsum rocks in the natural environment can
lead to the modification of the rock surface geometry through the development
of a roughness induced by the dissolution and governed by the underground
water composition and its flow. This roughness induces a flow disturbance that
changes the dissolution rate. Some progress has been made recently [21], but
it mainly consists on using a roughness factor that is not quantifiable from
the considered gypsum properties. Direct characterization of dissolution kinet-
ics at the scale of gypsum samples is possible under rigorous experimental
conditions to interpret the measurements.

In a previous publication, [22] studied the dissolution kinetics of gypsum
samples of different porosities and contents of insoluble impurities by using an
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unconventional rotating disk experiment that took into account the effect of the
roughness developed during gypsum dissolution. The dissolution rate expres-
sion used is derived from non-linear mixed reaction-transport kinetic theory
that considers the evolution of extensive fissures in karst aquifers under normal
hydrogeological conditions. Similar rate laws are employed in numerical mod-
elling approaches to study gypsum dissolution underground and the induced
geomechanical consequences at the surface, such as depressions, subsidence or
sudden collapses [23–25].

The effective dissolution rates were found between 2 and 12 mg/m2/s
depending on the initial solution composition, the temperature as well as the
texture, mineralogy, and even the crystalline properties, of the natural gyp-
sum. These values are lower than the dissociation rate of the gypsum mineral
found in the literature [26–29] due to coupled surface reaction and diffusion-
controlled kinetics. However, these rates were found to be in the same order
of magnitude when compared to the data obtained under the same hydrody-
namic conditions of [30]. The effect of porosity on the dissolution rate was
found to be insignificant in the presence of solid impurities [31]. The results of
those unconventional rotating disk experiments mainly included the effect of
roughness and insolubles and provided for a global quantification of dissolution
rates under natural undisturbed hydrogeological conditions. The determined
dissolution rates were different compared to the values provided by a dissolu-
tion kinetic model based on an ideal flat water-rock interface [32, 33]. These
low values of experimental or simulated dissolution rates led to question the
assumption that the natural dissolution was the only process responsible for
the formation of dissolution cavities.

This paper investigates the gypsum destructuration processes during dis-
solution to determine whether the particle flow induced by the detachment of
grains during dissolution can enhance the progressive evolution of the under-
ground void and contribute to the destabilization of a dissolution cavity. First,
a novel lab protocol is designed to better determine the contribution of the
particles released in the quantification of the dissolution time evolution, known
as the recession rate, by integrating the porosity and the insoluble content of
several natural gypsum samples. The results of the laboratory experiments are
then extended to the in situ conditions by geochemical modeling of water/rock
interactions in the range of groundwater flow velocities. The effects of the
most common minerals present in gypsum deposits and the groundwater chem-
istry are assessed. These modeling results will be an important element for a
thorough analysis of the water saturation state of a gypsum aquifer and for
evaluating an ”in situ” recession rate as function of the gypsum facies on the
one hand, and the groundwater saturation index determined from in situ water
chemical analysis on the other hand.
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2 Materials and methods

2.1 Materials

The Société du Grand Paris (SGP) is in charge of piloting the Grand Paris
Express project, the largest urban project in Europe designed to connect the
suburbs of the Ile-de-France region in France. SGP provided the drilling cam-
paign data considered in this study, in particular the data from the section of
the future subway line between the communes of Sevran and Livry-Gargan in
the Seine-Saint-Denis department where gypsum is present at depth.

Field cores were taken during the exploration campaign and stored in the
core shack of the Société du Grand Paris. These cores showed a broad pet-
rographic diversity of natural gypsum rocks in terms of crystalline forms and
grain sizes. We focus on gypsum deposits mainly concentrated in two Eocene
formations [34]: (a) the ”gypsum masses and interstatified marls” of Ludian
(Priabonian) age (37 My-34 My) where gypsum forms , (b) the ”marls and
loose stones” of Lutetian age (46 My-40 My). Three main homogeneous facies
were identified [22]:

- sacharoidal gypsum with a crystallized sugar appearance, located in the 1st

and 2nd masses of the Ludian (Priabonian) formation.
- matrix gypsum with a carbonate-clay texture, located in the 3rd and 4th

gypsum masses of the Ludian (Priabonian) formation,
- alabaster gypsum with a compact milky-white or greyish appearance,
extracted from the Lutetian formation.

For each of these facies, samples were taken with visually different contents of
insolubles, but without any local heterogeneity in the macroscopic distribution
of these solid impurities.

The petrographic and petrophysical properties of those facies are summa-
rized in Table 1. Grain size was determined by scanning electron microscope
(SEM) observations of thin sections and by Dino-Lite high-resolution digital
microscope observations of the sample surface (Figure 1). Insoluble content
was determined by weighting the residues left after dissolving a sample of
crushed gypsum rock. These insolubles were present in significant quantities
(> 10%) for impure alabaster gypsum and matrix gypsum. Their mineralogy
was determined by X-ray diffraction (XRD). The natural gypsum samples were
composed of quartz, calcite, magnesian calcite and ferro-dolomite. Sacharoidal
gypsum contained traces of ankerite (Ca(Fe,Mg,Mn)(CO3)2), matrix textured
gypsum traces of anhydrite, and alabaster and sacharoidal gypsum traces of
clays.

Table 1 Mineralogical and petrophysical properties of the studied gypsum samples.

Facies
porosity
φ (%)

grain size
(µm)

insoluble fraction
Fi(%)

insolubles

Sacharoidal gypsum 8 - 12 120 - 510 5 - 11 quartz, calcite, Mg-calcite, Fe-dolomite, ankerite, clays
Matrix-textured gypsum 17 - 25 140 - 1000 14 - 19 quartz, calcite, Mg-calcite, Fe-dolomite, anhydrite
Alabaster gypsum < 1 210 - 350 2.6 quartz, calcite, Mg-calcite, Fe-dolomite, clays
Impure alabaster gypsum 1 - 3 100 - 250 15 quartz, calcite, Mg-calcite, Fe-dolomite
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Fig. 1 Facies of the studied gypsum sampled observed with the Dino-Lite digital micro-
scope.

The texture of the facies and the spatial distribution of insolubles have
an important effect on the dissolution kinetics, whereas porosity has only sig-
nificant effect for gypsum with low insoluble contents (< 10%) [22, 31]. The
porosity of sacharoidal gypsum, ranging from 8 to 12%, can induce, either an
increase in the gypsum-solution contact surface that could slightly increase the
dissolution rate, or a decrease related to the enrichment of dissolved gypsum at
the surface supplied by the solution of the pores. However, this porosity effect
is very much influenced by the variation and distribution of insolubles, even
if present in small quantities. Insolubles can create local reliefs that locally
disturb the flow conditions and increase the dissolution. Alabaster gypsum
has porosity of 1% and is composed of large crystals that also acquire a low
roughness and present a strong increase in the dissolution rate due to the
development of large cleavage planes during dissolution. This results in an
increase in the effective surface area in contact with the solution and a higher
dissociation rate [35, 36].

When the insoluble fraction is important (> 10%), the reliefs of insolubles
created during the dissolution present a significant size that increases the dis-
solution rate (impure alabaster). A roughness of great amplitude is observed
when insoluble materials cover gypsum grains, as for matrix textured gypsum.
Therefore, the insoluble persist on the grain surface even if it is eroded, and
the dissolution rate is strongly reduced by a coating effect. Table 2 summarizes
the effects of the different petrophysical parameters on the dissolution rate for
each gypsum facies.

The dissolution process can lead to a detachment of gypsum grains or
insolubles materials by a destructuration and/or erosion mechanism depending
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Table 2 Effects of the different petrophysical parameters on the dissolution rate of
natural gypsum.

Insoluble
fraction Fi (%)

Porosity
φ (%)

Gypsum
facies

Dissolution
rate τ

Dominant
parameter

Texture

< 1 < 3 alabaster compact surface

1 - 10 >3 sacharoidal
-

porosity/insoluble
high saturation at the surface due to saturated pore solution

+ increase of the contact surface
++ relief effect (insoluble clusters)

> 10
≤ 3 impure alabaster +

insoluble
relief effect

>3 matrix textured - coating effect
- : decrease, + : slight increase, ++ : significant increase.

on the rock texture. The transport of these solid particles by the fluid in
contact can contribute to the growth of a dissolution cavity [37]. Estimating
the resistance to erosion for each gypsum facies requires a reliable experimental
set-up to collect the grains released by gypsum dissolution, to quantity the
mass and nature of the grains, and to characterize the particulate flow.

2.2 Experimental protocol

The evaluation of erosion and particle transport related to gypsum dissolution
was carried out by performing leaching tests to determine the mass and nature
of the released grains. The experiment consisted in entirely immersing a block
of gypsum in a horizontal canal with a low water flow velocity from 0.1 cm/s
to 1 cm/s. This original set-up promoted the vertical fall of released grains
instead of their dragging.

Several modifications were added to the flow canal to ensure uniform flow
conditions and an optimal collection of the released particles (Figure 2a). A
gutter was set up with a width of 7.8 cm and a depth of 4 cm, i.e. a section
of 31.2 cm2 and a length of 51 cm. A pipe connected to the running water
ensured a constant flow through a throttling valve. This pipe supplied a tank
communicating with the upstream part of the canal through a distribution grid
located at 4 cm from the upstream limit of the canal. A transparent window
located in the central part allowed to observe the lateral side of the gypsum
block subjected to dissolution. A spillway (preceded by a distribution grid
located 4 cm upstream) kept a constant water level at the downstream end of
the canal.

The gypsum sample was shaped like a parallelepiped with a length of 6 cm,
a width of about 2 cm and a height of about 3 cm, to ensure a uniform flow
at the surfaces subjected to dissolution. The width was reduced to 1 cm over
a height of 5 mm in its lower part. A coating with epoxy resin delimited the
surfaces exposed to dissolution leading to a lateral strip with a height of 2 cm
(Figure 2b). The resin overlay covered the top surface, as well as the surfaces
defining the foot and the back side. The front face was not covered to maximize
the flow on the exposed sides. This surface was affected by dissolution, but
less intensively than the side surfaces due to the ending of the streamlines
on its surface. The particle flow produced by this face could make a partial
contribution to the two lateral ones.

A system was placed under the submerged block in the canal to capture
the sediments released vertically. However, the finest particles were difficult
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Fig. 2 (a) Fully flooded gypsum block subjected to water flow velocity of 0.1 to 1 cm/s
inside a canal with particle collector; (b) cross section and front view of the gypsum block.

to be trapped. The collection system took the form of a cylindrical container
with an inlet diameter of 5.5 cm attached to the base of the channel under
the block. Its axis was located 27 cm from the upstream side of the canal.
The block was placed asymetrically, +1 cm towards the front and +0.5 cm
towards the back to avoid collecting the particles released from the front side
or from areas near the back side where dissolution can be disturbed by the
resin coating. Consequently, the collected particle masses had to be multiplied
by a correction factor to normalize them to the total lateral area.

The collection container was filled with a fluid that prevented the disso-
lution of the released gypsum grains. A solution saturated with gypsum was
preferred to organochlorine solvent. The latter was not efficient because of the
interfacial tension and the wettability of the particles that stopped their circu-
lation through the water-solvent interface. Furthermore, a gypsum-saturated
solution did not present any environmental and safety constraints unlike sol-
vents. However, its saturation capability decreased during the experiment by
diffusive or even convective exchange with the flow in the canal. To limit such
a saturation decreased at the collected particles level, the trap height was set
so that its saturation degree by simple diffusion varied by less than 5% dur-
ing a 10 days duration. This led to a tripling of the height of the container
compared to the view presented in Figure 2a, i.e. 16.5 cm. Eventually, a fine
pipette of the saturated solution was added each 3 days to restore gypsum
saturation for long experiments.

The grains present into the collector were recovered by filtration using
a cellulose nitrate membrane filter of 0.2 µm at the end of the dissolution
experiment. The particles were dried, weighted, and then observed with a
microscope (up to 32×) and/or with a Dino-Lite digital microscope (up to
250×) to determine their granulometry. Their mineralogy was determined by
XRD, but the very low masses recovered resulted in a rather high uncertainty.

These tests were carried out with the gypsum facies mentioned in sub-
section 2.1. Pure alabaster gypsum did not release any particles. The flow
velocities in the range of 0.1 and 1 cm/s avoided excessive drag of the finest
grains. The leaching time for the sacharoidal and impure alabaster gypsum
blocks was set to 7 days. However, this duration was increased to 21 days for
the matrix textured gypsum block due to the clear reduction of the dissolution



Springer Nature 2021 LATEX template

8 The parameters affecting the dissolution process of natural gypsum

kinetics by coating effect. Complementary experiments carried out at higher
flow velocities (beyond 1 cm/s) could not be finalized because of a too impor-
tant dragging of the released grains by the flow and the difficulty to maintain
a saturation state in the collector.

2.3 Geochemical modeling

The effect of the natural water chemistry and the insoluble mineralogy on
gypsum dissolution was evaluated by geochemical modeling using the CHESS
geochemical module of the reactive transport code HYTEC [38]. This geo-
chemical model simulates the equilibrium state of complex aquatic systems,
including minerals and gases. The WATEQF database [39] was used with the
truncated Davies model for activity correction.

The saturation index (SI) of the solution with respect to a given mineral
was calculated as:

SI = log(
Q

Ks

) (1)

where Q is the ion activity product and Ks is the solubility constant. A SI
of 0 means that the mineral is in thermodynamic equilibrium with the aque-
ous solution. A negative SI means that the mineral (if present) can dissolve,
whereas a positive SI means that the mineral can be formed (precipitate) from
the aqueous solution.

The dissolution/precipitation kinetics of a mineral M was modeled accord-
ing to the following law:

d[M ]

dt
= kSv(

Q

Ks

− 1)n (2)

where [M ] is the mineral concentration (e.g. mg/L), k is the intrinsic kinetic
rate constant (e.g. mg/m2/s), Sv is the reactive surface area of the mineral
(e.g. m2/L), and n is an empirical exponent. The term ( Q

Ks

−1), or equivalently

(10SI − 1), expresses the effect of the saturation state on the kinetics (if Q¡ks:
dissolution, if Q¿ks: precipitation).

The kinetic rate constants of gypsum were those experimentally determined
by the unconventional rotating disc technique in tap water at 15◦C [31] for
the most common gypsum facies found in the Ile-de-France region:

k = 8.7 mg/m2/s ; n = 1.13 for sacharoidal gypsum (3a)

k = 3.6 mg/m2/s ; n = 1.21 for matrix textured gypsum (3b)

k = 5.1 mg/m2/s ; n = 1.10 for alabaster gypsum (3c)

k = 8.9 mg/m2/s ; n = 1.14 for impure alabaster gypsum (3d)

To simplify the geochemical modeling, the insoluble mineral phases had the
same specific surface area as gypsum (4.31 × 10−5 m2/g) and were composed
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of calcite CaCO3 and the disordered dolomite CaMg(CO3)2. The latter stood
for a proxy of the magnesian calcite (Ca1−xMg1+x(CO3)2) that was present in
all the studied gypsum facies. The solubility of these insolubles enriched the
solution in magnesium but also in calcium which is a common ion with gypsum.
Therefore, calcium input by the insolubles disturbed gypsum solubility.

3 Results

3.1 Influence of erosion and particle transport

The pictures taken from the collection container during each leaching exper-
iment were difficult to manage due to the low production of particles, their
dispersion at the bottom of the container and the perturbations of their dis-
tribution by the added gypsum-saturated solution. However, two phases of
grain release could be identified. The first phase was characterized by no, or
very low, release of insolubles. This first period of dissolution was related to
initially flat surfaces exposed to the flow and presenting a recession sufficient
to highlight insoluble particles until particle detachment. In a second phase,
grains detached from the rock in packets and felt into the container bottom,
after one day for the sacharoidal and impure alabaster gypsum, and two days
for the matrix textured gypsum.

For all the gypsum blocks, the mass of the collected particles turned out to
be low to very low compared to the total mass loss. This corresponded to very
low values of particulate flows, relatively to the immersion time in the flow
canal, even while considering that the release of particles was only effective
after a necessary period of time to allow release by erosion or destructuration.
The amount of gypsum grains in the collected masses was not very important,
i.e. from 0 to 20% for sacharoidal and impure alabaster, respectively. These
quantities remained marginal compared to the amount of dissolved gypsum.
A proportion close to 30% was measured for the matrix textured gypsum, but
it corresponded to a very low particle production due to the retention of the
matrix even after the dissolution of main gypsum grains. The observed gypsum
particles seemed to be released from small gypsum grains embedded in the
matrix (Figure 3).

Fig. 3 Binocular observations of trapped grains from matrix textured gypsum blocks.
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For the sacharoidal gypsum, there was no evidence of gypsum grains being
released by dissolution at the grain boundaries. The dissolution induced a con-
tinuous recession of the surface exposed to the dissolution with a small relief
of insoluble materials in the form of yellowish flakes that could be more impor-
tant if present in continuous form or in localized coherent masses (Figure 4a
and 4b). Under these conditions, they disturbed the flow and locally amplified
the dissolution without increasing the release of grains. However, this effect
was not important compared to the simple consideration of the flow related
to gypsum solubilization, because of the low initial content in insolubles. For
the impure alabaster gypsum with a higher insoluble content (15%), insolubles
created macroscopic reliefs during the dissolution that also resisted against the
erosion induced by the flow velocities. They presented a relatively small thick-
ness. Gaps corresponding to portions of released insoluble were also observed.
Only the marks of the solid impurities were left in small reliefs on the face of
the dissolving gypsum surface (Figure 4c).

Only the matrix-textured gypsum, which had a higher initial content in
insolubles, produced a significant proportion of gypsum in the order of 20 to
30%. This gypsum was associated to a release of small grains embedded in the
matrix due to the matrix dissolution. However, this matrix strongly slowed
down the dissolution by coating effect and the depth of the dissolution front
remained small. Destructuration by dissolution or erosion of this matrix was
not observed, except for the clay (Figure 4d).

Fig. 4 Binocular observations of the dissolved surface of natural gypsums: (a) yellow
streak marks (sacharoidal facies), (b) small mass of insolubles not affected by dissolution
(sacharoidal facies), (c) small relief due to the attachment of insolubles on the face of the
dissolving gypsum surface, (d) gypsum grains covered by an insoluble layer and highlighted
by a recession of the clay matrix during dissolution.
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In the matrix dominated by carbonate, a sudden mechanical destructura-
tion of a large volume (where only the matrix remained) could be conceived.
Such a scenario could not be quantified by a continuous particle flow addi-
tional to dissolution. This residual matrix with a highly aerated texture might
exhibit a mechanical instability, due to the significant loss of solid mass by dis-
solution in the order of 70%. The collapse of the residual matrix could lead to
the instant creation of a clear void. Table 3 summarizes the surface observa-
tions of the different gypsum facies, the particle flow and the ratio of the global
mass of the collected grains to that of the global mass loss after dissolution.

Table 3 Surface observations of gypsum facies, particle flow and the mass ratio after
dissolution.

gypsum facies particular flow surface observations mass ratio (%)

sacharoidal
+

-

++ 4-6

impure alabaster +++
12

carbonate
matrix

+ 4

clay-carbonate
matrix

+++ 6

In spite of the numerous experimental tests, the results did not show any
clear evidence of an entrainment or a release of gypsum grains by erosion that
could be added to the dissolution following a destructuration of the material,
especially for sacharoidal gypsum. The values of the dissolution rates and the
particle flow varied with the flow velocity for each gypsum facies. The values of
the dissolution coefficient (mg/m2/s) determined for a 1 cm/s velocity showed
a deviation of 5 to 50% from those determined by the unconventional rotating
disc technique at zero velocity [22]. These deviations were much smaller com-
pared to those determined for the 0.1 cm/s velocity due to the high erosion
caused the rotational speeds used (50 to 200 rpm).

The process of dissolution can be characterized by a dissolution rate that
quantifies the time evolution of dissolution. This rate is commonly called the
recession rate and it depends on the porosity φ and the density ρ of the gypsum
facies as follows:

τr0 =
k

ρ(1− φ100)
(4)

The contribution of particles released by dissolution can be incorporated in
the recession rate by introducing the insoluble fraction Fi in addition to the
porosity. This allows to better evaluate a recession rate that represents a proper
in situ value taking into account the long-term sensitivity of insoluble materials
to erosion and, hence, the mineralogical and hydrogeological context in the



Springer Nature 2021 LATEX template

12 The parameters affecting the dissolution process of natural gypsum

natural environment. The new recession rate equation then becomes:

τr =
τr0

(1− Fi100)
(5)

If there is little insoluble material (Fi ≤ 10%), particles are released
and carried away continuously by the flow. The proposed recession rate is,
therefore, the one weighted by the insoluble content (τr). For gypsum facies
with high insoluble contents that are more or less sensitive to erosion (Fi >
10%), the proposed value is defined as the average between the weighted and
unweighted recession rates by insoluble contents ((τr + τr0)/2). The gypsum
with carbonate matrix texture was not sensitive to erosion and no evidence
of a continuous solid dissolution flow was detected, so the proposed recession
rate does not take into account the insoluble content (τr0). These values range
from 1 to 6 nm/s for a velocity of 1 cm/s which maximizes the in situ nat-
ural dissolution rate in the vicinity of an anthropic hydrological disturbance
where flow velocities would be lower than the experimental velocity. The few
available values of water flow velocities in gypsum aquifers result from tracing
experiments carried out in gypsum karst in mountainous areas: about 0.03 to
0.3 cm/s in the French Alps [40], 0.4 to 12 cm/s in the Ukrainian Carpathi-
ans [41, 42], up to about 14 cm/s in the Italian Alps [43]. High velocities related
either to karst-type circulation or to the proximate field of an anthropogenic
disturbance induce larger shear forces that would increase the influence of ero-
sion. The use of the defined values would then have to be evaluated according
to the sensitivity of the facies to erosion.

3.2 Influence of solid impurities present in gypsum

deposits

The presence of calcite, as an insoluble or in an under-saturated condition in
the solution, does not play a significant role on gypsum dissolution due to
its low solubility, about 0.06 g/L in a system open to the atmosphere (i.e. a
partial pressure in carbon dioxide, pCO2, of 0.0004 atm), compared to that
of gypsum (≈2.5 g/L). At thermodynamic equilibrium, the effect of gypsum
on the dissolution/precipitation of calcite in pure water was determined by
increasing the saturation index of gypsum by equimolar dissolution of CaSO4,
2H2O. Figure 5 shows that the dissociation of gypsum by dissolution increases
the concentration of calcium ion in the solution, leading to the precipitation
of calcite by approximately 60% of the initial amount dissolved. This precip-
itation is, therefore, limited by the quantities of bicarbonates present in the
solution, and it only modifies the mass of dissolved gypsum very marginally.

On the other hand, the presence of dolomite increases the solubility of gyp-
sum to about 3.3 g/L (Figure 6). The stoichiometry of the dissolved dolomite
(one atom of calcium for one of magnesium) results in an increase of magne-
sium concentrations in the solution and an excessive amount of calcium. This
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Fig. 5 Effect of gypsum on the dissolution/precipitation of calcite.

leads to a precipitation of calcite, limited however by the quantity of bicar-
bonates resulting from dolomite. With a form of dolomite more stable, this
mechanism of dolomite-calcite transformation would be identical but slower,
and limited in fact by magnesium concentration.
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At longer times and in a system closed to the atmosphere, i.e. corresponding
to natural conditions (PCO2=0.01 atm), the consideration of gypsum kinetics
in addition to those of dolomite and calcite shows a dolomite-calcite transfor-
mation which continues even after reaching equilibrium with gypsum, because
of the slow kinetics of dolomite compared to that of gypsum. This leads to an
excess of magnesium due to the dissolution of dolomite, and a calcium deficit
due to the precipitation of calcite, which is compensated by an increase in
sulfate concentrations to maintain the equilibrium with gypsum. Calcite pre-
cipitation occurs more rapidly than dolomite dissolution, mainly due to the
presence of calcium ions from gypsum dissolution. Geochemical simulations in
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a closed system show an asymmetric evolution of calcite and dolomite content
during the first 20 years in contact with water (Figure 7).
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Fig. 7 Dolomite-calcite transformation in a closed system over 100 years.

The dissolution of the dolomite continues and it induces an increase in
calcium concentration that is compensated by a simultaneous precipitation of
calcite and a high concentration of sulfate and magnesium as illustrated in
Figure 7. The concentrations of sulfate become higher than 1600 mg/L and can
even reach 1900 mg/L in 100 years and the Ca2+/SO2−

4 molar ratio becomes
different from 1. This compensation results in a symmetrical evolution of the
masses of calcite and dolomite, and a precipitation of magnesite MgCO3. For
geological timescales, the extrapolation of this symmetrical behavior would
lead to a total transformation of the initially present dolomite. The influence
of magnesite is not considered because of its rare presence in the studied area
and its chemical composition with no common ions with gypsum.

3.3 Influence of groundwater composition and saturation

status

In a mineralized water, the initial quantity of calcium in the solution induces
a decrease of the final quantity of dissolved gypsum at equilibrium compared
to the one expected in pure water by common ion effect with gypsum. This
leads to a modification of the quantity of sulfate at equilibrium. Consequently,
the knowledge of the initial quantity of calcium in the solution reduces the
uncertainty on the final quantity of sulfate at equilibrium.

The influence of the initial presence of calcium in the solution on gypsum
dissolution could be quantified by parametric simulations with calcium-
bicarbonate waters of synthetic composition. These waters are composed of
various amounts of calcium and bicarbonates ranging from 10 to 300 mg/L
(Table 4). For each of these pairs of values, the equilibrium concentrations of
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calcium and bicarbonates are determined for a temperature of 13◦C and a par-
tial pressure of CO2 equal to 0.01 atm, close to the average in situ values of
the studied area. This first equilibrium is often associated with a precipitation
of calcite, which modifies the pH and the concentrations of calcium and bicar-
bonates. The values of these three quantities define the calcium-bicarbonate
water in contact with the gypsum. The results presented in Table 4 show that
by adding gypsum, the reaction induces a significant increase in the amount of
calcium and, therefore, a decrease in the sulfate concentrations at equilibrium
down to 1200 mg/L, which is lower than the reference value generally used as
a criteria to define a system saturated in gypsum (1400 - 1450 mg/L).

Table 4 Effect of calcium-bicarbonate water on the quantity of calcium and sulfate ions
at equilibrium (PCO2=0.01 atm).

initial cond. initial solution final solution

Ca2+

(mg/L)
HCO−

3

(mg/L)
pH

Ca2+

(mg/L)
SO2−

4

(mg/L)
HCO−

3

(mg/L)
pH

Ca2+

(mg/L)
SO2−

4

(mg/L)
HCO−

3

(mg/L)
10 10 5.97 0 0 38 6.5 620 1486.6 65
100 100 6.93 100 0 127 6.96 679 1387 155
200 100 6.91 200 0 127 6.96 734 1294 155
300 100 6.90 300 0 127 6.96 808 1217 154
100 200 7.23 100 0 227 7.01 655 1436 169
200 200 7.14 188 0 197 6.99 720 1324 162
300 200 7.07 270 0 174 6.96 777 1250 160
100 300 7.31 80 0 265 7.02 646 1454 170
200 300 7.17 166 0 204 6.99 705 1346 163
300 300 7.09 252 0 180 6.97 764 1257 158

Thus, gypsum dissolves less in a calcium-bicarbonate water and the high
concentration of calcite increases the molar imbalance of calcium and sulfate
as illustrated in Figure 8. Under saturated conditions with respect to gypsum,
the Ca2+/SO2−

4 molar ratio becomes significantly higher than 1, and can reach
1.6. The excessive amount of calcium implies a partial substitution of the
dissolved gypsum mass by calcite crystals formed by precipitation. A previous
characterization of the gypsum facies composition in the study area carried
out by Cerema had identified the presence of calcite in a crystallized form
similar to that of sacharoidal gypsum, and which was often mistaken for it [44].
These calcite crystals could be the result of a gypsum-calcite substitution in a
very calcic water with a high initial calcium concentration that favors calcite
precipitation.

3.4 Discussion

For each gypsum facies, the experimental measurements allowed to obtain
the exponent of the kinetic law and to suggest values of the recession rate
as a function of porosity, φ, and insoluble content, Fi. It is then possible to
define a range of recession rate values in situ as a function of the facies and
the saturation index SI corresponding to the water composition. Considering
groundwater with gypsum saturation indices between -1.5 and 0, the results
presented in Figure 9 indicate a quasi-linear evolution of the ”in situ” recession
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rate values for SI ranging from -1.5 to -0.8 and from -0.4 to 0. This apparent
linearity is related to the value of the exponent n close to unity. For a given SI,
the set of points varies according to the porosity and insoluble content range.
The upper limit indicates the rate for maximum porosity and insoluble content
and the lower limit indicates the rate for minimum porosity and insoluble
content.
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Fig. 9 Recession rate evolution as a function of the saturation index (SI) for each gypsum
facies of the studied area.

In an under-saturated system, the values of the recession rate for the dif-
ferent gypsum facies vary between 1.8 and 4.6 nm/s, i.e. between 5.7 and 14.5
cm/y. These variations decrease when the saturation state of the system with
respect to dissolved gypsum increases. Impure alabaster gypsum could exhibit
recession rates that are twice as great as those of pure non-porous alabaster
gypsum depending on the condition of the surface exposed to dissolution. As
for matrix textured gypsum, it presents a rate about twice lower than that
of sacharoidal gypsum as a result of the covering effect by the clay-carbonate
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matrix which limits the dissolution kinetics. However, this effect is underes-
timated for high flow velocities because the protective carbonate-clay matrix
might not resist and its instantaneous detachment would uncover the gypsum
grains, increase the depth of penetration and modify the recession velocity.

To conclude, the analysis tool generally used to identify an active disso-
lution area which is based on the use of a simple criterion, such as sulfate
concentration or electrical conductivity, is not sufficient. This is due to the
fact that it does not allow to establish neither the water saturation state of a
gypsum aquifer, nor the quantity of dissolved gypsum to quantify the dissolu-
tion rate. It is then necessary to conduct a chemical analysis of the water and
define a gypsum SI to be associated with the facies in order to determine a
recession rate according to the texture of the gypsum rock. This value needs
to be determined from a complete chemical analysis and not only from the
sulfate concentration because of the interactions between gypsum dissolution,
bicarbonates and calcium content and the presence of magnesian calcite.

4 Conclusion

The impact of erosion and particle transport related to gypsum dissolution was
determined by controlled leaching tests involving a collection of the released
grains. For each gypsum facies tested, the particulate flow was found low to
very low composed mostly of insoluble grains. The distribution of the insoluble
at the interface was found to have a large influence on the dissolution. In spite
of numerous experimental tests, the results did not show a role of entrainment
or release of gypsum grains by erosion that could be added to the dissolution
process as a result of the destructuration of the material and increase the cavity
creation kinetics. This is the case in particular for the sacharoidal gypsum,
which is the most common in the Paris region. For each studied gypsum facies,
the experiments allowed an evaluation of the recession rate that took into
account the release of particles present in the sample by dissolution. This
rate can be used for the simulation of natural dissolution in the range of
in situ velocities and outside the field of immediate disturbances related to
underground structures.

To extend the experimental results to in situ conditions, the influence of the
mineralogy of the insoluble particles and the groundwater composition and sat-
uration status on the dissolution process was studied by geochemical modeling.
This work revealed the limitations of using a simple criterion to characterize
the water saturation state in a gypsum aquifer, such as sulfate concentra-
tion (1400 - 1450 mg/L) or electrical conductivity (2.2 mS/cm). Additional
variables such as calcium/sulfate mole ratio and/or magnesium concentration
should be considered. These variables allow to evaluate the effect of the ini-
tial presence of significant amounts of calcium and bicarbonates related to the
partial pressure in carbon dioxide PCO2 as well as the influence of dolomitic
insolubles. Both effects have been studied by modeling and lead to a reduction
or an increase of the gypsum solubility, respectively:
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- Dissolution of gypsum in calcium bicarbonate water induces a decrease in
gypsum solubility. The sulfate concentrations can reach 1200 mg/L in order
to respect the mass action law of gypsum at equilibrium. The solutions
corresponding to these conditions are characterized by a Ca2+/SO2−

4 mole
ratio significantly higher than 1, i.e. reaching 1.6.

- The dissolution of natural gypsum containing dolomitic insolubles reveals on
an in situ scale a dolomite-calcite transformation that keeps on going slowly,
even if the thermodynamic equilibrium with gypsum is reached. This leads
to an excess of magnesium (100 - 150 mg/L) supplied by the dissolution of
dolomite, and a deficit of calcium as a result of calcite precipitation, which
is balanced by an increase in sulfate concentrations, above 1600 mg/L and
up to 1900 mg/L. The gypsum solubility will, therefore, increase under these
conditions.

The recession rates associated with the saturation index of the system
towards gypsum were found between 0 and 4.6 nm/s in the laboratory, i.e.
between 0 and 14.5 cm/y, depending on the facies and its petrophysical char-
acteristics: porosity and insoluble content. These results could be used to
simulate the development of underground voids by dissolution, based on a
model combining geochemical reactions, flow and transport.
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