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Abstract

We studied the effects of evaporation and groundwater flow on the formation of salt
minerals in the sabkha of Oum El Khialate in South East Tunisia, which contains large
amounts of sulfate sodium mineral deposits. Due to the fact that there are no important
surface water bodies present in this sabkha, transport of solutes is dominated by
advection rather than mixing in lakes. For our study we used both analytical
conservative and numerical reactive transport models. Results showed that salinity
varies with distance and may reach very high levels near a watershed where the
groundwater flux is zero. As a consequence, reactive transport simulations results
showed that more minerals precipitate and water activity decreases values near this
watershed. Model results also showed that a sequence of precipitating minerals could be
deduced after 140000 years. From the boundary of the sabkha towards the watershed the
mineral sequence was dolomite, gypsum, magnesite, bloedite, halite and mirabilite. It
was found that the amounts as well as the mineral precipitation distribution strongly
depend on salinity and rates of inflowing water.

Keywords: arid environment, sabkha, sulfate sodium, reactive transport, numerical
model.

1. Introduction

The study of saline systems has various interests. It provides information about
paleoclimate, sea level and sedimentological history (Rosen, 1994). Also saline systems
contain valuable salt reserves, either as mineral precipitates or dissolved in the brine.
Many salt deposits constitute economically important mineral stocks and have been
exploited for the extraction of gypsum (CaSQ42H,0), halite (NaCl), natron (Na,COs),
mirabilite (NaSO4-10H,0), and others (Dotsika et al., 2009; Kelly and Holmden 2001;
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Garcia-Veigas et al., 2011). Salt layers have also been used for nuclear waste storage
(Bouhlila, 1999).

The genesis of these deposits is controlled by hydrology, sedimentology, chemistry and
brine mineralogy (Eugster, 1980). Smith (2000) describes different origins of salt
systems such as connate salt from saline water trapped in sedimentary rocks, rock
weathering, or sea water salt. Their formation is affected by processes of solute
recycling, mineral precipitation and fractional dissolution (Dotsika et al., 2009). The
inflowing water normally controls the brine chemistry. Salt minerals are precipitated
during the process of evaporation, usually in depressions of high salinity, producing
large amounts of evaporite minerals (Wood and Sanford, 1991).

The motivation of our study is the saline systems in Southern Tunisia such us Chott El
Jerid, sabkha El Melah-Zarzis and Oum El Khialate. Geological, hydrogeological and
geochemical research showed that these regions contain very significant natural brine
reserves. For example, in the case of Oum El Khialate, the total reserves of mirabilite
are about 16 Million tons (Guizani and Zarai, 2009). This sabkha is an example of a
sulfate sodium deposit containing thenardite (NaSO,4) and mirabilite (NaSO4-10H,0).
These types of salt minerals are also found in the Great Plain of Canada (Last and
Schweyen 1983), in the Salada Mediana in Spain (Valero-Garces et al. 2000) and in the
Meyghan lake in Iran (Rahimpour-Bonab and Abdi, 2012). Wells (1923) gives a review
of the uses and origins of sodium sulfate. It is commercially important for
manufacturing kraft paper, detergent, ceramics and glass (Last, 1984; Khalili and
Torabi, 2003). Sulfate sodium deposits are precipitated especially during cold seasons
(Last, 1989; Valero-Garcea 2000; Orti et al. 2002). Their presence is related to the
dissolution of gypsum and halite (Last 1992). Yagmurlu and Helvaci (1994) suggested
that the sulfate-sodium deposit derived from alkaline volcanics and granites.

Reactive transport modeling is a useful tool for analyzing these processes in
groundwater systems (Walter et al., 1994; Keatin and Bahr, 1998; Nields et al., 2008;
Appelo and Rolle, 2010; Bea et al., 2010). Many applications to the hydrochemistry of
salt water have been reported including multi-component reactive transport under
variable density groundwater flow, the injection of carbon dioxide in saline aquifers and
the impact of cation exchange on brine formation (Gomis, et al. 1995, Steefel et al.
2005, Mao et al. 2006, Audigane et al. 2007, Dalkhaa et al. 2013). Due to the non-
linearity and coupling of geochemical saline system, most saline reactive problems are
solved using an implicit approach. This leads to a large number of transport equations
and chemical reactions that must be solved simultaneously.

Many conceptual models based on balance of water and solutes have been developed in
order to understand the formation processes of saline systems (Eugster and Jones, 1979;
Sanford and Wood, 1991; Ayora et al., 2001; Yiechieli and Wood, 2002; Ingebritsen et
al., 2006). These models aim to integrate all the information about the origin of water,
chemical reactions and transport processes which control the evolution of a given
system. Sanford and Wood (1991), based on solute mass balances, show the importance
of the hydrological parameters on the chemical and mineralogical compositions of open
and closed evaporate basins. The concentrations of salt minerals in a basin may increase
according to the input concentration (Ingebritsen et al., 2006) or may decrease by the
continuous dilution of the inflow water, depending on the inflow-evaporation ratio. The
geochemistry of the sabkha is mainly controlled by evaporation, groundwater level
fluctuation, and water and solute inflow (Rodriguez-Rodriguez et al., 2006). Yechieli



and Wood (2002) elaborated a conceptual model of a coastal sabkha in order to
determine the origin of water and solute. Results showed that the upward groundwater
flux is the major source of solutes into the system and that the transfer of water and
solute is controlled by the climate and the hydrogeological and chemical reactions
(dissolution - precipitation, ion exchange and redox reactions).

Most geochemical modeling studies systems assume an ideally mixed system where
concentrations are uniform in the whole modeled domain. This may be a valid
assumption when the modeled domain is a lake with water evaporating from its surface.
However, often the sabkha develops within an aquifer and mixing of solutes through
dispersion is not high enough for allowing the assumption of an ideally mixed system.
For such cases, 1D or 2D models that acknowledge advection and the spatial
distribution of dissolved and precipitated salt concentrations are needed. Nield et al.
(2008) developed 1D and 2D vertical models of groundwater beneath salt lakes to study
convection due to density dependent flow. However they did not consider evaporation
from the soil and considered the precipitation of only one mineral.

This paper aims to study the coupling effect of groundwater flow in advection-
dominated high saline systems affected by evaporation. The evolution of the Sabkha of
Oum El Khialate will be simulated applying 1D analytical conservative model, and 1D
and 2D numerical reactive transport models. In section 2 a description of the sabkha is
given. In section 3 two simple analytical models for conservative solutes are presented:
one for an ideally mixed and one for an advection dominated system. This can provide a
first understanding of the interaction between solute transport and evaporation and the
spatial and temporal scales on which these processes take place. In section 4 1D and 2D
numerical reactive transport models are presented. Finally, section 5 is dedicated to the
conclusions.

2. Site description

Sabkha Oum EI Khialate is located in South East Tunisia, 55 km from Tataouine and 65
km South West of Ben Guerdene (Fig. 1). It comprises an area of about 52 Km? at a
latitude of 32°45' N and longitude of 10°53'. It is characterized by an arid type of
climate with an average precipitation of 104 mm/year during 1956-2006. The mean
temperature 1s 20.7 °C while the potential evaporation exceeds 1106 mm/year (Baccar
and Louhaichi, 2007).

The sabkha is a large shallow depression filled with recent Quaternary deposits. The
aquifer of the basin is delimited at the bottom by fissured clay of the Mhira formation.
The flow is from West to East and from South to North (Fig. 2). The map shows a
piezometric depression towards sabkha Oum El Khialate. After rainfall events
intermittent surface water is formed, but this quickly runoffs or infiltrates and no
permanent surface water bodies such as lakes can be found.

The study area is characterized by a higher TDS in the center of the sabkha and with
enrichment in brine especially mirabilite (Na,SO4 10H,0). In a preliminary study the
age and evolution of the brine was determined (ERI, 2010). The analytical model
estimates the age of brine at 142000 years and the average concentration at 133 g/I.
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3. Analytical conservative models

3.1. Ideally mixed model

We first present an ideally mixed model similar to that presented by Sanford and Wood
(1991). We formulate a steady state water balance for the whole aquifer as follows:

Qp _Qe +Qin _Qout =0 (1)

where O, is the average infiltration into the aquifer (average rainfall minus the surface
runoff), Q. is the actual evaporation, Q;, is the groundwater flowing into the aquifer and
Qo the groundwater flowing out of the aquifer. We formulate a transient solute mass
balance as:

dc
VE:Qpcp +Qincin - outc (2)

where V is the volume of water in the aquifer (V = Sh¢, where S is the surface area of
the aquifer, b its thickness and ¢ its porosity) c¢ the concentration of the solute in the
aquifer and c,, and c¢;, the concentrations in the infiltrating water and inflowing
groundwater respectively. The solution of equation (2) is:

_ Qpcp + Qincin _ _% _%
0o ()

where ¢y is the initial concentration. When time tends to infinite the system reach a
steady state with a concentration, ¢, equal to:

c = Qpcp + Qincin

” 4
0., *)

We can rewrite equation (3) as:

t t
c=c, (1 — exp[— t—j] +c, exp(— t—J (5)

where ¢, is a characteristic time defined by:

.
tco B QOH[ (6)

It is also the mean time for a solute particle to be in the system. Fig. 3 illustrates
equation (5). The concentration increases from ¢y to ¢, asymptotically. The rate of this
increase is given by the characteristic time being the time, at which the concentration is
a fixed mixing ratio between ¢y and c.:

c(t,y) = (1—exp(=1)), +exp(=1)c, = 0.63c, +0.37¢c, (7)



Equation (5) shows that the system can be described by only three parameters, the initial
concentration, ¢y, the steady state concentration, c., and the characteristic time, #,. If
we make an additional assumption that the concentration in the infiltrating water is
negligible (c, = 0), we can see from equation (4) that the relation between the steady
state concentration and the concentration of the inflowing groundwater equals that of
the rate of inflowing and outflowing groundwater (c../cin = Qin/ Qour)-

We can now apply this to the sabkha of Oum EIl Khialate. The various terms of equation
(1) were obtained from a modeling study of the groundwater flow (ERI, 2010) and are
given in Table 1. The surface area, S is 52 kmz, the aquifer thickness, b, is 6.7 m and the
porosity,d, is 0.4. This gives a characteristic time of almost 25000 years. If the
concentration in the infiltrating water is neglected the steady state concentration will
increase with a factor of 3.33 with respect to the concentration of the inflowing
groundwater (C.o/Cin = Qin/ Qour = 3.33).

c—>

Time —

Fig. 3. Solution of the conservative ideally mixed model.

Table 1 The different components of the water balance (ERI, 2010). Flow rates are both
given in volume per unit of time (second column) and volume per unit of horizontal
surface per unit of time (third column)

m’/s mm/year
0, 0.020970  12.717
0. 0.021380  12.966
Oin  0.000589 0.357
Qour0.000177 0.107

3.2. One-dimensional advection model

We assume steady state flow and transient conservative advective transport (no
dispersion) in a one-dimensional aquifer and a constant upward flux from a deeper
aquifer (Fig. 4). The flow equation is:

dqg _P+G-E

dx b ®)

Where ¢ is the Darcy flux, P is the infiltration, £ is the evaporation, G is upward
groundwater flow from the deeper aquifer (all in volume of water per surface per unit of



time) and b is aquifer thickness. The evaporation exceeds the infiltration plus the
upward groundwater flow (E > P + G).

Fig. 4. Conceptual model of input and output flows in hydrologically system.

Boundary conditions are a prescribed Darcy flux, ¢;,, at x = 0. Solution of this equation
is:

P+G-E
q = qin + X (9)
b
If we define a characteristic length, L, as the distance where ¢ =0,
-b
L=q, ——— 10
9n oG E (10)
We can rewrite equation (9) as:
P+G-E
= (x-L) (11)

Note that equation (9) or (11) simply describes a linear drop of the Darcy flux. For
distance larger than L, the Darcy flux becomes negative, meaning a flow from right to
left. So the distance L also represents a watershed. If one wants to set a boundary
condition at the right with a prescribed outward Darcy flux, gou, one can simply
calculate the distance, L', of this boundary from g, through equation (11):

. b
L — L + qout (12)
P+G-E

The transport equation is:

oc N oqc _ Pc, +Gcg
ot Ox b

(13)

Where ¢ is porosity and cg and cp are the concentration in the deeper aquifer and
infiltration water, respectively. Boundary conditions are a prescribed concentration, c¢;,,
at x = 0. Initial concentration is c¢o for x > 0.

The solution is (see the appendix for its derivation):



c= exp[%}(co +c, )— c, forx=> LLI — exp(__tD
cl tcl

(14)
L x —t
c= c, + c, for x < L(l - exp(—j]
L—x

cl

Where ¢, is an average concentration in the infiltrating, upward flowing and evaporating
water (the concentration of the last being zero):

CaZ—PCP+GCG (15)
P+G-FE

and where 7. is a characteristic time defined by:

—¢b
ty=—"7"""+ 16
cl P + G _ E ( )
This characteristic time is the time for a solute to move from x = 0 to x = L (1—exp(—1))
~0.63L.

Fig. 5 shows equation (14) graphically. A front is moving towards the left. After this
front the concentration is not affected yet by the inflowing water from the left boundary
and increases only due to evaporation and solute input from infiltrating and upward
flowing water. Before the front the concentration grows with distance but does not
change in time. Note that the front moves slower when it is closer to the watershed.
When time tends to infinite, the system reaches a steady state situation where the
concentrations increases from the concentration of left boundary, c;,, to infinity at the
water shed where the Darcy flux equals zero. From the data from table 1 and assuming
no upward flux, a porosity, @, of 0.4 an aquifer thickness, b, of 6.7 m, we can calculate,
that the characteristic time, #.;, for the sabkha of Oum EI Khialate is about 11000 years.
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Fig. 5. Solution of the conservative 1D advection model. In this graph the initial
concentration, ¢y, equals the prescribed concentration at the left boundary, c;,.



4. Numerical reactive transport models

We used the code PROOST to carry out the numerical simulations (Slooten et al.,
2010). PROOST is a general purpose hydrological modeling tool that can solve a large
variety of conservation equations expressed as partial differential equations. It was
programed following the object oriented (OO) paradigm in FORTRAN 95. All
geochemical processes are included by coupling PROOST to the code CHEPROO (Bea
et al., 2009; Gamazo et al., 2012). CHEPROO is an OO tool specialized in complex
geochemical processes. This code has been used for other high salinity reactive
transport models (Gamazo et al., 2011; Gamazo et al., 2013).

4.1. One-dimensional models

We built three one-dimensional models. They differ from each other by the hydrological
boundary conditions and/or the chemical composition of the inflowing waters.

4.1.1. Model with fresh water at the boundary and without upward flow

We first developed a horizontal one-dimensional numerical model that considers
advection, dispersion, evaporation and precipitation and dissolution of salt minerals. Its
length is 5000 m and it is discretized using finite elements with lengths ranging from
100 m at the left boundary to 50 m at the right. No upward groundwater from the
bottom is considered. Evaporation minus infiltration is assumed to occur over the whole
length of the system and is calculated as a function of the water activity of the sabkha
and the relative humidity of the atmosphere:

E-P= a(Pvap,out o Pvap) (17)

where E and P are the rate of evaporation and infiltration respectively, pyap 0w 1s the
external vapor pressure (2.06-10° MPa which correspond to a relative humidity of 0.65
at 25 °C), pvap 1s the vapor pressure in equilibrium with the aquifer (which depends on
water activity) and « an exchange coefficient. For a we used a value of 4.04-107*
Molyaier/m*/seconds/MPa, which corresponds to an evaporation minus infiltration of
0.25 mm year ' when the water activity of the sabkha equals 1. The head at the left
boundary was fixed, whereas the right boundary was closed for both water and solute.
As the storage terms for liquid water can be neglected the water flowing at the left
boundary is almost identical to the total evaporation in the system (independent of the
permeability and the value of the prescribed head at the left). For each chemical
component a prescribed solute flux at the left is assumed that equals the water flux at
this boundary times a concentration. For this first model we used the total aqueous
concentrations of fresh groundwater sampled to the west of the sabkha (water A of
Table 2). For the initial concentrations of the aquifer we used the same values. We
considered a porosity of 0.4 and a dispersivity of 100 m.

The minerals that can precipitate and dissolve are listed in Table 3. We also assume that
the water of the sabkha is in equilibrium with an atmospheric CO, pressure of 107>~ bar.
We take into account the effect of precipitation or dissolution of hydrated minerals on
the mass balance of water, proposed by Gamazo et al. (2012). The activity coefficients
of the aqueous species, including that of water, were computed using the Pitzer (1973)
ion—ion interaction model with the parameters given by Harvie et al. (1984).



Table 2 Chemical composition of inflowing and initial water. A: Fresh water from the
West of the sabkha; B: Saline water from the limit of the sabkha: C Water from the

aquifer beneath the sabkha.

A B C
pH 8.33 8.25 6.89
Total Na 1.21-1072 5.50-10" 2.64:10™"
aqueous Ca 5.97-10° 537107 1.91-102
concentration SOy 9.52-10° 1.99-10" 1.86:107
(mol kg, )  ClI 7.23-10° 29610 2.97:10"
HCOs 221-10* 29310 2.01-107°
Mg 298107 6.69-10° 1.69:107*
Saturation anhydrite -0.72 —0.58 -0.57
index bischofite ~11.82 —8.00 ~8.24
bloedite —9.44 —4.12 —6.68
calcite 0.00 —0.72 —0.37
dolomite 0.00 0.00 -0.49
epsomite —3.47 -1.94 -3.11
glauberite —6.26 —2.36 -3.73
gypsum —0.50 —0.37 —-0.36
halite ~5.80 ~2.78 ~3.00
hexahydrite -3.72 ~2.18 -3.35
kieserite -5.23 -3.65 —4.84
magnesite —0.84 —0.12 -0.97
mirabilite -5.22 -1.53 —2.88
pentahydrite —4.07 —2.52 —3.69
CO; partial pressure (bar) —3.50 —3.50 —1.26

Table 3 Minerals taken into account by the numerical reactive transport model

Mineral Formula
Anhydrite CaSOq
Bischofite MgCl,-6H,0
Bloedite Na,Mg(S04),-4H,0
Calcite CaCO;
Dolomite CaMg(COs3),
Epsomite MgSO4-7H,0
Glauberite ~ Na,Ca(SOs),
Gypsum CaS04:2H,0
Halite NaCl
Hexahydrite MgSO4 6H,0
Kieserite MgSO4-H,O
Magnesite =~ MgCOs
Mirabilite Na,SO4-10H,0
Sylvite KCl

10
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Figure 6. Results of the first 1D model after 140000 years without water flowing
upwards from a lower aquifer and using the chemistry of the fresh water (A, table 4) for
the left boundary. A: adimensional concentration of a conservative specie, the numerical
model (dots) is compared with the analytical model of equation 14 (lines). B: Water
activity. C: Evaporation minus infiltration (E — P). D Total aqueous concentrations of
the components after 140-103 years. E: Concentration of minerals after 140-10° years
with an amplification of the last 500 m.

Fig. 6 shows the results of the conservative tracer, the water activity, the evaporation
minus infiltration, concentrations of aqueous components and concentrations of
minerals versus time after 140000 years. This is about thirteen times the characteristic
time calculated in section 3.2 and practically reflects a steady state situation. The
concentrations of dissolved species (Fig. 6D) increase from left to right and, hence,
water activity (Fig. 6B) and evaporation minus infiltration (Fig. 6C) decreases. The
concentrations of the conservative tracer are very similar to those of the analytical
model (Fig. 6A). Only near the watershed and after 14000 years a difference between
analytical and numerical model can be noticed. This can be explained by the fact that
the analytical model assumes a constant evaporation minus infiltration of 0.25 mm/year
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contrary to the numerical model. The precipitation of the minerals show a clear
sequence (Fig 6E). The first mineral to precipitate, besides dolomite which is already
present, is gypsum, followed by magnesite, glauberite, bloedite and halite. Most
minerals only precipitate at the last 50 m with the exception of gypsum precipitating at
the last 2000 m of the system. This precipitation of minerals does not correspond to
what is observed in reality, where mirabilite also precipitates at the center of the sabkha.

4.1.2. Model with saline water at the boundary and without upward flow

In order to increase the mirabilite precipitation zone on the model we developed a
second model. For this model the concentrations measured at the limit of the sabkha
(water B, Table 2) was used for chemical composition of the inflowing water at the left
boundary as well as of the initial water.

Results are shown in Fig. 7. As the inflowing water has a higher salinity, precipitation
of the minerals begins at a shorter distance from the left boundary than for the first
model. Also water activity together with evaporation minus infiltration drops at shorter
distance. As the zone of lower evaporation minus infiltration extends the mismatch
between the analytical and numerical model increases. The sequence of precipitating
minerals is roughly the same as the first model with the exception of the sulphate
sodium minerals (mirabilite). The first mineral to precipitate is gypsum, followed by
magnesite, glauberite, bloedite (in stead of epsomite in the first model), halite and
mirabilite. Interestingly, the water activity has a constant value at the last 800 m of the
sabkha. This can be explained by means of the phase rule. In this part of the sabkha the
number of chemical components (7: Ca, Cl, H, HCOs;, Mg, Na, and SO,4) equals the
number of phases (6: magnesite, glauberite, bloedite, halite and mirabilite, and CO,(g))
plus a constraint on charge balance, thus, fixing the chemical composition as well as the
water activity.

4.1.3. Model with saline water at the boundary and with upward flow

Another hypothesis we considered was the occurrence of a upward water flow from a
lower aquifer that mixes with water in the sabkha. Therefore, we made a third model
that adds a water flux of 0.0752 mm/year over the whole length of the system. The same
chemical composition as for the second model (water B, Table 2) was considered for the
inflowing water at the left boundary and initial water. We used the chemistry of aquifers
beneath the sabkha (water C, Table 2) for the upward flowing water.

Results are shown in Fig. 8. The concentrations of precipitated minerals differ from
those of the second model, but the sequence is the same with the exception that
mirabilite precipitates at a longer distance from the left boundary. This result reflects
better the observations made at the site.

12
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Figure 7. Results of the second 1D model after 140000 years without water flowing
upwards from a lower aquifer and using the water from the limit of the sabkha (B, table
4) for the left boundary. A: adimensional concentration of a conservative specie, the
numerical model (dots) is compared with the analytical model of equation 14 (lines). B:
Water activity. C: Water sinks including evaporation minus infiltration (£ — P) and
water that is precipitating in hydrated minerals. D Total aqueous concentrations of the
components after 140-10° years. E: Concentration of minerals after 140-10° years.
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Figure 8. Results of the third 1D model after 140000 years with water flowing upwards
from a lower aquifer and using the chemistry of water from the limit of the sabkha (B,
table 4) for the left boundary and using that of water C (table 4) for the up-flowing
water. A: adimensional concentration of a conservative specie, the numerical model
(dots) is compared with the analytical model of equation 14 (lines). B: Water activity.
C: Water sinks including evaporation minus infiltration (E — P) and water that is
precipitating in hydrated minerals. D Total aqueous concentrations of the components
after 140-10” years. E: Concentration of minerals after 140-10° years.

4.2. Two-dimensional model

In order to study the vertical distribution of concentrations of aqueous and mineral
species we consider a two-dimensional vertical model. We used a grid of triangular
elements with heights of 0.57 m (that is, one tenth of the thickness of the sabkha) and
lengths ranging from 100 m at the left boundary to 50 m at the right (the same as for the
one-dimensional models). We used a longitudinal dispersivity of 100 m, a transversal
dispersivity of 10 m and a porosity of 0.4. The boundary conditions are the same as the
previous 1D model of section 4.1.3. For reasons of computational time the simulated
time was reduced to 11000 years.
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The results of the aqueous species (not shown) are practically the same as for the one-
dimensional model with uniform concentrations in the vertical dimension. The reason is
that the thickness of the sabkha (5.7 m) is of the same magnitude as the transversal
dispersivity (10 m), which causes an almost complete vertical mixing. On the other
hand, the concentrations of minerals do exhibit a vertical distribution. As illustrated in
Fig. 9, precipitation only occurs at the top surface of the sabkha where the evaporation
takes place. However, averaging the concentrations of the minerals over depth gives
results very similar to the 1D model of section 4.1.3. In fact, an exact solution would
give infinite concentrations of minerals at the surface, which has infinitesimal small
thickness. However, in a grid of elements of finite size the upper row of nodes, that
represent the surface, does not have an infinitesimal small thickness but a finite
thickness equal to half the thickness of the upper row of elements. Thus the calculated
values of minerals depend on the grid size and do not have a real meaning.
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Fig. 9. Concentrations of minerals for the 2D model after 11000 years. The results are
compared with the 1D model of section 4.1.3 for the same time.
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5. Conclusions and discussion

We have studied the effect of evaporation and groundwater flow on the formation of salt
minerals in the sabkha of Oum El Khialate in South East Tunisia, characterized by
sulfate sodium deposits. As there are no important surface water bodies present in this
sabkha, transport of solutes is dominated by advection and we cannot use the classical
ideally mixed models of Sanford and Wood (1991) and Yechieli and Wood (2002). An
analytical one-dimensional conservative model showed that salinity varies with distance
and may become very high (actually it goes to infinity as there is no precipitation) near
a water divide where the flux of water is zero.

We have also developed three numerical reactive transport models. All models showed
roughly the same sequence of precipitating minerals. First dolomite precipitates then
gypsum, magnesite, bloedite, epsomite, halite and mirabilite. However, the amount as
well as the distribution of salt minerals precipitation depends on the chemical
composition of the inflowing water and whether an upward flow from a deeper aquifer
is assumed. A model which assumes inflowing water at the boundary with a low salinity
and no upward flow predicts precipitation of the main minerals only at a small part of
the sabkha near the water divide. When a higher salinity at the boundary or an upward
flow was assumed, the region with precipitating minerals is larger, which reflects better
observations made at the site. A vertical two-dimensional model showed no important
differences with the one-dimensional model. It only revealed that minerals precipitate at
the surface of the sabkha.

We admit that our reactive transport model is still rather simple and that there may be
processes that could affect the formation of the sabhka, but have not been simulated in
our models. The groundwater could be enriched in Na by cation exchange between Na
and Ca from the clay of Mhira. Also the difference in salinity could give rise to density
dependent flow. We don't believe that this is important in the sabkha itself, because due
to the small thickness (5.7 m) vertical mixing is large enough to prevent the
development of a vertical density gradient, at least for the dispersivities that we used (10
m). However, the water of the sabkha could be more saline and, consequently, denser
than the water at deeper aquifers causing a downward flow rather than an upward flow.
Nevertheless, the small differences between the second 1D model, that does not
consider an upward flow, and the third model, that does, suggests that a downward flow
will not have a big impact.

Finally, the patterns of groundwater flow, shown in Figure 2, reveal that a one-
dimensional model may be to simplistic and that a horizontal two-dimensional model is
required for a more accurate calculation of mineral distribution. This would also permit
a more precise comparison between modeled and observed distribution of precipitated
minerals. Further research is needed to address these issues.

Appendix

To solve the transport equation (13) we define a front moving with the water in a
Lagrangian fashion. The velocity of this front (dx/drf) is given by:
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dx
¢E =q (A1)

If at time ¢ = 0 the front is at x = 0 and by using equation (11), we can calculate the
position of the front, x, as a function of time:

¢@=IJ+Z)LG(L—;¢): dln(L—x)=—d(P+Tb?_GtJ
:>1n(L—xj__P+E—Gt
. ) P (A2)

:L(lp(¥jj

If we define a characteristic time, 7.1, as

; =
" PIG-E

X = L(l — exp(;—tn (A4)

The concentration at this moving front can be written as:

(A3)

we can rewrite (A2) as

de(x(t).) _ 2 | oc d
dt ot Oox dt

oc oc

=L g

=9 ot 6x

¢
(A5)

The transport equation (13) can be rewritten as:

oc N oqc _ Pep +Geg
ot Ox b

(A6)

Substitution of equation (A6) into (AS) gives:

¢£:PCP+GCG —c@
b Ox
PcP+GcG+E -G
b

1n(c+PCP+GCGj Tk
E-P-G

¢ (A7)
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where k is an integration constant which we can calculate from initial or boundary
conditions. By defining ¢, as the average concentration in the infiltrating, upward
flowing and evaporating water (the concentration of the last being zero):

_ Pc,+Geg

“TE_P-G (A8)
we can rewrite (A7) as:
Inc+c,)="+k (A9)
l
By using equation (A4) we can also write:
1n(c+ca):—ln(Lij+k (A10)

For times larger than the time for the front to travel from x = 0 to x that is, according to
equation (A4), for times:

L—x
t>—t, ln( 7 J (A11)

x> L[l - exp(t_—tn (A12)

we must apply the initial condition, ¢ = ¢y at ¢t = 0, to equation (A9), yielding:

or for distances:

k =1In(c, +c,)

=c= exp(f](co te,)-¢, forxz L[l - exp(_—tn (Al3)

cl tcl

For times smaller than the time for the front to travel from x = 0 to x, that is, according
to equation (A4), for times

L—x
t<—t, ln( 7 j (A14)

X< L(l - exp(;—tD (A 15)

we must apply the boundary condition, ¢ = ¢;, at x = 0, to equation (A10), yielding:

or for distances:
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