Abstract

Dissolution of halite slices was performed in diluted Dead Sea (DS) brines, with and
without stirring. The range of DS dilutions used in the experiments was wide, from 10%
to 90%, and the ratios between solution volume to surface area of the halite slices varied
from 6.7 to 27 ml solution per cm” halite. In the experiments with stirring, data
interpretation was performed by applying first order kinetics. The initial dissolution rate
(at time zero) in 200 ml of 50% diluted brine was about 0.4 — 0.5 g/min (or about 13 — 17
mg NaCl/min cm?) and it decreased exponentially with time. In the experiments without
stirring, the data were best fitted to a power function and the dissolution rates have been
estimated by the derivative of the power function. During the first half hour in 50%
diluted brine, the rates are about twice slower in runs without stirring, than in runs

with stirring; they become comparable after about two hours. The data obtained with the
varying experimental conditions permit a reasonable estimate of halite dissolution rates in
natural environments (such as the subsurface interaction between groundwater and old
halite layers and the dissolution of halite crusts from the lake floor by diluted DS surface
brines). The DSH calculations performed for all the experimental data enable us to
predict the maximal amount of halite that can be dissolved by brines diluted to a wide

range of salinities.
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Introduction
Previous studies on halite dissolution

Halite dissolution has been studied by several workers. Alkattan et al. (1997a) and
Alkattan et al. (1997b) have performed experimental studies of halite dissolution kinetics
in concentrated NaCl solutions (300 g NaCl / liter, degree of saturation (DSH) = 0.94)) in
the absence and in the presence of dissolved trace metals and of anions. Dijk et al (2002)
studied flow and dissolution patterns in rough walled halite fractures. Saturated NaCl
solutions flowed through rock fractures at ~ 1 mm sec™ during NMRI measurements and
pulses of unsaturated solutions flowed in between the NMRI measurements, to induce
dissolution of the rock fracture walls. The above studies were performed with almost
saturated NaCl solutions. But, the chemical composition of the Dead Sea (DS) brines is
very different from these pure NaCl solutions, and includes high concentrations of
magnesium, calcium and potassium chlorides, as well as relatively high concentrations of
trace metals. In 1993 the average chemical composition of major ions in the Dead Sea
was K 7.81 g/ liter, Na 36.4 g/ liter, Mg45.9 g/1, Ca 17.3 g/ liter, Cl 225 g/ liter and
Br 5.6 g/ liter (Gavrieli 1997). Data on the rate of halite dissolution in Dead Sea brine,
whose chemical composition is so more complex than pure NaCl solutions, are not yet
available.

The purpose of the present study is to provide preliminary data on the dissolution kinetics
of halite in under-saturated Dead Sea brines under static or dynamic flow conditions.
This study has also practical aspects as dissolution of halite in the subsurface is the direct

cause for the development of sinkholes along the shores of the Dead Sea.

The hydrological system of the Dead Sea and the formation of sinkholes

The level of the Dead Sea has dropped drastically, by more than 20 meters during the past
50 years (Gertman and Hecht, 2002; Gavrieli and Oren, 2004; Lensky et al. 2005).
Concomitant with the lake level drop, during the late 1980’s and more so during the
1990°s, large sinkholes began to develop on the western shore of the Dead Sea. This

process continues nowadays, at the beginning of the 21% century. The sinkholes appear



in clusters, they differ in size and shape, their diameter reaches 25 meters and their depth
up to 20 meters. The size of the sinkholes increases with time and several adjacent

sinkholes sometimes merge into a bigger one.

The mechanism of the formation of the sinkholes is related to dissolution of salt in the
subsurface by groundwater unsaturated with respect to halite (Wachs et al., 2000;
Yechieli et al., 2006). As the lake level drops, groundwater level and the interface
between fresh groundwater and DS brines are dropping too (Yechieli 2004).
Consequently salt layers at depths of about 20m to 60m, that were previously in contact
with DS brines, become exposed to contact with groundwater that is much less saline
than the saturated DS brine. The salt dissolves and large voids are produced within the
sedimentary column. Finally, the roof of unconsolidated sediments collapses and a new

sinkhole appears on the lake shore.

The ‘sinkholes phenomenon’ raises the following question: how fast does halite dissolve
in groundwater, what is the dependence of the dissolution rate on the salinity of the
groundwater and more importantly, can we then predict, combined with available
stratigraphical and hydrogeological data, the timing, location and extent of formation of

new sinkholes.

Experimental procedures

1. Experimental set-up

Halite slices. Cores (about 3.7cm diameter) were drilled in pieces of rock salt from
Mount Sdom, a salt diaper on the western shore of the southern basin of the Dead Sea
(Zak, 1967). The cores were then cut into slices, ranging in thickness from about 8 mm
to about 28 mm, with a water cooled saw. The thicker slices were used in experiments
with more diluted brines and in experiments of longer duration. The exact dimensions of
each slice were measured with a caliber. Upon cutting, slices had polished surfaces with
no cracks and fractures, so that the initial surface area of each could be calculated quite

accurately. During the experiments this polished appearance deteriorated a bit along with



some decrease in the thickness of the slices. Therefore, each slice was used only once.
The initial dimensions of all slices are given in Table 1.

Dilutions of Dead Sea brines. Dilutions of DS brine sampled in June 2003 and in
December 2004 were prepared with distilled water: 10%, 50%, 70% and 90% (% volume
DS).

Dissolution with no stirring. All experiments with no stirring were performed in a
thermo-stated water bath at 28 °C. A pre — weighed halite slice was fixed with a rubber
band to the top of a three legs pitza fork (Fig. 1). 200 ml. of diluted brine, measured
with a 250 ml cylinder, were added into a 250 ml pre-weighed beaker which was then re-
weighed. The halite slice was carefully introduced into the beaker, with the fork holder
upside down, so that the entire surface area of the slice was exposed to contact with the
fluid (Fig. 1). The beaker was then placed in the thermo-stated water bath. Several
experiments were also performed with 300 ml and 800 ml diluted brine in 400 ml and
1000 ml beakers, respectively. In the 250 ml and 400 ml beakers, the slices on the forks
were positioned at mid-height of the solution. In the 1000 ml beakers the slices were
below mid height, at about 35% of the solution’s height in the beaker. But, most of the
800 ml experiments were performed with two forks, one on top of the other, thus
increasing the height of the slice above bottom to about 62%. At the end of the
experiment (minutes or hours) the fork was withdrawn from the solution using a pair of
tweezers and the halite slice was dried with paper towel and weighed. The weight loss of
the slice at the end of the experiment represents the amount of halite that was dissolved,
though it may also include some insoluble matter from the rock salt, which became
suspended in solution or sank to the bottom of the beaker. The beaker with the solution
(brine + dissolved rock salt) was weighed again at the end of the experiment, the solution
filtered through a pre-weighed 0.451 membrane filter and its density measured with a
Paar density meter. The filtrate was then submitted to chemical analysis of major ions.
The membrane filter was dried on a paper towel, and then weighed in order to assess the

amount of insoluble matter that was released from the halite slice (Table 1).

Dissolution with shaking. During the early stages of the study, several dissolution runs

were conducted in beakers, in a shaking thermo-stated bath at 28 °C (runs M2, M3, M10,



M11, M16, M17, M19 and M20 in Tables 2 and 3). In these experiments the handling of
the halite slice and of the solution at the end of the experiment was similar to that
described above for the no stirring experiments. It turned out however, that intensive
shaking that would ensure complete mixing could not be achieved without spilling losses.
Yet, closed vessels, like erlenmeyers, could not be used because it was not possible to
introduce into them the halite rock slice and its holder.

Moderate shaking was however used in several of the saturation experiments.

Dissolution with magnetic stirring. To overcome the above problem, experiments were
run using a small magnet (length 3cm, diameter 0.7cm) that was placed in 250 ml
beakers. The halite slice was placed in a round cotton net, which was rimmed to the top
of the beaker by a thin elastic band (the empty beaker was pre-weighed with the magnet
and the net). The height of the halite slice above the beaker bottom was adjusted to be
the same as in the no-stirring experiments, by carefully sliding the elastic rim on the
outside wall of the beaker (Fig. 1). The beaker was immediately placed on a magnetic
stirrer plate, at 350 rpm. The efficiency of mixing was checked with a drop of 0.1%
Rhodamine B, which became dispersed instantly at 350 rpm. The temperature of the
solution was about 22.5 °C at start and 24.5 °C at the end of the experiment. The

procedure at the end of the experiment was identical to the no-stirring experiments.

Dissolution with ground halite rock. Several experiments were performed with ground
halite rock; the size of the halite crystals was irregular, in the range of 0.5 — 2.0 mm.
The experiments were conducted with 50% DS diluted brine and with no stirring. In
these experiments no forks and no nets were used; the ground halite was placed on the
bottom of the beaker. The surface area of the ground rock crystals could not be

calculated because of the irregular size and shape of the crystals.

Saturation with respect to Halite. Several experiments, with and without shaking, were
conducted to achieve saturation with NaCl, in each of the four dilutions of Dead Sea
brines used for the kinetic experiments. In several experiments regular salt and ground

halite rock were used instead of halite slices (without forks or nets). Instead of magnetic



stirring, a thermo-stated shaker bath, at 28 °C, was used. All the beakers were tightly
closed with Parafilm, to avoid evaporation losses during the long run of the experiments
(one to two weeks). The rest of the procedural steps were identical with the experimental

procedure described above.

2. Calculation methods

Calculations with the weighing data.

w is the weight of the empty beaker (g)

w; is the weight of the beaker with 200 ml diluted brine (g)

wi is the weight of 200 ml diluted brine (g)

wy is the weight of the beaker with the solution at the end of the experiment (g)

ws is the weight of the brine at the end of the experiment; this weight includes the
halite rock that was dissolved (i. e. NaCl and some insoluble matter)

W; 1s the initial weight of the halite slice (g)

w7 is the weight of the halite slice at the end of the experiment (g)

wg 1s the weight loss of the halite slice (g)

Wy is the initial weight of the membrane filter (g)

wio 1s the weight of the membrane filter bearing the insoluble portion of halite that has
been dissolved from the halite slice (g)

w11 1s the net weight of the insolubles (g)

w1z 1s the net amount of NaCl that has been dissolved from the halite slice

w3 1s the net weight of NaCl added to the solution

W3 = Wj - W weight of 200 ml brine

Ws = Wy4 - W) weight of brine at end of experiment (including insolubles)
Wg = W - W7 weight loss of halite slice

W11 = W1g - Wo weight of insolubles

Wi2 = Wg - W11 loss of NaCl from the halite slice

Wwis = Ws - Wi - Wi  net weight of NaCl added to solution



In principle w3, the net weight of NaCl added to the solution, should be identical to wj.,
the net loss of NaCl from the halite slice, but in reality w;3 is usually somewhat lower
than wj; by about 1 to 2 g. This discrepancy is due to some loss of solution (some loss
from ws onto the slice and onto the fork while withdrawing them from the beaker at the
end of the experiment), and possibly also due to some loss by evaporation from the

beaker.

By dividing the weight of the initial brine to its density (py, g cm™) the exact initial
volume of solution (V; , cm™ ) can be calculated: V; =ws/ p1

The volume of solution at the end of the experiment is V. It could be calculated as:

Vo =(ws-wi)/ P2

where p2 is the measured density at the end of the experiment.  But, because as
mentioned above, there are some weight losses from ws, we have chosen an alternative
way to calculate V, more exactly:

Vo= (w3 + W)/ p2

V; and V; will be needed in the calculations of NaCl that has been dissolved during the

experiments, calculations which will be based on the chemical analysis of the brines.

Calculations based on chemical analysis.
Chemical analyses were performed on the initial diluted Dead Sea brine solution and on
the brine at the end of the experiment.

Calculation of g NaCl dissolved, (w;2na) based on Na analysis (mg/ L):

WiaNa = ((Na meas - (Na init * V1/V2)) * V2) /(1000 * 1000)) * 58.5/23

where Na peqs and Na iy are the Na concentrations (mg / L) in the brine at the end of the
experiment and in the initial diluted Dead Sea brine, respectively.

Similarly, calculations were performed for g NaCl dissolved (wic;) based on Cl analysis

(mg/L)

Wi2c1 = (((C meas - (Cl ni*V1/V2))*V3) / (1000%1000))*58.5/35.5



A routine check of the chemical analysis (Appendix 1) was performed by calculating the
expected Na (or Cl) concentration at the end of the experiment based on the weight loss
from the halite slice and comparing it to the measured value, Na peas (Or Cl pmeas ) as

following:

Naexpected = ((((Wl2 *23/ 585) * 1000) / VZ) * 1000) + (Na init * Vl /VZ)
Claxpeciea = (W12 * 35.5/ 58.5) * 1000) / V3) * 1000) + (Cl inie * Vy/ V)

The above calculations enable us to report the results of NaCl dissolution in several ways:

(a) a plot of the losses of NaCl from the halite slices (g) vs. the duration of the
experiments i.e. a plot of wl2 (or wiana OF Wiacr ) VS. time (min); (see below, section
Results, Figs. 4 and 5)

(b) a plot of NaCl slice losses per initial surface area of the respective slices (g / cm2) vs
time (min) ; (see below, section Discussion, Figs. 8a, 8c, 8d)

(c) a plot of the rate of NaCl slice loss, i.e. of NaCl dissolved, per initial surface area of
the slice (cm®) into the initial brine volume V (ml), expressed per liter brine in units
of g/cm® L vs. time. The calculation is: (wy,/ (slice area * V))) * 1000. (see also

below, section Discussion, Fig. 81).

For the sake of simplicity we will refer from now on to w2, Wiana and wizcr as W, Wi,

and W, , respectively.

The molalities (mole/kg water) of all ions in solution, needed for the calculation of DSH,
were computed as following:
Molality = molarity / weight of water in the brine
where molarity (mole/L) = ion concentration (mg/ L)/ (A * 1000)
A is the atomic weight of the respective element
and the weight of water in the brine = kg water / L Brine =
= ((density * 1000) — (TDS/1000)) / 1000
density is in g/cm’ and TDS (Total Dissolved Solids) in mg/L units



Results

The analytical data for all the experiments are listed in Table 2. At first only Na and Cl
were measured. At a later stage complete chemical analyses were performed. The
complete chemical analysis is useful because:
a. it indicates the quality of the analytical data, expressed by R.E. (%), the percent
Reaction Error :
R.E. (%) = ((sum of cations —sum of anions) / sum of cations and anions))*100
b. full chemical analysis enables to calculate the degree of saturation with respect to
halite (DSH) for each experiment.
The analytical procedure was further improved by weighing the brines at the beginning
and at the end of the experiment and by measuring their densities.
Table 3 summarizes the experimental conditions for all the experiments and the
respective amounts of NaCl that have been dissolved. The initial volumes, measured by
cylinders are listed in Table 3, although the exact initial volumes, V;, are usually
somewhat smaller, due to small losses on the measuring cylinder wall. The V; were of
course calculated according to the net weight of the initial brine and its density and were
used in further calculations, but are not shown in Table 3. The final volumes, V,, are
always larger than V;; they increase with the increasing amounts of dissolved NaCl. The
amounts of dissolved NaCl were calculated according to weight loss of NaCl from the
slice (W), and according to the chemical analyses (Wx, and W ¢ ). The three values are
usually very close to each other as can be seen in Figs 2a, 2b and 2¢c. The increase in
volume (V, — V) in the 200 ml experiments vs. the amount of NaCl dissolved (W) is
shown in Fig. 3, exhibiting a linear correlation (R* = 0.994) which almost passes through
the origin. Accordingly, each gram of NaCl dissolved in 200 ml, causes a volume
increase of about 0.37 ml or
0.074 ml / g NaCl dissolved / L. It should be mentioned that the correlation of Fig. 3
holds over a wide range: it is based on all the experiments at the different DS dilutions,

including the saturation experiments.



Dissolution of halite vs time in 50% DS.

The following experiments were conducted in 50% DS:

dissolution of halite rock slices in 200 ml (Fig. 4a, 4b) with no stirring

dissolution of halite rock slices in 300 ml (Fig. 4c) with no stirring

dissolution of halite rock slices in 800 ml (Fig. 4d) with no stirring

dissolution of halite rock slices in 200 ml (Fig.4e) with magnetic stirring

dissolution of ground halite in 200 ml (Fig.4f) with no stirring

complete dissolution of certain amounts of NaCl in 200 ml 50% DS, prior to the

dissolution experiment with halite rock slices (Fig. 4g), with no stirring

With the exception of Fig. 4b where the dissolution is based on chemical analysis, i.e. on

W and W¢ , all other Figures are based on slice loss of weight, W.

In the 200 ml experiments shown in Figs. 4a and 4b the ratio between solution volume
and the slice surface area is about 6.7 ml solution / cm” initial surface area of the halite
slice. It can be seen that dissolution does not increase linearly with the duration of the
experiment. (It should be made clear that each data point in Figs. 4, and in all other
Figures as well, is a separate experiment with a new halite slice). Duplicate experiments,
as regards the duration of the experiment, are approximately within 10% reproducibility.
In Figs. 4c and 4d are shown experiments that were conducted in 300 ml and 800 ml,
respectively, and the ratio between solution volume and slice area was about 10 and 27,
respectively. Despite the increase in the ratio volume/slice area by about 50% and 300%,
the amount of NaCl dissolved is only about 20% larger in 300 ml and about 100% larger
in 800 ml. It seems like not all the larger, available volume of brine participates in the
dissolution process. The ‘effective’ volume probably becomes restricted by stratification
that builds up during the experiment (see Appendix 2).

In the experiments with magnetic stirring, the volume to slice area varies gradually from
about 7 in the shorter runs to about 4.8 in the longest ones. In these experiments (Fig. 4e),
dissolution from the halite slice is more than twice larger than in runs with no stirring

(Fig.4a). Moreover it seems that in the 4 hours run, saturation with respect to halite has



almost been reached (32 g halite have been dissolved in 4 hours and 32.4 g in the
saturation experiments, see also section ‘saturation’ below).

The experiments with ground halite, with no stirring, are shown in Fig. 4f. The same
amount of about 22 g, has been used in all the experiments. No clear dissolution trend
could be observed. There are two possible reasons: first, despite the equal initial weights
of ground halite, the surface area might have been very different from run to run, because
the size and shape of the particles was very irregular and second, the experimental set-up
was different from all the other runs. The ground halite lied on the beaker’s bottom,
while the halite slices were suspended in the beaker at about mid — depth of the brine
column. However, this set of experiments is important because it gives the order of
magnitude of dissolution in conditions that might occur in a natural environment.

The set of experiments with initially dissolved NaCl (Fig.4g) was performed in order to
see if the initial dissolution rate is about the same at different NaCl concentrations, in a
50% DS solution. In these experiments, prior to the slice dissolution runs, different
amounts of NaCl were dissolved in 200 ml 50% DS . All the runs were of equal duration,
60 minutes. Fig. 4g shows that as more NaCl is initially dissolved, the slower the halite
slice dissolves. In other words, the initial dissolution rate is, as expected, dependent on

salinity.

Dissolution of halite vs. time in 10%, 70% and 90% DS

All the experiments with these DS dilutions were run in 200 ml. The ratio of solution
volume (ml) per slice area (cm?) was about 7.

In 10% DS dilution relatively large amounts of NaCl can be dissolved in a relatively short
time (Fig. 5a). The agreement between the weight data W, and the chemical analysis
data, Wy, and W¢; is very good (Fig.5b).

In the runs with 70% DS, the agreement between the duplicates is satisfactory, in some
cases within less than 10% (Fig. 5c¢).

The slowest and smallest dissolution was measured, as expected, in the 90% DS runs
(Fig. 5d; note the different time scale for these runs). The duplicate runs are good and in

two cases even undistinguishable from each other on the plot.
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Saturation with respect to halite

Experiments for halite saturation attainment were conducted with various DS dilutions at
28 °C. Most of the experiments were run in parallel with halite rock slices and with
commercial table salt. The experiments lasted between 5 and 18 days.

The saturation experiments are important because they indicate the maximum amount of
salt that can be dissolved in a certain dilution of Dead Sea brine. The amounts of NaCl
that have been dissolved in the various runs are given in Table 3 and in Figs. 6a, 6b and
6¢. The amounts that have dissolved in 200 ml, as calculated by all 3 methods, (W, Wx,
and W¢)), are about 61.5 g, 32.4 g ,19.5 g and 7.7 g in 10%, 50%, 70% and 90% DS,
respectively (Table 3).

Figs. 6a, 6b and 6¢ show, according to the W, Wy, and W¢; results respectively, that
there is a clear inverse linear correlation between the amount of NaCl needed to attain
saturation with respect to halite and the initial degree of dilution of the DS brine. In Fig.
6d the concentrations of NaCl at saturation are expressed as molalities. It is interesting to
note that the extrapolation to 0% DS content in Fig. 6d , yields a NaCl solubility of 6.05
mole / kg water, quite similar with the Handbook value of 6.27 mole / kg water, at 28 °C.
Extrapolation to 100% DS in Fig. 6d yields 1.75 mole Na / kg water, not very different
from the measured value in DS brine, sampled in June 2003, of 1.57 + 0.03 mole / kg

water.
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Discussion

The rate of halite dissolution with magnetic stirring

The aim of the experiments with shaking or stirring was to assess the dissolution rate of
halite in a well mixed environment, free of concentration gradients that may build up
around the halite slice. Magnetic stirring at room temperature (22°C to 24°C), in beakers,
proved to be more suitable than shaking and was used in experiments M111-M114,
M127-M131 and M135 (Table 3). We describe the kinetics of the dissolution rate of
NaCl in these experiments as a first order reaction.

The initial concentration of NaCl in the DS dilution is Cy . NaCl can dissolve in the DS
dilution until saturation with respect to NaCl, Cgy , is reached. The concentration of
dissolved NaCl at time t is C; (C; is the sum of Cy and the amount of NaCl that has been
dissolved during time t). The rate of dissolution, dC;/ dt, at any time t is given by:

dC/ dt=A (Cey - Co)e™ ™ (1)

where A (min'l) is the dissolution constant, Cg,; and C; are as defined above. The term
(Csat - Cp) decreases exponentially with time, which means that the dissolution rate
decreases exponentially with time.

Integrating Eq. 1 yields:

Ci=-(Car- Co) €™ + Cu )

Rearranging Eq. 2

Cuat - Ce= (Cgae - Co) €

And in logarithmic form
In (Csat - Ct) =In (Csat - C()) - M (3)

A plot of In (Cg - Cy) vs. time t, should be a straight line with slope A and intercept
In (Cgyt - Co).

The plot of In (Cgy - Cy) vs. time t for the runs with magnetic stirring is shown in Figs. 7a
and 7b. The runs performed with DS sampled in June 2003 (sample M111- M114, Fig.7a)
were plotted separately from those performed with DS sampled in Dec 2004 (samples
M127-M130, Fig.7b) because the two DS samples have somewhat different Cgy,

12



saturation concentrations (in June 2003 the surface water of the Dead Sea brine was still
somewhat diluted following the abundant rainy winter of 2002/3 and the increased
freshwater inflow to the lake). Cg,y for 50% DS sampled in June 2003 was measured by
experiments M48-MS51. For this model calculation we used the data of M50 (amount of
NaCl added to C, was 34.5 g), in which the highest density and DSH were achieved. For
50% DS sampled in Dec 2004 saturation was almost achieved in run M135 (amount of
NaCl added to C, was 32 g; degree of saturation with respect to halite was DSH = 0.98).
It seems that Csat in the Dead Sea decreased from June 2003 to Dec 2004 by about 2g.
The correlation coefficients for the linear plots in Figs. 7a and 7b are good, but the slopes
are somewhat different. It is remarkable that the calculated values of Csat (from the
intercepts of Figs. 7a and 7b) confirm the measured decrease in Csat from June 2003 to
Dec 2004, by about 2 g NaCl..

Using the dissolution constants derived from Figs. 7a and 7b, the instantaneous
dissolution rates (dC; / dt) could be calculated. The dissolution rates were calculated for
the two sets separately (by Eq.1) and were plotted together in Fig 7c. They decrease
exponentially with time. The maximal dissolution rate, at t = 0, is about 0.4 — 0.5 g/min.
The average dissolution rate for each run, calculated by dividing the amount of dissolved
NaCl (g) by the duration (min) of the experiment, are shown in Fig, 7d and for
comparison with the calculated instant rates, they were also plotted on Fig.7c.

It must be mentioned that in the above kinetic model the slice area has not (and could not)
been taken into account. Also, it must be noted that the initial slice area changes during
the experiment and that all the above rates are within an initial volume of 200 ml.
However, it is useful to express the instantaneous dissolution rate under stirring
conditions per surface area of the halite slice, (by dividing the dissolution rate to surface
area, Fig. 7e), in order to compare them with those obtained under no stirring conditions

(see below).

The dissolution rate of halite with no stirring
Dissolution in 50% DS
In the experiments with no stirring the simple model from above cannot be applied

because stratification builds up around the slice and Ct is not homogenous in the whole
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beaker at a certain point in time. We do measure W, Wy, and W¢; , but these reflect
average concentrations at the end of the run, after the stratification has been destroyed.
Therefore, in no stirring conditions we cannot express properly Csat — Ct .

A power best fit has been chosen to express the empirical relationship between the
amounts of NaCl dissolved and the dissolution time.  In all the power best fits, the
amounts of dissolved NaCl have been expressed per cm” initial slice area. This is done in
order to minimize the effect of the surface area of the slice, which varies from run to run
(see in Table 1) and affects therefore the rate of dissolution.

Figs. 8a, 8c and 8e show the power best fits for the experiments performed in 200 ml, 300
ml and 800 ml, respectively. As at the beginning of each run, at time t = 0, there is no
dissolved NaCl, a (0,0) data point should be added. However, it is not possible to apply a
power best fit if the coordinates of one point are (0,0). Instead, a very close to zero data
point, such as (0.001; 0.001) was used. The coordinates of this ‘zero’ data point have
been slightly changed until a best fit (highest R?) was achieved. In order to improve the
power best fit for the 800 ml runs, samples M57 and M58 which are outliers of the
general trend shown in Fig.4d, have been excluded from Fig. 8e.

The rate of dissolution of NaCl decreases with time and is given (approximately) by the
time derivative of the power best fit equation. The (approximate) instantaneous rates of
dissolution at the end of each run have been calculated and are shown in

Figs. 8b, 8d, and 8f. In Fig. 8g, the rates in the different reaction volumes are compared.
The rate is about the same in 200 ml and 300 ml and about twice larger in 800 ml. It
should be kept in mind that these sets of experiments were performed with no stirring and
that stratification developed in the beakers. The elevation -in the beaker- of the
stratification coincides with that of the halite slice, which is determined by the height of
the pizza holder (see Appendix 2). The volume below the slice is apparently well mixed.
Thus, the increased rate in the 800 ml experiments is probably due to the larger volume
that participates in these experiments, in which the halite was kept at a higher elevation,
of two pizza holders.

An attempt to express the rates in terms of unit volume (L) is shown in Fig. 8h. It should
be noted that the volume increases slightly when dissolution takes place. The data shown

in Fig. 8h refer to the initial reacting volume. Also, it should be mentioned that due to the
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specific experimental set up in each case, one cannot be sure that extrapolation to 1 L

really holds

Dissolution in 10% DS, 70% DS and 90% DS

The same approach described above, of power best fit to the experimental data of the runs
with 50% DS and no stirring, has been adopted for the runs with the other DS dilutions.
The best fits for the runs in 10% DS, 70% DS and 90% DS, shown in Figs. 9a, 9¢c and e,
are based on the W data (run M88 was excluded from the 10% DS best fit). Very similar
best fits were obtained with the Wy, and W data.

The instantaneous dissolution rates, estimated by the respective derivatives are shown in
Figs. 9b, 9d, and 9f. For comparison, the rates obtained from the Wy, data are shown too
in Fig. 9d. The rates decrease with time and decrease with increasing DS concentration
(i.e. less DS dilution)

Fig. 10a is a summary of the dissolution data in the different DS dilutions. In Fig. 10b
the instantaneous rates in 200 ml and 50% DS, with and without stirring, are compared.
It can be seen that during the first half hour, they are about twice larger with stirring and

become comparable after about 2 hours.

The degree of halite saturation (DSH) in the different DS dilutions

From the analytical data given in Table 2 the concentrations of all the major elements in
terms of molalities (mole / kg water) have been calculated. The degree of halite
saturation, DSH, has been calculated following Pitzer’s approach for hypersaline

solutions (Pitzer, 1973; Pitzer, 1975) and adopted for the Dead Sea (Krumgalz, 1982).

In Fig. 11a the molalities of Na (mole / kg water), measured in solution at the end of
each experiment have been plotted vs. the respective DSH values. For each initial DS
dilution (marked by open shapes) the gradual approach to saturation (marked by filled
shapes) follows a distinct pathway. The ‘saturation experiments’ have also been included
in this Figure and mark the approximate end of each pathway. Unlike the rest of the

figures in this report, (where dissolution was given as a function of time), Fig. 11a shows
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amounts of NaCl that can be dissolved in a certain DS dilution, regardless of time and of
experimental set up,. In Fig. 11b this feature appears even more clearly as only the
‘dissolution added’ molalities of Na (mole / kg water) have been plotted vs. DSH (the
‘added’ molality was calculated by subtracting the initial molality of the DS dilution from

the measured molality at the end of the experiment).

Summary and Conclusions

1. The present set of experiments shows that the dissolution rate of halite is relatively
fast, on the order of up to a few mg NaCl / cm” min, even in saline solutions such as
50% DS - 90% DS.

2. The wide range of DS dilutions, from 10% to 90%, the varying solution to surface
area ratios (from 6.7 to 27 ml solution per cm” halite) and the comparison between
stirring and no-stirring conditions (at 50% DS) enables us to estimate dissolution rates of
halite within a reasonable limit for a wide range of salinities and flow conditions.

3. As expected, the dissolution rate is related to the initial salinity of the solution, the
higher the salinity the slower the dissolution rate.

4. It is interesting to compare the dissolution rates obtained in this study with published
data. Alkattan et al. (1997a) report the dissolution rates of halite in solutions of 300 g
NaCl / liter (DSH = 0.94), at 25°C, for runs of 10 minutes performed at various stirring
speeds (the ratio liquid volume to solid surface is not given). At 35 rpm, 340 rpm and
2000 rpm the average dissolution rates were 2.1, 6.0 and 13 mg NaCl / cm® min,
respectively. We have worked with relatively more diluted solutions than Alkattan et al
(1997a), representing concentrations of brines and groundwater that do occur in the Dead
Sea system. The largest initial concentration in our experiments was 90% DS (DSH =
0.4). From the power best fit of the runs with 90% DS and no stirring, it can be
calculated that during the first 10 min 0.061 g NaCl / cm?” have been dissolved or on the
average about 6.1 mg NaCl / cm’ min. Figure 10b, which compares dissolution rates
with and without stirring, suggests that if we would have applied stirring in 90% DS, we

would have obtained during the first 10 minutes, a dissolution rate about twice larger than
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the above 6.1 mg / cm” min. Thus, although a direct comparison with published data is
not possible, our results are well within the range of published data.

5. The derived dissolution rates become relevant in two environments: a. at the
subsurface where groundwaters that are usually less saline than 50% DS (Yechieli et
al2006; Abelson et al. 2006), can dissolve halite layers, provided their flow is fast enough
(otherwise saturation will be reached soon and dissolution stops). A possible application
is the estimate of the rate of formation of sinkholes. Such a preliminary study was done
by Shalev et al (2006) which used the lowest dissolution rate (1.2 mg / cm® min)
measured in the experiments of Alkattan et al. (1997a). It seems that a better estimate of
sinkhole formation can be obtained with the results of the present study. b. the DS
surface layer, when it becomes diluted by floodwater it dissolves halite from the lake
floor in shallow areas and from the delta of the end brine (Beyth et al., 1998). A possible
application is the estimate of the amounts of halite that can be dissolved from these areas
by rising DS lake levels in winter.

6. Technical conclusions: a. experiments with stirring are reliable and exact, because the
solution is homogenous during the entire experiment and saturation with respect to halite
can be easily approached. In experiments with no stirring, stratification within the
reaction vessel hinders the dissolution rate and a fast approach to saturation. In natural
environments, the ‘real’ situation is somewhere in-between these two extremes. b. the
fact that saturation was observed in experiments with stirring suggests that the
quantitative calculations based on the analytical data and on the DSH program for the

Dead Sea system are satisfactory.
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Table 1.

Dimensions, weight and insoluble mater content of halite slices used in experiments.

slice diameter width total surface volume initial atend | insoluble calculated
no. area weight weight residue density
cm cm cm2 cm3 g g % gocm®

M2 (T1) ~3.6 0.73 28.6 7.41 17.6272 | 14.7712 13.0

M3 (T2) ~3.6 0.63 27.5 6.46 15.3620 12.6985 10.8

M4 (LT1) ~3.6 0.86 30.1 8.76 20.8471 | 2.2632* 10.9

M5 (LT2) ~3.6 0.70 28.3 7.10 16.8906  0.872* 5.2

M8 (LT1b)  ~3.6 0.60 27.1 6.09 14.4926  5.1954 17.7

M9 (LT2b)  ~3.6 0.52 26.2 5.28 12.5569 2.3368* 18.6

M10 (T3) ~3.6 0.73 28.6 7.44 17.6990 16.2947 16.7

M11 (T4) ~3.6 0.73 28.6 7.45 17.7338 16.7775 23.1

M13 (LT3) 3.60 0.51 26.11 5.21 12.4083 | 9.0092 6.6

M14 (LT4) 3.60 0.58 26.90 5.95 14.1527 | 10.5316 5.9

M16 (T5) ~3.6 0.69 28.1 7.05 16.7675  9.2776 5.4

M17 (T6) ~3.6 0.65 27.7 6.66 15.8401 8.0036 6.1

M19 (T7) ~3.6 0.64 27.6 6.47 15.4040 14.0543 16.4

M20 (T8) ~3.6 0.66 27.8 6.72 15.9936 | 13.2444 9.1

M22 (LT5) 3.55 0.84 29.15 8.31 16.3951 9.0234 5.0 1.97

M23 (LT6) 3.61 0.84 29.98 8.59 16.0878  8.3872 3.7 1.87

M24 (LT7) 3.51 0.87 28.88 8.37 14.8842  8.6559 4.0 1.78

M25 (LT8) 3.68 0.90 31.60 9.52 17.7185 12.8435 6.9 1.86

M27 (LT9) 3.67 0.84 30.83 8.88 17.6158  7.2469 4.6 1.98

M28 (LT10) 3.64 0.75 29.37 7.80 16.6477  6.9987 5.7 2.13

M29 (LT11) 3.68 0.86 31.20 9.14 19.7677  8.0349 5.3 2.16

M30 (LT12) 3.69 0.79 30.53 8.44 17.4343 5.298 2.5 2.07

M31 (LT13) 3.70 0.56 28.00 6.02 11.7097 | 9.3838 10.2 1.95

M32 (LT14) 3.68 0.65 28.77 6.91 14.8816 12.1767 5.6 2.15

M33 (LT15) 3.72 0.80 31.07 8.69 16.3812  12.6591 8.9 1.89

M34 (LT16) 3.69 0.73 29.84 7.80 16.0468 11.8529 5.5 2.06

M35 (LT17) 3.71 0.75 30.35 8.10 16.6403 | 10.5313 6.3 2.05

M36 (LT18) 3.66 0.90 31.37 9.46 19.1036 12.8629 4.9 2.02
LT19 3.56 0.68 31.08 6.72 13.7776 = 6.0213 7.3 2.05
LT20 3.64 0.66 32.23 6.87 14.4926  6.6928 5.2 2.1
LT21 3.57 0.66 31.22 6.60 13.7724  8.7718 4.3 2.09
LT22 3.63 0.63 32.09 6.52 13.2284  8.0456 4.5 2.03
LT23 3.64 0.75 32.23 7.80 15.8928 | 14.9243 19.4 2.04
LT24 3.63 0.69 32.09 7.14 15.1824 @ 13.951 12.7 213

M46 3.65 0.67 28.60 7.01 144596  3.6875 2.4 2.06

M47 3.62 0.69 28.42 7.10 14.4718  4.6712 4.9 2.04

M57 3.56 0.71 27.83 7.06 14.3744  1.2426 9.6 2.03

M58 3.66 0.77 29.88 8.10 15.7866  1.8534 6.1 1.95

M59 3.63 0.90 30.95 9.31 18.1344  4.3827 3.9 1.95

M60 3.62 0.83 30.01 8.54 16.968 3.7629 2.6 1.99

M62 ground halite 21.27 3.3

M63 ground halite 22.66 3.4

M64 ground halite 21.69 2.6

M65 ground halite 20.05 3.5

M66 ground halite 24.94 2.6

M72 3.60 0.88 30.29 8.95 20.6093 = 6.0301 4.1 2.30

M73 3.60 0.88 30.29 8.95 19.7527  5.5819 5.3 2.21

M74 3.45 0.70 26.27 6.50 13.6400 1.459 3.2 2.10

Table 1 continued




slice diameter width total surface volume initial atend insoluble | calculated
no. area weight weight residue density
cm cm cm2 cm3 g g % gocm?®
M76 3.68 0.83 30.85 8.82 17.2110  1.9278* 11.2 1.95
M77 3.60 0.95 31.09 9.66 19.0802 2.0072 6.7 1.97
M78 3.60 1.05 32.22 10.68 21.8664 | 11.8104 2.5 2.05
M79 3.83 1.00 35.06 11.52 22.7772 12.173 3.0 1.98
M81 3.64 0.78 32.23 8.11 16.3283  7.7088 5.2 2.01
M82 3.62 0.69 31.94 7.10 13.7008 5.5232 3.3 1.93
M83 3.61 0.86 30.15 8.75 17.8328  7.6528 5.1 2.04
M84 3.60 0.85 29.96 8.65 17.1565  6.9222 6.0 1.98
M87 3.58 0.92 30.46 9.26 18.6928  4.2947 2.7 2.02
M88 3.46 1.18 31.62 11.09 229968  3.4056 5.0 2.07
M89 3.57 1.16 33.01 11.61 22.7464  0.6267 6.5 1.96
M90 3.60 1.30 35.04 13.23 27.3808  3.0612 8.0 2.07
M94 3.65 0.68 28.71 7.11 14.1321 9.2342 5.1 1.99
M95 3.55 0.82 28.93 8.11 15.0150 8.6688 5.0 1.85
M97 3.55 1.06 31.60 10.49 20.8538 | 14.5823 6.1 1.99
M98 3.68 1.00 32.82 10.63 19.0928 12.4805 4.1 1.80
M101 3.44 0.87 27.98 8.08 15.1015 11.6218 71 1.87
M102 3.45 0.72 26.49 6.73 13.1672  9.6591 6.0 1.96
M103 3.55 0.90 29.82 8.90 18.1171 | 12.1543 3.6 2.04
M104 3.58 0.88 30.01 8.85 17.4662 | 11.4901 3.6 1.97
M105 3.62 0.86 30.35 8.85 15.112 10.191 34 1.71
M106 3.65 0.83 30.43 8.68 16.1417 = 11.5354 3.8 1.86
M109 3.59 0.74 28.58 7.49 15.4712  3.1999 2.7 2.07
M110 3.55 0.78 28.48 7.72 15.8553  4.9836 2.4 2.05
M111 3.54 0.70 27.46 6.89 12.4295 1.435 4.8 1.81
M112 3.63 0.66 28.21 6.83 11.9375  2.4654 2.7 1.75
M113 3.60 1.30 35.04 13.23 27.3915  9.6701 2.7 2.07
M114 3.60 1.34 35.49 13.63 26.9017 6.0786 3.6 1.97
M115 3.69 1.40 37.60 14.96 30.1345 5.293 2.7 2.01
M116 3.64 1.29 35.55 13.42 27.3614  5.4783 3.0 2.04
M121 3.562 1.25 33.27 12.16 24.4140 15.6016** 2.9 2.01
M122 3.35 1.25 30.77 11.01 21.9029 | 14.4003** 8.3 1.99
M123 3.6 0.85 29.96 8.65 16.6507 10.8442* 7.5 1.93
M124 3.28 0.83 25.44 7.01 14.3502 8.9755** 4.6 2.05
M125 3.41 0.76 26.39 6.94 13.1739 @ 7.7963** 4.3 1.90
M127 3.60 1.44 36.62 14.65 29.9896  4.5395 3.1 2.05
M128 3.68 1.51. 38.72 16.05 33.3779  5.9659 0.8 2.08
M129 3.65 1.77 41.20 18.51 39.2884 10.216 2.0 2.12
M130 3.67 1.81 42.00 19.14 40.2401 @ 11.3754 1.7 2.10
M132 3.67 1.75 41.31 18.50 37.5541 6.3959 1.8 2.03
M133 3.64 1.83 41.72 19.03 38.8135  6.8374 1.3 2.04
M135 3.63 1.94 42.80 20.07 424530  3.3907 1.9 2.12
M136 3.48 0.99 29.83 9.41 18.3752  3.3907 1.95
average™™| 2.003
std.dev. 0.104
* slice completely disolved; this is the weight of the insoluble residue
** NaCl was added into the Dead Sea dilution, prior to the slice \with added NaCl

*** grrors in halite density estimates are due to errors in measurements of slice dimensions
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