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Detachment mechanism
and reduced evaporation
of an evaporative NaCl salt crust

G. Licsandru'?, C. Noiriel?, S. Geoffroy?, A. Abou-Chakra?, P. Duru® & M. Prat***

Salt crusts forming at the surface of a porous medium are commonly observed in nature as well

as on building materials and pieces of our cultural heritage where they represent a risk for the
supporting substrate integrity. Previous research indicates that the salt crust can detach from the
porous substrate and severely reduces the evaporation. However, the current understanding of the
detachment mechanisms and the reduced evaporation is very limited. In the present experiment, we
evidence dissolution—precipitation processes as key mechanisms in the detachment process. We also
show that the crust remains wet and the observed reduced evaporation is explained by the formation
of tiny pores in the nanometer range and the Kelvin effect. The resulting crust permeability is very low.
Combined with previous results, this shows that the crust permeability is highly dependent on the
crust formation conditions. More generally, salt structures in a water vapor concentration gradient are
shown to be self-propelled systems capable to carry small objects such as, for instance, soil particles.
Our study has significance for understanding the impact of salt crusts on evaporation and the
associated important phenomena, such as soil salinization and porous material degradation inherent
to salt crystallization.

Salt precipitation in porous media has gained attention in relation with several processes, such as evaporation
in the critical zone'™, soil and rock weathering“, arable soil salinization”® or monument and construction
material degradation®!!. A key issue in this context is the impact of salt precipitation on evaporation®*>!2-17,
especially when precipitation results in the formation of a salt crust at the porous medium surface as commonly
observed in soils'® or building materials". Salt crust formation can severely reduce evaporation''*%. However,
the mechanisms leading to the evaporation reduction are yet to be unraveled. Also, the salt crust can disconnect
from the soil surface with the formation of an air gap between the crust bottom and the porous medium'?!.
However, the mechanisms leading to the air gap formation are not understood. Although it is tempting to relate
the two observations and speculate that the reduced evaporation is due to the air gap formation, we show that
this is not the case in our experiment.

Experiment
We present a dedicated 138 days experiment that focuses on the direct observation of the formation of the air gap
between a salt crust and the porous medium surface, as well as the evaluation of mass loss due to evaporation.
As shown in Fig. 1, the studied system consists in a salt crust suspended in a Hele-Shaw cell of 10 cm in height,
and with a cross section of 2 cm x 0.2 cm. Initially, the cell was rendered hydrophobic by silanization prior to
experiment to avoid as much as possible salt creeping??. The salt crust was formed prior to the experiment
as a result of a 130-days drying in the glass Hele-Shaw cell packed with glass beads of diameter in the range of
(1-50 um). The packing was saturated with a 25% (by weight) NaCl aqueous solution, thus close to saturation
(26.4% by weight). At the end of the drying process, the crust was formed at the packing top surface. Then, the
non-cohesive glass beads underneath the crust region were carefully removed from the cell and the porous salt
crust together with the upper surface bead packing was left suspended (Fig. 1a) in the cell.

The experiment starts with the supply of pure water in the adjacent glass cylinder reservoir (10 cm high and
1 cm in diameter) connected to the Hele-Shaw cell through a micro-channel in the polymeric base (Fig. 1a). The
water level was modified twice in the cylinder. First, the level in the cylinder was set low to hy,, =20 mm (meas-
ured from bottom) to avoid gas pressurization in the cell that could damage the crust. After 8 days, the water
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Figure 1. (a) Experimental setup at the beginning of the experiment, with the Hele-Shaw cell connected

to the adjacent cylinder. (b) Upward displacement of the porous crust and detachment from the glass bead
layer leading to the air gap formation. The red dashed line corresponds to the uppermost position of the glass
bead packing partially filling the cell during the drying step in which the crust forms. (c,d) Scanning Electron
Microscopy (SEM) observations of crust after the end of the experiment (c) detached porous salt crust and (d)
lower immobile layer after crust detachment.

level was gradually raised to k., ~ 43 mm in 10 h. Then the experiment was continued for 130 days without any
further water addition in the cylinder. Note that the cylinder is almost sealed at its top end to prevent for evapo-
ration, while maintaining atmospheric pressure through the long needle visible in Fig. 1a. The experiment was
performed in controlled environmental conditions, at room temperature T = 22 °C and relative humidity around
the cell H; ;,,r = 39% (using Rotronic Higropalm 2 fitted with a Rotronic Hygroclip SP05 probe). The setup is set
on a precision scale (Mettler Toledo AX205 with readability up to 10~ g) in order to record the water mass loss
due to evaporation every 100 s. Pictures of the experiment are taken at 1000 s intervals in portrait mode with a
Nikon D800E camera at a resolution of 7360 x 4912 pixels. A total of about 12,000 pictures were taken, resulting
in a data set of ~ 1.2 TB. The data set is used to follow the salt crust displacement dynamics, including the crust
top and bottom position changes with time, as well as the liquid levels in the cell and the cylinder.

Results

Air gap formation. As illustrated in Fig. 1 (and Supplementary movie), the major event occurring in the
experiment is the salt crust upward displacement and its full detachment from the porous medium. SEM obser-
vation in Fig. 1c shows that the moving layer is essentially formed by halite, i.e. NaCl crystals, with only a few
entrapped glass beads. By contrast, as shown in Fig. 1d, the immobile layer is essentially composed of glass
beads. This layer corresponds to the upper surface of the porous medium present in the Hele-Shaw cell during
the drying step leading to the formation of the salt crust. Nevertheless, NaCl crystals are visible in Fig. 1d. They
contribute to the immobile layer consolidation. As indicated in Fig. 2, detachment occurs after 9.5 days whereas
the total crust upper surface displacement over the experiment duration is about 8 mm (distances in Fig. 2 are
measured from the position of the top surface of glass bead packing which was present in the cell during the salt
crust formation drying step. This position corresponds to the red dashed line in Fig. 1b). This is about 8 times the
detached crust average thickness (Fig. 2, where the red plot in the inset corresponds to the raw data obtained by
image processing whereas the black line is obtained by regression from the raw data). The resulting air gap width
of about 8 mm is significant compared to the crust thickness and comparable to field observations'®.

Absorption and evaporation kinetics. The balance recorded mass variation (see “Methods”) is shown
in Fig. 3 with the mass variation corresponding to the liquid level variations in the cell and adjacent cylin-
der. The liquid levels variation is considered as corresponding to the water absorbed by the crust since the
level variations (outside of the two short filling periods) result from the mass transfer between the liquid
water surface in the cell and the crust bottom surface. The set-up weight variation corresponds to the evap-
oration from the crust top surface since this is the net mass loss from the cell—cylinder assembly, recalling

that the evaporation from th; cylinder is negligible. Thus the evaporation flux from the crust top surface can
1 4Myyeighting

be estimated as jeyap. = —3 — 4, > Whereas the absorption flux at the crust bottom surface is estimated as
. 1 dmy,, d . . . . .
Jabsorp. = — 5 THed = — & (Ahyeen + Agyihiyl.) » where ey s the liquid level in the cell and hyy, is the

liquid level in the adjacent cylinder (visible in Fig. 1a), A is the cylinder cross-section surface area,A is the
Hele-Shaw cell cross-section surface area and p is the liquid water density.

As can be seen from Fig. 3a, Myeighting = Miever 0ver the long crust upward displacement period after the
detachment and thus jeyap. & jabsorp. - By contrast, as shown in the inset in Fig. 3a, the mass variation computed
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Figure 2. Travelling crust top and bottom surface mean positions as a function of time. The inset shows
the changes in crust thickness as a function of time. The vertical dashed lines correspond to the complete
detachment of the salt crust.
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Figure 3. (a) Mass variations as a function of time after crust detachment. Comparison between the mass
variation measured by weighting (dark solid line) and the one computed from the liquid level variations (red
solid line) in the cell and adjacent cylinder. The inset shows the mass variations in the period before detachment
(dashed lines are fits showing the main trends). (b) Comparison between the measured evaporation rate in the
cell and the potential evaporation rate. The inset shows the relative humidity variation at the cell top.

from the liquid level variation in the adjacent cylinder and the cell before detachment is greater than the mass
loss measured by weighting. Consequently, the water absorption rate by the crust is greater than the evaporation
rate (jgbsorp. > jevap. )> and that specific period is referred to as the net absorption period.

Evaporation is lower than the potential evaporation. The potential evaporation is the evaporation
rate assuming that the crust top surface is covered by a saturated brine film. The relative humidity at the saturated
brine surface is Hy sq; = 0.75. From FicK’s law and under the usual quasi-steady assumption, the potential evapo-

. Hr 54 *Hr in . . . . .
ration flux is thus given by jevap.—por. = Dy % Dusat % , where D, is the binary diffusion coeflicient of

the vapor in the gas phase, R is the universal gas constant, M, is the vapor molecular weight, ; is the distance
between the crust top surface and the cell top, H, iy is the relative humidity measured at the cell top. The poten-
tial evaporation is compared to the evaporation rate determined from the measured set-up weight evolution
during the long period after detachment in Fig. 3b. As can be seen, the evaporation rate is significantly lower
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Figure 4. Evolution of the force exerted on the crust due to the gas pressure difference between the crust top
and bottom. The force is scaled by the crust weight. The inset shows the variation of water levels in the cell
(black) and the adjacent cylinder (red). Levels are measured from the bottom (top of polymeric base in Fig. 1a).

than the potential evaporation, i.e. jeyap, < Feva p—pot. The ratio jeyap./ v p.—pot. decreases all along the consid-
ered period and can be as low as about 15%.

Analyses and explanations

Crust upward displacement and gas pressure in the cell. As can be seen from Fig. 1a, the liquid
water level in the adjacent cylinder is higher than in the cell at the beginning of the experiment. Figure 4 shows
that the cell and the adjacent cylinder liquid level dynamics is more complex than one could assume based on
the system simplicity. Noting that the cell is rendered hydrophobic by silanization, the gas pressure in the cell can
be determined assuming hydrostatic equilibrium between the liquid water in the cylinder and the cell:
Py_cell = Patm + (Miieyt — hitcenn) prwg — v cost/a, wherey is the surface tension (72 x 102 N/m),d is the contact
angle in the cell after silanization, i.e. & ~ 110-120° and g = 1 mm is the cell aperture half. Based on the liquid
level variations depicted in Fig. 4, the pressure in the cell can therefore be greater or lower than the atmospheric
pressure. This indicates that the gas pressure below the crust can be different from the pressure above the crust.
One can therefore wonder whether this pressure difference plays a role in the crust upward displacement. To
clarify this point, the force exerted by the gas on the «crust is computed as
Fg = (Pg_cet1 = Patm)A = ((hllcyl — hiicen) prwg — ycosf/a)A and is compared to the crust weight computed as

Wy = Ahc(ecps + (1 — &c) per)g » where b, is the crust thickness, e, is the crust porosity (taken equal to 0.25 as
indicated by a mercury intrusion porosimetry measurement (see “Methods”)), ps is the NaCl saturated brine
density (1200 kg/m?), p,, is the crystal density (2160 kg/m?), g is the acceleration due to gravity. The comparison
in Fig. 4 shows that Fy is actually negative (the gas pressure above the liquid water level in the cell is less than the
atmospheric pressure) over most of the experiment. The conclusion is therefore that a gas pressurization effect
in the cell cannot be invoked to explain the crust displacement. Furthermore, since the gas pressure tends even-
tually to be less than the atmospheric pressure (the computed difference is on the order of a few tens of Pa) as the
gas volume between the liquid water at the cell bottom and the crust expands, it can be concluded that the mov-
ing crust gas permeability is extremely small.

Air gap formation as a dissolution—precipitation process. The remarkable upward displacement
depicted in Fig. 1 is explained by a dissolution—precipitation process which implies that the crust is porous
and wet. The porous nature of the crust is confirmed by mercury intrusion porosimetry (see below). Then, the
question is whether the crust porosity is dry or filled with liquid. As mentioned earlier, the slight cell gas depres-
surization and the associated extremely low crust gas permeability is a first element in favor of a liquid saturated
crust. The presence of liquid in the crust is also explicitly indicated by a wall reflection effect** as illustrated in
Fig. 5 (also visible in Supplementary movie). Hence, in the net absorption period, the brine gradually fills the
pores in the crust until saturation.

The dissolution-precipitation process is due to vapor partial pressure gradients in the cell and associated
diffusive transport. At the cell bottom, the vapor partial pressure above the pure liquid water interface is equal
to the saturated vapor pressure, denoted by pysa . At the cell top, the vapor partial pressure, p,_cel—1op » is lower
and very close to the vapor partial pressure imposed in the enclosure of controlled relative humidity and tem-

perature (see “Methods”). Thus, py—cell—top = HyrinfP,,, Where Hy s is the enclosure relative humidity. In the
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Figure 5. Observation of a greyish optical signal on the cell walls. The signal is visible on both sides when the
crust moves upward, and indicates the presence of liquid water in the moving crust.
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Figure 6. Schematic of displacement mechanism when the travelling layer is still embedded in the immobile
layer (a) and after detachment (b).

solution saturated crust pores, the brine NaCl concentration is expected to be very close to thermodynamic
equilibrium. The vapor partial pressure at the surface of a NaCl saturated aqueous solution is py_crust = 0.75pysar
. As aresult, the situation in the cell is py_cei—pottom > Pv—crust—surfaces > Py celi—top These differences in vapor

partial pressures induce a water transport by diffusion between (1) liquid water at the cell bottom and the salt
crust bottom and (2) the salt crust upper surface and the cell top. Consequently, the crust absorbs water at its
bottom as the result of water vapor condensation whereas evaporation takes place at its top. Since the crust
thickness does not change appreciably after detachment (Fig. 2), water does not accumulate significantly within
the crust during the crust displacement. As a result, the water absorbed at the crust bottom is transported within
the crust pore space up to the crust top surface, where it evaporates. This is an indication that the crust pore
network is percolating. Hence, solute transport takes place through the crust while water vapor condensation at
the crust bottom leads to crystal deliquescence?, i.e. dissolution, and evaporation at its top induces
precipitation.

This dissolution—-precipitation displacement mechanism is sketched in Fig. 6. The displacement is quite slow.
Thus, temperature variations associated with the liquid-vapor phase change processes occurring in the cell can
be neglected. This scenario leads to the following relationships (adapted from ref.?) relating the displacement
of the travelling crust top and bottom surfaces with the evaporation flux (top surface) or the absorption flux
dzm _ Csatjt [l] dziey Csatjip |:

T por(1—=ec)(1=Csat) | 14+Da |> dt  — pere(l—e)(1=Csqat) | 1+Da
mass fraction (26.4%),zm is the travelling crust top surface mean position, z;., is the travelling crust bottom
surface mean position, j; is the evaporation flux at the travelling crust top surface,j, is the absorption flux at
the travelling crust bottom surface, & is the crust porosity and Da is the Damkohler number characterizing the
competition between the precipitation-dissolution reactions and ion transport within the crust?; ¢ is the immo-
bile bead layer porosity (taken equal to 0.36) when the travelling crust is partially embedded. After detachment,
e=1. The evolution of the travelling crust top and bottom surface positions within the cell was computed from
these equations, using the evaporation flux determined from the mass loss experimental data, and the absorption
flux from the liquid level variations in the cell and the adjacent cylinder. The corresponding curves are the blue
and red dashed lines labelled “Model” in Fig. 2. The agreement between the model and the experimental data
represents an additional element in favor of the dissolution—precipitation mechanism. Note that Da has been
used as a fitting parameter, equal to 2.7 in the present study. Da requires information such as the crust interfacial
area per unit volume or the crust effective diffusion coeflicient® to be determined directly, i.e. not through a
fitting procedure. This information is currently unavailable in literature.

Whereas the displacements of the crust top and bottom surfaces are similar after detachment, it can be seen
from Fig. 2 that the bottom surface displacement is faster than the top surface displacement before the

(bottom surface), = ] where Cy;; is the solubility ion

Scientific Reports |

(2022) 12:7473 | https://doi.org/10.1038/541598-022-11541-w nature portfolio



www.nature.com/scientificreports/

0.006 T
i L4 i

— 0.005 i} -

=)

=

g
T

“o 40 80 120

time (days) 0.003

0.002 |+ .

dV/dLog(r) (ml/g/nm)

— 1 -
0.001 ' :.'\
HE

0 20 40 60 80 100 120 140 1 10 100 1000 10000 1e+005
@ time (days) E] Pore radius (nm)

Figure 7. (a) Variation of menisci curvature radius at the crust top surface compatible with the evaporation
rates observed in the experiment according to Kelvin relationship. The inset shows the computed relative
humidity at the travelling crust top surface. (b) Salt crust pore size distribution from mercury intrusion
porosimetry (see “Methods”).

detachment. This was expected because the available space for the displacement is less when the crust bottom
surface is moving in the immobile layer (this corresponds to the factor ¢ in the relationship

dzep Csatjb
dt 7 pere(1—ec)(1—Csat)
displacement of the crust bottom surface before detachment. The main factor lies in the absorption flux j, which

is greater in this period than the evaporation flux as discussed before and shown in the inset in Fig. 3a.

[1_13—1“)“] ). However, the consideration of this effect is not sufficient to explain the faster

Reduced evaporation, Kelvin effect, pore sizes on crust top surface. Since the crust is wet and the
evaporation rate is less than the potential evaporation (Fig. 3b), the conclusion is therefore that the relative
humidity at the crust top surface, Hy. s , is less than H, g4 . Using again Fick’s law, the relative humidity at the

Hr Cl 7Hr in
=—AD, %pmtw , where both

Mueighting @nd by are experimental data. For the long period after detachment, this leads to the results displayed
in the inset in Fig. 7a. As can be seen, the average relative humidity at the travelling crust top surface is signifi-
cantly lower than the relative humidity (0.75) at the interface with a saturated brine. This happens for instance
during drying (see ref.?’) when the porous medium surface is partially dry. However, the salt crust displacement
is remarkably stable, the top surface topography does not change significantly while it moves upward. Therefore,
the travelling crust top surface pores must be uniformly wet and not partially dry. Then the question is how the
evaporation rate from a porous surface with wet pores can be significantly lower than the potential evaporation.
According to the literature, two main mechanisms can explain such a vapor pressure reduction. A first option is
when the surface pores are sufficiently spaced from each other. This option can be explored using a relationship
a1

proposed by Schliinder?, expressed as - ~ >
Jpotential 1+ zyzdﬁ
t

. . dAMygeighii
crust top surface can be determined from the equation <

, where d is the mean distance between the pores and

rp is the mean surface pore diameter. Using this formula leads to the desired evaporation rates only for extremely
low surface porosity in the range [1077-107]. Such low values are unlikely, given again that the crust top surface
morphology does not change significantly during its displacement. The other mechanism which is much more
likely to happen is the Kelvin effect?. The Kelvin effect refers to the modification of the equilibrium vapour pres-
sure p,, due to the liquid-gas interface curvature. It can be computed from the relationship
Hroq = Dot = exp (— g 222
vapour interface (thus p,,=0.75 p,,, for a saturated NaCl aqueous solution), y is the surface tension, 8 the contact
angle (0~0%), p; the liquid density; r is the liquid-gas interface curvature radius considering a pore entrance
spherical shape. For the values of H,; reported in Fig. 7a, Kelvin relationship leads to the meniscus curvature
radii depicted in Fig. 7a. As can be seen, the curvature radii are in the range (3-4 nm).

In other words, the travelling crust low evaporation rate results from the reduced partial vapour pressure
at the travelling crust top surface due to the combined effect of the presence of the salt in the solution and the
sufficiently high menisci curvature for the Kelvin effect to have an impact. The menisci curvature would adapt
during the crust displacement so as to obtain an evaporation rate equal to the maximum possible evaporation
rate, the latter corresponding to the absorption rate at the crust bottom surface.

) , where p,, is the saturation vapour pressure corresponding to a flat liquid-

Mercury intrusion porosimetry. The existence of very small pores compatible with the required magni-
tude of the Kelvin effect, is confirmed by mercury intrusion porosimetry. In order to get pore size information
from mercury intrusion porosimetry (MIP), porous salt crusts were formed using the same approach as for
the Hele-Shaw cell experiment but with the glass bead packing set in a cylinder (3.6 cm in a diameter, 5 cm in
height) instead of the Hele-Shaw cell. The set-up helps to obtain a representative salt crust sample at the end
of the experiment. For all the samples tested, the formation of a porous crust with reduced evaporation was
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Figure 8. Detached crust permeability estimate as a function of time.

observed. Thus, the crusts obtained from the cylinder experiments are expected to be reasonably representative
of the detached crust in the Hele-Shaw cell. Figure 6b shows the pore sizes obtained by MIP for the tempera-
ture and relative humidity the closest to the ones in the Hele-Shaw cell experiment, i.e. ~22 °C, ~40%. As can
be seen, the pore sizes obtained by MIP are in quite good agreement with the theoretical estimates reported
in Fig. 6a. Also the MIP indicates a crust porosity of 25%. In fact, MIP was performed on three different crust
samples, all corresponding to reduced evaporation situations. MIP indicated pore sizes comparable to the ones
shown in Fig. 6b for the three samples tested. Although such small pore sizes are close to the measuring limit of
the machine®!, the fact remains that the three samples examined show the same trend with the presence of pore
sizes in the range of a few nanometers in diameter. Hence, the consistency of the MIP results with the pore size
estimate based on the evaporation rate and the Kelvin relationship gives confidence in the explanation of the
reduced evaporation.

Crust permeability estimate. An estimate of the crust permeability can then be determined from the
requirement that the viscous pressure drop across the crust be compatible with the meniscus curvature depicted
in Fig. 7a, i.e. the capillary pressure difference between the crust top and bottom surfaces. Consider that the crust
is wet and saturated by brine. Then the corresponding viscous pressure drop across the crust required to reach
the desired crust top surface meniscus curvature levels is §p = M , assuming that the meniscus curvature
radius is much larger at the crust bottom surface (since liquid water forms there one can assume that the bottom
surface capillary pressure jump is negligible compared to the top surface capillary pressure jump). As shown in
ref.?, the velocity induced in the crust can be estimated as a function of the evaporation flux as pV = (1 + @)j;

Csat (PEc+per (1—8c)) Da
Per(1—ec)(1=Csar) 1+Da

an estimate of the crust permeability k as, k = , where hy, is the travelling crust thickness (Fig. 2) and
y is the solution dynamic viscosity. For 6=0% the Values of r depicted in Fig. 7a and the evaporation flux values
in the experiment, the estimate of k shown in Flg 8 is obtained. As can be seen, k is in the range (0.2 x 1072'-0.3
x 1072') m? over most of the detached crust displacement period. This is a quite low permeability but consistent
with pore sizes below 10 nm (Fig. 7).

The crust permeability estimate is on the same order of magnitude as the values reported for salt rock
permeability™. By contrast, the permeability reported in ref.** is several orders of magnitude greater (~ 10712 m?).
The latter was measured for a salt crust forming on a coarse porous material (a sand with a mean grain diameter
of 240 pm). It has been shown'® that the porous substrate mean pore size has a great impact on the evaporation
rate in the presence of a salt efflorescence. The evaporation rate was comparable to the potential evaporation for
a sufficiently coarse porous substrate whereas a significant evaporation rate reduction was obtained for a porous
substrate with small mean pore size, i.e. in the micronic range in the experiments reported in ref."”. This is an
indication that the efflorescence pore sizes are correlated to the substrate pore sizes. It was inferred that the higher
the pore size in the substrate, the higher is the pore size in the efflorescence. In other words, the crust perme-
ability is highly dependent on its formation conditions and in particular on the mean pore size of the porous
medium at the surface on which it forms. From the present study and ref.?3, it can be inferred that the salt crust
permeability can vary by several orders of magnitude depending on its formation condition.

where o =

(thus o =0.3 for Da=2.7 and &, = 0.25). Applying Darcy’s law, one obtains
(1+0t)jthn
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Salt solubility in nanopores and in water in tension state. In the analysis, the possible pore size
impact on salt solubility was not considered. Molecular dynamics simulations® indicate that confinement in
nanopores has a noticeable impact on solubility for pores less than 1 nm, thus smaller than the ones considered
in this study. However, it has been reported that the solubility increases when water is in tension state due to
capillary effects®. The capillary pressure jump for a pore of radius 3 nm (Fig. 7a), is 55 MPa. This would cor-
respond to a 18% solubility increase®. The solubility increase can reduce the vapor pressure at the menisci since
the greater the ion concentration the lower is the equilibrium water vapor pressure. This effect could in part
explain the reduced evaporation rate in conjunction with Kelvin effect. However, this would not change the main
conclusion that the crust is wet and the pore size is on the order of a few nanometers at the crust top surface.

Discussion and conclusion

We reported on the dynamics of a salt crust with full detachment from the porous substrate. From optical
visualization, mass variation measurement and theoretical considerations, we were able to explain the air gap
formation, whose size is similar to field observations'®, by dissolution-reprecipitation process driven by a vapor
partial pressure gradient. In order to simplify the determination of the mass transfer rate underneath the crust
from the liquid level variations in the cell, the porous medium was initially removed except for a thin upper layer.
Nevertheless, the considered situation has equivalents in nature, for instance when the water table in the soil is
sufficiently far away from a salt crust. However, the full detachment observed in our experiment is favorized by
the Hele-Shaw confined geometry and the presence of the cell lateral walls. Nevertheless, we believe that the
Hele-Shaw situation reported and analyzed in the present article is representative of the salt crust local detach-
ments observed in nature'®. We have also shown that the evaporation from a wet crust can be significantly lower
than the potential evaporation. This result is important since it explains the very low salt crust evaporation rate
often observed experimentally, without hypothesizing a dry crust that acts as a water vapor diffusion barrier'**.
Although a dry crust situation is possible, considering the crust as wet should be a better assumption in many
situations. For instance, when the liquid saturation is high in the porous medium while the crust forms, a quite
common situation since the liquid must be connected to the porous medium surface for the crust to form.
Furthermore, the present study shows that the salt crust does not need to be hydraulically connected to the
liquid phase in the porous medium to be wet. Both results, i.e. the detailed identification of an air gap formation
mechanism and the reduced evaporation from a wet crust due to the formation of sufficiently small pores are
new. They constitute important advances in the understanding of salt crust dynamics and associated phenom-
ena. They open new perspectives for the analysis, understanding and control of important related phenomena
such as the salinization of soils, the evaporation in the critical zone or the damages due to salt crystallization in
porous materials.

Methods

Experiment repeatability. The paper is based on a 138-day experiment, which was in fact preceded by
a 130 day long drying step during which the salt crust formed in the Hele-Shaw cell. The initial crust growth
period of 130 days is long in this type of experiment due to the reduced evaporation rate. In order to have a
representative volume of crust to suspend, long periods of time are required. Therefore, with the drying step,
the total duration of the experiment is 268 days. Because of its quite long duration, the experiment has not been
repeated under exactly the same conditions. However, as indicated below in the section on the scanned electron
microscopy shorter experiments have been performed under similar conditions and have led to the same major
results (salt crust upward migration and reduced evaporation). As indicated above in the section on the mer-
cury intrusion porosimetry, the experiment has also been performed in cylindrical vessels. Again, crust upward
migration and reduced evaporation were obtained. These features are therefore generic. For the article, we have
chosen to consider our longest and best documented experiment.

Image processing. Image processing was performed with Fiji*® using well-established filtering and general
binary operations applied either globally or locally to the images. First, all the pictures were registered in order
to correct for the lateral drift, which occurs when the camera runs for a long period of time. The plugin used
in order to correct for this issue can be found in ref.* and gives an average displacement of 0.4072 pixels (this
represents the mathematical average offset applied over the whole stack). Some issues were encountered while
detecting the crust bottom surface when it’s still embedded in the porous medium. To overcome this problem,
a small amount of manual linking was applied to restore the interface continuity. Accuracy of the processing
procedure was verified both by eye inspection and by curve plotting comparison (between registered and non-
registered data sets) in order to check for inconsistences.

Liquid level and crust limiting surface positions from processed images. Positions of crust top
and bottom surfaces were measured by image processing considering 13 vertical lines of pixels evenly distributed
over the cell width (the pixel lines are indicated by small white arrows in Fig. 1b). Due to some local salt creep-
ing over the cell wall toward the end of the experiments (the salt creeping is visible in Fig. 1b in the rightmost
picture); the three rightmost pixel lines were eventually discarded. Therefore, positions shown in the figures and
considered in the analysis correspond to arithmetic averages over ten vertical pixel lines. The liquid level in the
adjacent cylinder and cell were determined using an identical procedure considering one vertical pixel line (by
the cell wall and for the cylinder at the meniscus middle).
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Scanned electron microscopy (SEM). SEM images in Fig. 1 have been obtained when both layers were
deemed dry. Note that the samples used to obtain the images are from a similar experiment with a shorter overall
duration: 27 days for forming the suspended crust and 21 days of crust displacement. The high vacuum SEM
(HIROX Tabletop SEM SH-4000M) analysis has been done after proper treatment of the samples (drying), in the
same conditions as during the experiment, this giving a necessary technical time between the end of the experi-
ment and analysis of about 4 months.

Mercury intrusion porosimetry (MIP).  MIP was performed with a Micrometics AutoPore IV 9500 appa-
ratus. The device measures the volume of mercury invading the porous sample while the mercury pressure is
increased step by step. For a given pressure step, the pore radius is estimated from Young-Laplace equation
assuming cylindrical pores. Defining the specific invaded volume V as the mercury intrusion volume divided by

the volume of the sample, the pore size distribution is obtained by plotting the differential volume #Z(f) asa
function of the pore size obtained from the Young-Laplace equation as exemplified in Fig. 7b. More information
on the technique can be found in ref!.

Data availability

Data are available from the corresponding author on reasonable request.
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