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Abstract The salt concentration gradually increases at
the soil free surface when the evaporation rate exceeds the
diffusive counter transport. Eventually, salt precipitates
and crystals form a porous sodium chloride crust with a
porosity of 0.43 £ 0.14. After detaching from soils, the salt
crust still experiences water condensation and salt deli-
quescence at the bottom, brine transport across the crust
driven by the humidity gradient, and continued air-side
precipitation. This transport mechanism allows salt crust
migration away from the soil surface at a rate of 5 pm/h
forming salt domes above soil surfaces. The surface char-
acteristics of mineral substrates and the evaporation rate
affect the morphology and the crystal size of precipitated
salt. In particular, substrate hydrophobicity and low evap-
oration rate suppress salt spreading.
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1 Introduction

Salt precipitation plugs pores and generates crystallization
pressure that can damage stone, concrete, and ceramics
[4, 6, 7, 17, 25-27], affect roads and underground struc-
tures [2, 19, 21, 22], and diminish farming land [1, 23].
Climate change may worsen salt precipitation and its
impacts [11].

Salt creeping (i.e., crystal development on various
substrates) is driven mostly by evaporation. The
pioneering work on salt creeping along glass walls con-
cluded that capillarity draws solution upward to the
growth front through tiny spaces among crystallites or
between the crystallites and the glass wall [37]. It is later
suggested that the solution is transported over rather than
under the crystallites, given the limited space between the
growing crystals and the glass wall [13]. Yet, a recent
study using a high-magnification microscope reveals that
K;Cr,0; crystal growth is largely determined by the
solution transport between the crystallites and the sub-
strate [34].

Recent studies have addressed crystal growth in pores
and ensuing damage [3, 9, 28, 31-33], the mechanisms of
efflorescence and subflorescence, as well as their emer-
gence as part of transport/evaporation processes [8, 12, 18,
24, 29, 35, 38]. However, the formation and physical
properties of salt crusts remain poorly known, primarily
due to their thin and fragile characteristics that challenge
laboratory experiments [29]. This study explores the for-
mation and migration of the halite (sodium chloride) salt
crusts in soils, quantifies the internal structure of the crusts,
investigates the effect of the mineral substrate surface
conditions on crystallization, and speculates underlying
mechanisms of crust migration and detachment from soil
surfaces.
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2 Experimental studies

We study salt precipitation and crust formation in soils
using sand columns saturated with brine (the experimental
setup is sketched in Fig. 1). The transparent acrylic cylin-
der (inner diameter d.,, = 76.2 mm, water contact angle
71°) is filled with loosely packed quartzitic sand (Ottawa
#20/30 sand, mean grain size dso = 0.72 mm, roundness
R, = 0.9, coefficient of uniformity C, = 1.2, void ratio
e = 0.7). The sand column is connected to a brine reservoir
(NaCl saturated aqueous solution—35.9 g NaCl per 100 g
of water at room temperature) to form a free water
table inside the specimen about 20 mm below the specimen
surface but within the capillary rise (Fig. 1). A high
evaporation regime is imposed at the top of the sand sur-
face by continuously blowing low-humidity air (20 °C,
relative humidity RH = ~45 %). Initial evaporation rate
is h = 3.5 x 107> g/mm?/s measured using a high-preci-
sion balance.

Efflorescence starts closer to the air outlet where the
evaporation rate is the highest. Sporadically distributed
efflorescence crystallites create more evaporation surface
and accelerate water evaporation [29, 35]. Continued
crystallizations spread out toward the wall of the acrylic
cylinder and gradually cover the entire soil surface forming
a crust. This crust continues to evolve and eventually
develops into a salt dome that becomes separated from the
soil surface and acts as a barrier that slows down
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Fig. 1 Experimental configuration. Ottawa #20/30 sand is packed in
an acrylic cylinder (inner diameter d.,; = 76.2 mm). The bottom of
the soil specimen is connected to a constant head brine reservoir
(NaCl saturated aqueous solution). Air at RH ~45 % blows above the
specimen to promote evaporation
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evaporation. The salt dome or crust can migrate upwards
away from the soil surface apparently “climbing” against
the cylinder wall. Differential image processing shows that
new salt is continuously precipitating on the crust surface
(Fig. 2), yet the crust thickness remains relatively constant
after detaching from the soil surface. The upward move-
ment of the salt crust has an average speed of approxi-
mately 5 pm/h (for the first 600 h, with a tendency to slow
down) under the experimental conditions imposed in this
study (Fig. 3). Additional experiments using hydrophobic
cylinders (Teflon, water contact angle ~ 110°) show very
limited salt precipitation ahead of the crust on hydrophobic
walls, but a detached salt dome still forms.

Salt crust samples are investigated using scanning
electron microscopy (SEM). SEM images in Fig. 4 clearly
show that sodium chloride salt preferentially precipitates in
cubic-shaped crystals that are packed heterogeneously to
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Fig. 2 Salt crust formation and regeneration during migration. White
color represents newly precipitated salt with respect to the image
taken at time zero. Images of crust migration processed here are taken
after the crust has separated from the soil surface
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Fig. 3 Salt crust migration away from the sediment surface. As
evaporation continues, the salt crust migrates with an average speed
of ~5 um/h during our observation period. Four different symbols
here show results of four different runs
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Fig. 4 Porous nature of salt crusts. Photograph (a) and scanning electron microscope images (b, ¢, d) show high porosity and connected micron
to submillimeter scale channels. Images (b), (¢), and (d) are taken at the fop (evaporation side), middle, and bottom side of the crust

form a very porous structure (see also SEM and ESEM
images in [5]). This structure is traversed by inter-con-
nected pores and channels that vary in size from microm-
eters to millimeters. The porosity of this highly porous
crust is experimentally determined for the first time using
paraffin wax to avoid salt dissolution. The measured
porosity of twelve crusts is n = 0.43 + 0.14 (five mea-
surements for each crust).

3 Analyses and discussion
3.1 Salt crust formation conditions

Evaporation drives the advective transport of solution (i.e.,
water and hydrated Na™ and Cl™ ions) to the free soil
surface. As water evaporates, ions remain near the free
surface. Eventually, salt precipitates on top of the soil
specimen (i.e., efflorescence) when the local salt concen-
tration reaches the critical supersaturation (a sufficiently
high supersaturation at which crystallization starts to
occur). Meanwhile, downward diffusion works against the
development of a high salt concentration layer. Thus, crust
formation reflects the balance between water evaporation,
solution advection, and salt diffusion.

In evaporation-driven advection, the fluid velocity in
pores v [m/s] is related to the evaporation rate & [g/mm2/s]
through water mass conservation as a function of the sedi-
ment porosity n and the solution mass density p;: v = h/
(npy). In general, the evaporation rate decreases with salt
concentration [20]; however, early efflorescence may
increase the evaporation rate as the exchange surface
increases [29]. On the other hand, fully developed salt crusts
inhibit water evaporation. Still, evaporation continues
through the crust; in fact, evaporation is required to maintain
the salt crust or dome, as it would otherwise diffuse away into
the saturated bulk solution [14].

The equation for convective-diffusive salt transport in
porous media can be written in dimensionless form as [12,
16]:

00 b P,

0P
o agz_l—il’er{(c_l)_—“p} (1)

oC

where @ = p,./po is the salt concentration p, . at time
t and location z relative to the far field concentration p,.
The dimensionless time t = rD/L* is the elapsed time
t normalized by the diffusion constant D and the specimen
length L. The dimensionless depth is { = z/L. Finally, the
Peclet number P, compares diffusion and advection times
P, = typltaa, = (L/D)(LIv) = vLID, where v is the
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advection velocity within pores; when Pe < 1, diffusive
transport is more efficient than advection and the ionic
concentration remains uniformly distributed throughout the
medium; while when Pe > 1, advection prevails and a
concentration accumulation at the evaporating surface
occurs. The concentration—depth relations computed with
Eq. 1 are shown in Fig. 5a for different Peclet numbers.
High evaporation—advection rates, i.e., high Peclet num-
bers, are needed to increase the salt concentration at the
sediment surface in order to cause efflorescence. Salt pre-
cipitation may still occur at low Peclet numbers but as
subflorescence. Note that in evaporation-driven conditions,
the Peclet number can be written as Pe = hL/(nDpj).

Surface evaporation cannot drive advection in systems that
are disconnected from a brine reservoir (i.e., no continuous
salt solution supply). In this case, the fluid front recedes during
evaporation, while salt concentration increases. Diffusion
tends to homogenize salt concentration and suppresses salt
precipitation once the diffusion rate exceeds the evaporation
rate. Therefore, besides low advection rate, low evaporation
rate also suppresses crystallization (Fig. 5b).

3.2 Salt crust migration mechanism

Figure 6 schematically illustrates a mechanism proposed
herein to explain salt crust migration along the internal
wall of acrylic cylinders after detaching from soil surfaces.
The detached salt crust hinders evaporation from the soil
specimen; thus, the enclosed gap between the soil and the
salt crust has a high relative humidity, probably near vapor
saturation next to the soil surface. Water molecules from

the vapor condense on the bottom of the salt crust forming
thin films with properties similar to liquid water [10, 18]
and eventually lead to salt deliquescence at the bottom of
the crust, where the relative humidity reaches the equilib-
rium RH,, = 75 %. The vapor pressure difference between
the bottom (RH = 75 %) and the top (RH = 45 %) of the
salt crust drives the brine solution (from salt deliquescence)
across the porous crust to the outer surface, where water
molecules evaporate leaving precipitated salt behind. This
condensation—deliquescence—transportation—precipitation
sequence underlies the upward migration of salt crusts.

The saturated salt solution forms a thin film along walls
[15] and sallows solution transport to the crust depending
on humidity and the solution concentration [15, 38].
Therefore, the solution film along the cylindrical wall
sustains the crust migration. However, the fact that salt
crust domes are encountered in natural semiarid environ-
ment where there are no walls for transport along solution
films suggests that the mechanism of crust migration driven
by humidity gradient proposed earlier governs the upward
migration of salt crust in nature. Moreover, we observed
continuous salt precipitation in the central part of the crust
but relatively constant crust thickness once the crust deta-
ches from the soil surface. This observation also favors the
self-migration mechanism.

3.3 Effects of substrate surface characteristics
The contact angle and surface tension vary with salt con-

centration [30]. A complementary set of droplet tests is
conducted to investigate the effects of substrate surface on
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Fig. 5 Efflorescence conditions: dimensionless analyses. a Salt concentration profiles at dimensionless time T = 0.1 as a function of Peclet’s
number for a system with unlimited supply of solution (i.e., @ = 1 at z/L = 1) during evaporation-driven advection through porous media. When
the Peclet number is small (e.g., Pe = 0.1), diffusion prevails and lowers salt concentration at the evaporation front. At large Peclet numbers
(e.g., Pe = 10), salt accumulates at the evaporation front where efflorescence eventually occurs when the salt concentration reaches its critical
supersaturation. b Efflorescence can be suppressed by slow advection rate in systems connected with continuous brine supply as in (a), or slow
evaporation rate in closed system disconnected with brine reservoirs or underneath the salt dome
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Fig. 6 Hypothesized crust migration mechanism. Vapor condenses and dissolves the salt at the bottom of the crust. The relative humidity
gradient across the crust drives ions and water migration through interconnected channels within the crust. Evaporation leaves precipitated salt on

the crust upper surface

NaCl salt precipitation characteristics. The size of precip-
itated salt crystals from aqueous salt droplets (concentra-
tion ¢ = 35 g/L, similar to that of seawater) increases as
the evaporation rate decreases, regardless of substrate
surface characteristics (Fig. 7a, see also [36]). Once the salt
crust detaches from the bulk solution, the ongoing disso-
lution—crystallization cycle is limited by saturated solution
supply, resulting in lower precipitation rates and crusts
with larger crystallites.

We also observed that droplets curl on hydrophobic
surfaces (Teflon) but spread out on hydrophilic surfaces
(calcite, contact angle 38°) during evaporation; droplets
(with identical amount of solution) on hydrophobic sur-
faces evaporate slower and leave behind larger salt crystals
than droplets on hydrophilic calcite (Fig. 7b).

The initial crystallization in the droplet starts near the
rim. Further development of the crystals is affected by
substrate surface characteristics. The adherence of first few
crystallites on the hydrophobic substrate is weakened by
the solution transport between the crystallites and the
substrate, and the receding of the droplet during evapora-
tion draws the crystals backward (Fig. 7b—Ileft image).
However, the first few crystallites tend to adhere to
hydrophilic substrate and subsequent evaporation of solu-
tion transport over and along the crystallites sustains out-
ward crystallization (Fig. 7b—right image). These two
processes are also called “top supplied creeping” and
“bottom supplied creeping”, respectively [34]. Therefore,
besides the suppression of solution protruding the crystal-
lite rims, substrate hydrophobicity also leads to bottom
supplied creeping and weakened crystallite adherence to
substrates that slows salt migration.
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Fig. 7 Evaporation of aqueous salt droplets (initial concentration
¢ = 35 g/L similar to seawater). a Effect of evaporation rate on
precipitated salt crystal size: low evaporation rates result in larger
crystals, regardless of substrate characteristics. b Mineral substrate
surface hydrophobicity affects the morphology of precipitated salt.
Dashed circles indicate areas initially covered by brine droplets

The effect of the substrate hydrophobicity or
hydrophilicity on the topological character of precipitates
has been observed in other salts such as K,Cr,O; [34],
ammonium chloride [13], potassium nitrate, potassium
chloride, and ammonium chloride [13, 38].
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4 Conclusions

Salt precipitation, crust formation, and the development of
detached domes result from three phenomenological pairs:
advection and diffusion, water evaporation and condensa-
tion, and dissolution and precipitation.

The rates of diffusion and evaporation combine to
restrict conditions for crust formation to 74f?,q, > 1. Fast
brine evaporation leaves behind euhedral cubic-shaped
NaCl salt crystals and a highly porous crust structure
(porosity 0.43 £ 0.14) with inter-connected micron to
submillimeter size pores.

Evaporation pumps brine across the salt crust and
supports crust growth. After detaching from the soil sur-
face, the salt crust may still migrate due to water con-
densation and salt deliquescence at the crust bottom, brine
transport across the crust driven by humidity gradient, and
continued air-side precipitation. In laterally confined
conditions, condensation—deliquescence—transport—evapo-
ration—precipitation can sustain salt crust migration at a
speed of 5 um/h in this study, where solution films along
the wall may play a secondary role.

Larger salt crystals form during lower evaporation rates.
Mineral surface wetting conditions alter evaporation—pre-
cipitation characteristics. In particular, the evaporation rate
decreases and larger salt crystals form when droplets rest on
hydrophobic surfaces than on hydrophilic surfaces. Sub-
strate hydrophobicity suppresses salt spreading by inhibiting
solution protruding ahead of crystallite rims and weakening
the crystallite adherence to the substrate. Therefore,
salt precipitation can be controlled by engineering mineral
surface characteristics and evaporation conditions.
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