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Field observations have indicated the formation of horizontal, pipe shape cavities, along gully and dry stream
channel banks in the semi-arid region of the northern Negev Desert, Israel. Piping is a well-known phenomenon
in humid regions due to subsurface water flow and seepage weathering. However, in dry environments where
rain events are scarce and subsurface water flow is rare, it is proposed here that capillary flow of saline water
in the vadose zone leads to similar processes. It is suggested that where saline and shallow ground water persists,
capillary flow may result in salt accumulation and precipitation at the top of the capillary fringe, consequently
rendering this zone to be more susceptible to erosion. A conceptual model is presented and field observations,
laboratory experiments, and a physically-based model are used to prove the feasibility of the proposed concep-
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Pipe erosion tual model and to explain why salts accumulate at the top of the capillary fringe, even though evaporation acts all
Solute along the vertical stream channel or gully banks. It is suggested that the low evaporative flux, in comparison to
Transport the liquid water flux, disables salt accumulation along the profile to the top of the capillary fringe where the liquid

water flux is minimal. The presented findings strengthen the conceptual model, but thorough field studies are

needed to estimate the impact of the proposed mechanism on erosion processes on a field scale.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Soil erosion is considered to be the major cause of soil degradation
worldwide, and it is estimated that more than 1000 and 500 million ha
of land have been deteriorated worldwide by water and wind erosion, re-
spectively (Lal, 2003). Recently, several studies have explored the impact
of subsurface hydro-geochemical processes on soil erosion and it was
shown that the location of solutes accumulation within the soil profile
is a key element affecting the formation of pipes, tunnels, and cavities
along slopes and stream channel banks (e.g., Faulkner, 2006; Lamb
et al., 2006, 2007, 2008; Fox et al., 2007a; Fox and Wilson, 2010; Wilson
et al,, 2012, 2015). Faulkner et al. (2004) showed that sub-surface
water flows and the resulted accumulation of sodium in clayey soils has
great impact on rill and gully erosion processes and the associated forma-
tion of sub-surface pipes. Most works in the literature discuss sub-surface
solutes transport due to rain water infiltration and leaching processes
(e.g., Magaritz et al., 1988; Canton et al., 2001; Faulkner et al., 2004)
and ground water flows (e.g., Salama et al., 1999; Lamb et al., 2006; Fox
and Wilson, 2010; Nachshon et al., 2014), with groundwater seepage
playing an important role in soil salinization along slopes and stream
channel banks (e.g., Matheson, 1968; Peck, 1978; Lamb et al., 2006).

Groundwater seepage is defined as water that emerges from rock
or sediment, and seepage weathering is accordingly defined as the
weathering processes facilitated by the seepage (Dunne, 1990; Lamb
et al., 2006). In unconsolidated sediments, seepage erosion can occur
without seepage weathering if the discharge of the seepage water is
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sufficient to detach and transport the sediments. However, in consoli-
dated materials such as rocks, cohesive sands or cemented soils, seepage
weathering is needed to reduce the material's cohesion before seepage
erosion can occur (Dunne, 1990; Lamb et al., 2006). Seepage weathering
breaks the parent material or reduces its resistivity for erosion due to
the impact of seeping water on soil chemical and physical properties.
Seepage weathering mechanisms may include chemical dissolution,
frost growth, solutes accumulation and salt precipitation. The latter is
a process by which evaporation preferentially removes the water
while leaving the solutes, resulting in a soil layer with high erosivity.
The major seepage-weathering processes discussed in the literature
with respect to salinity and sodicity are: (1) weathering of alkaline
and clayey soils, since 2:1 clay minerals (for example smectite) are
sensitive to the presence of sodium in the exchange complex,
which causes them to swell and disperse (deflocculate) (Salama et al.,
1999; Vandekerckhove et al., 2000; Faulkner et al., 2000, 2004; Pulice
et al., 2012), and (2) mechanical breaking of the soil matrix due to salt
crystallization within pores that generates pressure against the pore
walls ( Wellman and Wilson, 1965, 1968; Cantén et al., 2001; Lamb
et al., 2006, 2008). The location of seepage and associated salinization
and weathering processes is greatly affected by the soil hydraulic proper-
ties and conditions (e.g., Faulkner et al., 2004; Wilson et al., 2012), there-
fore it is crucial to understand the subsurface hydrological processes in
order to predict and cope with soil salinization and erosion processes.
While groundwater seepage-erosion processes and the formation of
bank undercuts have been explored for humid environments in both


http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2016.03.011&domain=pdf
Journal logo
http://dx.doi.org/10.1016/j.geomorph.2016.03.011
Unlabelled image
www.elsevier.com/locate/geomorph

U. Nachshon / Geomorphology 261 (2016) 212-221 213

/

Fig. 1. Conceptual model of salt weathering at a gully bank. Thick black arrows and 1, 2, and 3 indicate temporal progress. At time 1, salt accumulates at the bank; at time 2, weathering
starts at the site of salt accumulation and at time 3, the wall above the weathering height collapses. The thickness of the salt-accumulation band in the figure is not to scale as thickness and

height may vary, depending upon the hydrogeological conditions.

the laboratory (Faulkner et al., 2004; Fox et al., 2007a; Wilson et al.,
2007, 2012) and the field (Poesen et al., 2003; Fox et al., 2007b; Lamb
et al.,, 2007, 2008), very limited work has been done on these processes
in arid environments. In this manuscript, a novel conceptual model is
presented to explain the formation of cavities along dry stream channels
and gully banks in arid environments with limited subsurface seepage.
The proposed concept is discussed in light of field observations, experi-
mental results and a physically-based model.

2. Conceptual model

It is proposed that in arid environments, salt weathering may occur
along gully and stream channel banks due to capillary rise of saline so-
lutions from shallow and saline ground water (where it persists). It is
suggested that capillary rise of the saline ground water along the verti-
cal banks will lead to salt accumulation in a relatively narrow layer at
the upper part of the capillary fringe and consequently, salt weathering
will take place in that region. This will be followed by soil erosion due to
fluvial and alluvial processes which will lead to the formation of pipe-
shaped cavities along the gully and stream channel banks (Fig. 1). Here-
on these cavities will be referred to as pipes, even though in the litera-
ture pipes are considered as cavities that form at the subsurface in
parallel to the slope, due to underground water flows (Dunne, 1990;
Faulkner, 2006; Fox and Wilson, 2010).

Intuitively, one would expect solutes to accumulate all along the ver-
tical flow path at the banks, up to the upper boundary of the capillary
fringe. This is because evaporation acts homogeneously over the vertical
soil-atmosphere interface. Explaining the salt accumulation as a narrow
layer at elevated levels (Fig. 1) is a key element of the proposed concep-
tual model. It is well known that salt precipitates out of a solution only
when solutes concentration reaches saturation and that in natural envi-
ronments, evaporation is a major cause of increased solutes concentra-
tion (Hillel, 2004). It is proposed here that for the case of saline water
that flows upwards from a water table by capillarity through porous
media, with a vertical face exposed to the atmosphere, liquid water
fluxes in the matrix can be much faster in comparison to evaporative
fluxes over the matrix-atmosphere interface, for most parts of the
flow path. Consequently, the impact of evaporation on the solution con-
centration will be minor, as the upward-flowing water will continuous-
ly wash out the pore water. It is only at the top of the capillary fringe,
where vertical liquid water fluxes are close to zero, that the evaporative
water flux will be high enough, in comparison to the vertical liquid flux,
to result in salt precipitation due to an increase in pore solution concen-
tration. In Nachshon and Weisbrod (2015), a computation of liquid
transport in porous media and vapour transport from the media to the
atmosphere was performed for sand, sandy loam, and clay soils. It was
shown that the liquid transport rates can be a few orders of magnitude
higher than the evaporative diffusive vapour transport rates, down to
matric potentials of approximately —0.35, —2, and — 10 m (of H,0)

for sand, sandy loam and clay soils, respectively. The numerical model
in the presented work will enable examination and comparison of the
liquid and vapour transport rates in the system.

3. Numerical model

To simulate water and solute transport from the water table to the
atmosphere due to evaporation along a vertical wall, a 1D model was
constructed to solve the advection-dispersion and vapour diffusion
equations numerically. Fig. 2 provides a conceptual presentation of the
modelled domain and transport mechanisms.
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Fig. 2. Schematic diagram of the numerical model concept. Liquid fluxes between any two
adjacent nodes depend upon hydraulic gradients and conductivity; evaporation from each
node towards atmosphere was calculated based upon vapour pressure gradients and
diffusivity.
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The length of the modelled domain was 0.6 m, with height incre-
ments of 0.01 m. The lower boundary was determined as a Dirichlet
boundary condition with a constant pressure head equal to zero
(water table) and a solution concentration of 170 g of salt per
1000 g of water. The upper boundary condition was determined as
zero-flux for both liquid and solutes. A sink term for water (with
no solutes) was considered for each node and it was determined by
calculation of the evaporative demand. The hydrostatic equilibrium
state was set as the initial pressure head condition along the domain.
This means that the matric potential of each node is equal to the neg-
ative of its height above the water table level, i.e., the lower bound-
ary, in meters. Initial salt concentration along the domain was
equal to the salt concentration at the lower boundary. These initial
conditions are in accordance with the experimental work described
in Sections 4.3 and 4.4. For liquid water transport, the Richards'
equation was solved numerically:

%‘f:ﬁ%{—mp) {%—i’ﬂ”—s) (1)

where {y[m of H,0] is the matric potential, t is the time [s], C(¢s) [1/m]
is the specific capacity as a function of s, z [m] is the vertical length,
and K(yr) [m/s] is the hydraulic conductivity of the matrix as a func-
tion of . S [1/s] is the water loss to evaporation, which following
Bohrer et al. (2005) and Mayer et al. (2012), is considered as a sink
term governed by water vapour diffusion to the atmosphere. K(¢)
is described by the Van Genuchten (1980) and Mualem (1976)
models:

K = K581 (1-507)"] @)

where S, is the effective saturation with respect to water:
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Ks [m/s] is the matrix hydraulic conductivity at saturation, n[—] and
«[1/m] are the van Genuchten parameters (Table 1), m =1 — (1/n)
[—]and 6 is water content [ —] with ‘" and ‘s* indicating residual and sat-
urated water contents, respectively.

The sink term, S, which describes water loss from each node to evap-
oration (Fig. 2), is determined by the rate of vapour transport from the
matrix to the atmosphere, J [m/s]:

S=" (4)

where A [m?] is the surface area through which evaporation is taking
place and V [m?] is the volume from which the water is being evap-
orated. J is governed by the vapour concentration difference 0C,
[kg/m3] over a boundary layer between matrix and atmospheric air
dx, [m], the vapour diffusion coefficient, D, [m?/s] (equal to
~2.7 x 107 in free air at ~25 °C (Cussler, 1997)), and water density,
Pw [1000 kg/m3]:
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Matric potential and vapour concentration in unsaturated pores are
coupled by Kelvin's law (e.g., Ho and Webb, 2006; Veran-Tissoires and
Prat, 2014):

Py = Psqr €Xp (p—WdJRT>
where Py, [Pa] is the water vapour pressure at saturation (~4200 Pa for
water at 30 °C), R is the gas constant of water (462 J/kg K), T[K] is the ab-
solute temperature and P, is the vapour pressure in the pores, which is
correlated to the vapour concentration (e.g., Ho and Webb, 2006) by:

(6)
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In the model, it was assumed that atmospheric air has 10% relative
humidity (equivalent to a water vapour concentration of 0.003 kg/m?),
therefore:

9C, = 0.003—C, (8)

dx, was considered to be 1 x 10~ m which is a reasonable boundary
layer thickness for evaporative processes.

Changes in solute concentration, dC; [kg/m?], with time along the
simulated profile are formulated by the advection-dispersion equation
which describes solute transport in porous media (e.g., Leij and van
Genuchten, 2002):

ac, 9C 9
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where D, [m?/s] is the effective diffusion coefficient of the solutes
and v [m/s] is the liquid flow velocity which is equal to q/0, where g
is the liquid water flux between any two adjacent nodes in the
model and is equal to:

q=—K@) [g—‘i’ + 1} . (10)

D, is affected by water content and can be described by adopting the
equation of Millington and Quirk (1961), as presented by Leij and van
Genuchten (2002):

973
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63

where Dy [m?/s] is the solute diffusion coefficient in free water. In the
model, Dy was taken as 2 x 10~° [m?/s], which is a typical diffusion co-
efficient for ions in water. Egs. (1) and (9) were solved numerically, and
integrated in time using the ordinary differential equation solver,
ODE15s, available in MATLAB.

4. Materials and methods
4.1. Field site
The field site is at the Gerar wash basin in the northern Negev Desert,

Israel, in the section between Shoval and Tidhar (Fig. 3). The regional
climate is semi-arid with an average evaporation of ~2000 mm/year

Table 1
Fine and coarse sand hydraulic properties.
af1/m] n(—] m([—] 6,(m*/m?) 6,(m*/m) K [m/s]
Coarse sand 7.9 3.9 0.744 0.07 0.36 16x107*£211x107°
Fine sand 1.7 6.4 0.844 0.07 0.36 527 x107° £ 843 x107°
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and low precipitation, in the order of 200 mm/year (data from the Israeli
Meteorological Service). The area lithology consists of an ~15 m-thick
layer of loess soil overlying a massive chalk layer from the Avdat
group (Yaalon and Dan, 1974; Weinberger and Rosenthal, 1994),
which is not exposed at the examined region. The loess soil of the
north-western Negev typically consists of 30% sand, 40% silt and 30%
clay (Ginzburg and Yaalon, 1963; Gvirtzman et al., 2008). However, in
the area of the research the loess contains a higher fraction of sand, in
the order of 60%, as measured by Zaady et al. (2007). In general, the sed-
iment profile includes a sequence of alternating silty-sand and sandy-
clay loess units, with different compositions of sand, silt and clay.
These layers are highly variable in width and lateral extent. Within the
loess profile, several calcic horizons with typical thickness in the order
of 1-1.5 m were found at various depths (e.g., Magaritz et al., 1988;
Melson and Van Beek, 1992), representing wet periods during which
salts that accumulated during previous drier periods leached and
washed downward (Gvirtzman et al., 2008).

Most of the area is cultivated, primarily for wheat, corn and other an-
nual crops. The main stream channel and its immediate surroundings
are not cultivated and are partially covered by natural vegetation, with
densities that vary with water availability. The entire basin overlies a
shallow saline aquifer where, for topographical heights lower than
150 m (above sea level), the aquifer is exposed in the main stream chan-
nel (Fig. 3). The eastern parts of the region have a higher topographical
elevation with greater distances between ground surface and the water
table. For instance, on the east side of the research area, close to Shoval,
ground surface elevation is about 200 m above sea level and groundwa-
ter level is at ~15 m depth as measured in an ancient well (Fig. 3). The
most eastern point at which groundwater is exposed is indicated in
Fig. 3. The main stream channel bank heights vary between 1 and
10 m and depths of gullies in the area are in the order of 1-4 m, depend-
ing on topography.

4.2. Field measurements

Visual observations along the stream channel and gullies in the area
indicated the occurrence of erosion processes that lead to the formation
of pipe-like cavities along the banks, as well as sapping processes. The
eroded channels were photographed and their location was marked
on the map. In two randomly selected representative locations (gullies
2 and 3 in Fig. 3), 100 cm? undisturbed soil samples were collected
along the gully banks from top to bottom. The samples were sealed in
plastic bags and analysed in the laboratory for salt concentration by
the 1:1 saturated-paste extraction method (Corwin and Lesch, 2003;
Zhang et al., 2005). In addition, three samples from each profile, from
its top, centre and from within the pipe, with two repetitions for each
height were analysed for water content, bulk density and texture.
Water content (gravimetric) was measured by weighing the soil sam-
ples before and after drying of the samples at 105 °C for 48 h; bulk den-
sity was calculated by dividing mass of the dry samples by their volume;
and texture analysis was done by the hydrometer method (Huluka and
Miller, 2014).

At the locations of soil sampling, groundwater levels are approxi-
mately 1 m below gully bottoms. Groundwater samples were collected
from the ancient well (Fig. 3) and at the Gerar Wash channel, where
ground water is exposed (Fig. 3). Electrical conductivities (EC) of
ground water and of the solutions extracted from the soil samples
were measured by a standard EC meter (86505-pH/ORP/Cond./
TDS/Salinity, AZ Instruments, Taiwan). At the examined banks in
gullies 2 and 3, soil resistance for shearing was determined with a
Torvane device (H-4212 1, Humbolt Manufacturing Company, IL,
USA). The Torvane device was pressed against flat surfaces along the
gully banks, close to the locations of soil sampling and the torque re-
quired to shear the soil was measured. Five repetitions were conducted
for each height.

Fig. 3. Research site. (A) Israel and the northern Negev region. (B) Gerar basin with the main stream channel running between Kibbutz Shoval (Shoval) and Tidhar. (C) Enlargement of the
research site. Solid white line indicates the wet stream channel where the aquifer is exposed, and dashed white lines indicate the dry stream channel. Black lines emphasize the main
gullies at the site, numbered in circles. Star and triangle indicate locations of an ancient well that reaches the ground water at a depth of 15 m and the eastern-most location of groundwater

exposure in the stream channel, respectively.
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plastic tube
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screened “evaporation-window”

Mariotte bottle Scale

Fig. 4. Experimental set-up with the “evaporation windows” in plastic tubes that mimic the banks through which evaporation occurs. Each tube is connected to a Mariotte bottle that

supplies saline solution, under constant pressure head.

4.3. Experimental set-up
Following the field observations of piping erosion at very specific

heights (as will be presented in Section 5.1), the laboratory study and
the numerical model were aimed at identifying the location of salt
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Fig. 5. Water-retention curves for the fine and coarse sands with two repetitions for each
sand size. Solid and dashed curves are the models fitted to the measurements that were
used to determine VG parameters.

accumulation and understanding why it accumulates there. For this
purpose, a 70 cm-long plastic tube, 5.08 cm in diameter, was used.
The tube was sealed for liquid transport at its bottom and perimeter,
apart from a slot, ~2.5 cm in width and 60 cm in length, which was
cut along the tube; 2 and 8 cm of the tube at its top and bottom, respec-
tively, were not slit, to maintain tube strength. In addition, the tube bot-
tom was connected to a Mariotte bottle to maintain a constant water
table at the lower boundary of the slot. The slot was covered by a fine
fabric mesh (opening of 200 pum) so that the tube could be filled with
sand. The slot was designed to function as an "evaporation window"
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=@~ Fine sand
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Fig. 6. Grain-size distributions of fine and coarse sands.
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Fig. 7. Typical pipe erosion along gully banks at the field site. Gullies 2 and 3 are numbered according to the gully locations presented in Fig. 3. Dashed black lines mark the eroded pipes

and mimic the vertical gully walls that are exposed to atmosphere and
evaporation. The Mariotte bottle was filled with NaCl solution at a rela-
tively high mass concentration of 15% (170 g/L) in order to accelerate
the experiment and salt precipitation. The Mariotte bottle was placed
on a scale (Precision Balance PFB, Kern, Germany, 0.001 mg accuracy)

to measure water loss from the tube to evaporation. Fig. 4 presents
the experimental setup.

4.4. Experimental procedure

Two types of air dried and salt free quartz sands, fine and coarse,
were used in the experiment. The sands originated from a quarry in
the central Negev, Israel. Tubes were tightly filled with each sand type,
by pouring the sand through a nozzle from the upper part of the tube,
while gently shaking the tube to ensure tight packing. The Mariotte bot-
tle containing the saline solution was then connected to the bottom of
the plastic tube, below the “evaporation window” and water level was
set to ~1 cm below the lower boundary of this “window” by adjusting
the tube height above the Mariotte bottle. Free flowing water was
allowed to saturate the tube bottom and replenish the capillary flow
of the solution upward. Changes in the Mariotte bottle's weight were
monitored and after ~3 h of saturation, no significant changes were ob-
served. It was assumed that the system is in a steady state and that any
further change in the mass of the Mariotte bottle would be due to evap-
oration. At this point, the experiment was initiated. The tubes were left
to evaporate for three days in the laboratory, while connected to the

Mariotte bottles, at an ambient air temperature of ~25 °C. After three
days of evaporation, the Mariotte bottles were disconnected and the
fabric mesh was carefully peeled off. Sand samples were taken along
the sand column from the lower boundary of the “evaporation window”
up to 5 cm above the uppermost location of the capillary fringe, at 1 cm
intervals. The sand samples were examined for (mass) water content by
measuring their wet weight and oven-dry weight after 48 h at 105 °C at
0.001 mg accuracy. Following the water content analysis, 10 g of sand
was taken from each dry sample and salinity was measured by the 1:1
saturated paste extraction method.

Preliminary tests were conducted to characterize the two sand types
with respect to hydraulic conductivity by the Darcy experiment over a
10 cm length tube with hydraulic gradient of 7 cm of H,0 (Radcliffe
and Rasmussen, 2002; Nachshon and Weisbrod, 2015); Van Genuchten
(VG) parameters and porosity were determined by the pressure flow
cell technique (Or and Wraith, 2002); and texture by shaking the sand
through a shaking sieve system for 5 h (Skopp, 2002). Fig. 5 presents
the measured water retention curves produced by the pressure flow
cell method and the fitted models that were used to compute the VG pa-

rameters (van Genuchten, 1980). Variations in water retention curves
for the same sand, especially at the higher matric potentials could be re-
lated to differences in the thermal conditions of the laboratory as the ex-
periments were not conducted simultaneously (Nimmo and Miller,
1986), or due to other uncontrolled parameters such as differences in
soil packing. Nevertheless, the curves show a good agreement in respect
to the air entry pressure values of the two sands, which is the most

(A) Gully #2
top ! e top- e
i
mid | R mid '
.\‘
\‘h
i e ! iDe - $ |
plpe L 2R EEREEEEE
o 5 ; 6 5 percent sand
r — —
--e-= Water content [%)] © top wall - gully #2 ® top wall - gully #3
e Bulk density [g/em?] @ middle wall - gully #2 = middle wall - gully #3
| —* Shear resistances [kg/cm? | 4 pipe - gully #2 A pipe gully #3

Fig. 8. (A) Soil physical properties along banks of gullies 2 and 3. ‘top’, ‘mid’ and ‘pipe’ indicate the location of sampling from top of the profile, from its centre (half way down towards the
pipe), and from within the pipe. (B) Soil texture from gullies 2 and 3, which is defined as ‘sandy clay loam’.
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crucial parameter to estimate the height of capillary fringe. Fig. 6
presents the two sands' grain-size distributions. Darcy experiments in-
dicated the hydraulic conductivity at saturation (Ks) for the coarse and
fine sands, respectively, as summarized in Table 1.

5. Results and discussion
5.1. Field results

As already noted, at the research field site, similar to many other
locations in the region, the formation of cavities along gully and
stream channel banks is a common sight. The cavities are of various
lengths and are located horizontally along the banks, approximately
1 m above the stream channels' and gullies' lower surfaces. The cavities
have a pipe shape with height and depth of approximately 10-20 cm
(Fig. 7).

Measured water contents in the soil samples taken from the inner
parts of the cavities in gullies 2 and 3 were in the order of 10%, whereas
in the upper parts of the profiles, above the pipes, water contents were
in the order of 4%. Bulk densities were relatively uniform with averaged
values of 1.23 <+ 0.12 g/cm?. Soil resistance to shear stress measured by
the Torvane device was notably different between the bank soils above
the pipes and within the pipes, with averaged values of 3.68 +
0.90 kg/cm? and 1.66 & 1.25 kg/cm?, respectively. Soil texture along
bank profiles and within the pipes was highly similar between all sam-
ples with averaged soil composition of 57.5% sand, 14.5% silt, and 28%
clay. Fig. 8 summarizes the measured physical properties of the soil
profiles along the banks of gullies 2 and 3. In the pipe-like cavities, salt
crystals were visually observed (Fig. 9A) and EC analysis of soil samples
taken from the two vertical profiles at gullies 2 and 3 indicated prefer-
ential accumulation of salts within the cavities (Fig. 9B, C).

Ground water samples from the ancient well and the Gerar wash
channel (triangle and star symbols in Fig. 3) were saline with measured
EC values of 11.58 and 13.29 dS/m, respectively. Based on the locations
of gullies 2 and 3 and the elevation of the exposed ground water at the
Gerar wash (Fig. 3), it is estimated that the water table below these
gullies is at a depth of 1-2 m. In a few locations in these gullies the
soil at ground surface was moist, indicating active capillary movement
of water from the ground water upward (no rain events had been re-
corded at the site for several months before the measurements).
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Fig. 9. (A) Salt crystals (white cluster) as observed in the pipe cavities. (B) and
(C) Schematic drawings of vertical profiles along the randomly selected walls in gullies
2 and 3, respectively. Numbers indicate the locations of soil sampling. Stars and black
curves represent the EC readings from the saturated-paste extractions. Irregular black
and gray shapes represent the eroded material at the gully bottom. Dashed lines
indicate the approximate locations of the original wall and gully base which are hidden
by the eroded material.

Gvirtzman et al. (2008) reported an air entry pressure for loess in
the order of 0.5-1 m and hydraulic conductivity in the order of
1.5 x 10> m/s at a matric potential of —1 to — 1.5 m, depending on
the loess texture and clay content. These values support the field obser-
vations as they indicate that the capillary fringe in loess soils may rise up
to a height of ~1.5 m. Since ground water at the site is saline, at least the-
oretically, it is reasonable to assume that ground water may flow up-
ward by capillarity and salt crystallization may occur along gullies and
stream channel banks, where evaporation is taking place. Moreover,
the uniform texture and bulk density of the soil profiles, together with
the low precipitation rates in the region strengthen the assumption
that the source of moisture and salinity in the pipes is not from down-
ward infiltration of rain or lateral flow of perched groundwater, which
is the common explanation for seepage weathering and erosion
(Faulkner et al., 2004; Fox et al., 2007b; Lamb et al., 2008; Wilson
etal, 2012).

The field measurements support the proposed conceptual model
(Fig. 1) as they show that soil erosion and pipe formation are associated
with salt accumulation and crystallization, and indicate that the origin
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Fig. 10. Salt accumulation at the upper part of the capillary fringe, for the coarse sand
column. The salt crystals are the white crumbles designated by ‘Salt precipitation '. No
other locations of salt precipitation were observed at the “evaporation window”. Dashed
line and black triangle indicate the height of water table level which was maintained by
the Mariotte bottle.
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Fig. 11. Experimental and model results for the coarse sand columns (‘Col1’ and ‘Col2’ are
repetitions). (A) Gravimetric water content. (B) EC of extracted water. (C) Normalized salt
concentration.

of porewater and salts in the pipes is capillary rise of saline water from
the shallow saline ground water. Nevertheless, the field observations
cannot explain a key element of the conceptual model which is the
salt accumulation in a narrow layer rather than over the entire height
of capillary rise along the bank-atmosphere interface. In the following
sections the laboratory experiments will be presented to show that cap-
illary rise along a vertical wall can lead to salt accumulation over a nar-
row layer, even though evaporation is acting over the entire vertical
wall.

5.2. Laboratory experiments and model results

After two days of evaporation through the “evaporation windows” of
the sand columns, salt precipitation was visually observed in layers
~2 cm thick at the upper parts of the capillary fringe, both for the coarse
(Fig. 10) and fine sand columns. Water content and salinity were
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Fig. 12. Experimental and model results for the fine sand columns (‘Col1’ and ‘Col2’ are
repetitions). (A) Gravimetric water content. (B) EC of extracted water. (C) Normalized
salt concentration.
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Fig. 13. Simulated water (liquid and vapour) flows.

measured along the fine and coarse sand columns after 3 days of evap-
oration. Figs. 11A and 12A present the measured gravimetric water con-
tent for the coarse and fine sands, respectively. It is seen that capillary
rise is in the order of 0.2 and 0.4 m for the coarse and fine sands, respec-
tively. These differences are a result of the differences in water retention
properties between the two sands. Figs. 11B and 12B present the
measured EC for the water extractions from the (1:1) saturated
pastes for the coarse and fine sands, respectively. Figs. 11C and 12C
present the normalized calculated salt concentration along the
sand profiles for the coarse and fine sands, respectively. The normal-
ized salt concentration was calculated by dividing the measured EC
by the measured water content at each measurement point and di-
viding this value by the bottom value, at the lowest part of the “evap-
oration window”, which reflects the source water concentration. In
practice, this method provides the amount of salt accumulated in
the soil profile relative to the original salt concentration in the feed-
ing solution. Normalizing salt concentration is needed in order to ob-
serve the location of salt accumulation along the tubes. Because the
feeding solution contained a high concentration of NaCl, high EC
values were found in the lower parts of the columns that were fully
saturated in respect to water when analysed by the saturated paste
method, which cannot differentiate between salts that are already
precipitated and dissolved salts in pore water. Figs. 11C and 12C
also present the numerical model results of pore water salt concentra-
tions normalized relative to the feeding solution concentration, after
3 days of evaporation. Cumulative evaporation from the tubes by the
end of the experiment was in the order of 15 g and 50 g for the coarse
and fine sands, respectively.

Maximal salt concentrations were measured in narrow layers sever-
al cm thick, at the upper boundary of the capillary rise (Figs. 10, 11, 12).
At lower heights of the columns, even though the saline solution was
available and exposed to evaporation, no increase in salt concentration
was observed. The numerical model showed similar trends and a good
fit to the experimental measurements. However, a good fit of the height
of the concentration peak was achieved only after lowering K of the
modelled coarse and fine sands by one order and two orders of magni-
tude, respectively; for higher K; values, the model predicted salt accu-
mulation a few centimetres above the height of the measured peak
concentration. Fig. 13 presents the calculated liquid and vapour water
fluxes along the soil profile at the end of day 3. For most of the profile,
liquid water flow by capillarity was greater than the evaporation flux.
Only at the top of the capillary fringe, where hydraulic conductivity
and liquid fluxes tend to zero, was the evaporative demand high enough
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to result in significant removal of the water that enabled an increase in
the pore water salt concentration. Therefore, salt accumulated at the
upper boundary of the capillary fringe and not all along the vertical
wall, even though evaporation was occurring there as well.

6. Conclusions

A new conceptual model was proposed to explain the formation of
pipe-like cavities in gully and dry stream channel banks in arid environ-
ments. Field observations and laboratory experiments showed that
processes similar to seepage weathering are not limited to moist envi-
ronments and they may occur also in arid regions, under unsaturated
conditions. In contrast to the conventional explanation for salt
weathering of soil along vertical walls by (saturated) subsurface flow
and water seepage along stream channels and gully banks, the proposed
model suggests accumulation of salt at these locations by capillary flow
of saline water from the ground water. It was shown that the high liquid
water flow rate compared to the slow evaporation flux results in accu-
mulation of the salts in a narrow band at the top of the capillary fringe.
The field observations, experimental study, and physical-based model
simulations all indicated the proposed conceptual model to be an im-
portant mechanism to explain erosion processes in dry environments
where shallow ground water persists. More work is needed in the
field to estimate the magnitude and impact of the proposed mechanism
relative to other erosion processes. If the proposed erosion mechanism
is found to be significant, then future actions should be considered in sa-
line and dry environments to reduce the risk of soil erosion. For exam-
ple, a good solution might be to lower groundwater levels by planting
halophytic vegetation, thereby stabilizing the soil.
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