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Abstract 22 

Evaporation of saline water from porous media and associated salt deposition are important 23 

for many applications ranging from soil salinization to the protection of archaeological and 24 

civil structures. We investigate the effects of textural heterogeneity of porous media on 25 

evaporative salt precipitation patterns. Textural heterogeneity has been introduced into sand 26 

columns to form capillary-interacting porous domains comprised of different particle sizes. 27 

Several levels of textural contrasts were experimentally studied in terms of their effects on 28 

drying rates, salt precipitation patterns and drying front displacement rates. Results show that 29 

in contrast with evaporation of pure water, evaporation of saline solutions from media with 30 

textural contrasts exerted only a minor effect on evaporation rates. This difference is 31 

attributed to enhanced liquid transport within the highly porous precipitated salt on the 32 

surface. The presence of textural contrasts significantly enhanced preferential spread of salt 33 

precipitation on the surface. The enhancement is attributed to low surface water content of 34 

the coarse domain and larger spacing between remaining evaporating wet pore clusters in 35 

which greater local evaporation rates are accelerating salt precipitation.  The study illustrates 36 

the interactions between the water characteristic curve, preferential drying front displacement 37 

and subsequent salt deposition patterns, as also seen in high resolution X-ray tomography 38 

used to verify the suggested mechanisms. The study provides new insights into mechanisms 39 

of saline water evaporation and the complex effects of porous media heterogeneity on salt 40 

precipitation patterns and dynamics; all critical ingredients for enhanced understanding of the 41 

salt distribution in and transport in soils.  42 
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1. Introduction 43 

Saline water evaporation from porous media and salt precipitation affects water management, 44 

soil and groundwater salinization, and various other environmental processes [Jardine et al., 45 

2007; Prasad et al., 2010; Xiao et al., 2011; Russo, 2013]. Enhancing our understanding of 46 

saline water evaporation processes is essential to predict locations and patterns of salt 47 

precipitation and the associated drying behaviour. Salt precipitation rates and deposition 48 

patterns are controlled by complex interactions between the transport properties of the porous 49 

medium, atmospheric conditions, and characteristics of the evaporating saline solution [Smits 50 

et al., 2012; Norouzi Rad et al., 2015; Jambhekar  et al., 2015; Borgman et al., 2017; 51 

Vanderborght  et al., 2017].  52 

Evaporation from porous media has been the subject of active research in the past due to its 53 

central role in the hydrologic cycle and surface energy balance. More recently these efforts 54 

have been directed at investigating the effect of the changing climate patterns on the land-55 

climate feedback processes [Fetzer et al., 2016; Tuttle and Salvucci 2016; Decker et al., 56 

2017]. The evolution of evaporation, transpiration and precipitation rates in the changing 57 

climate will undoubtedly affect and be affected by the distribution and accumulation of salts 58 

in soils. Accurate formulation and prediction of evapotranspiration processes therefore relies 59 

on improved physical understanding of the mechanisms which govern salt effects on 60 

evaporation dynamics. 61 

Basic mechanisms of pure water evaporation from initially saturated porous media are well 62 

understood and these are often described in terms of three different drying regimes. In the 63 

initial stage, the evaporation rate is relatively constant and liquid is supplied through capillary 64 

flow paths to the vaporization plane at the surface [Thiery et al., 2017] (the so-called stage-1 65 

evaporation regime). This stage is followed by a transition period, where the drying rate 66 
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continuously decreases due to the disruption of the capillary pathways, into the final 67 

evaporation stage (stage-2 evaporation regime) where all liquid connections to the surface are 68 

disrupted and evaporation is dominated by vapour diffusion through the porous medium 69 

[Yiotis et al., 2007]. Despite loss of hydraulic connectivity to the surface, stage-2 evaporation 70 

rates from the subsurface can be as high as 50% of potential evaporation rates [Deol et al., 71 

2014]. When salt is present in the evaporating solution, the evaporation process becomes 72 

more complex. Evaporation of saline solutions results in salt precipitation at the vaporization 73 

surface when the local solution concentration exceeds its solubility limit. Recent studies have 74 

hypothesised that due to the highly porous nature of the precipitating salt crust, the ensuing 75 

evaporation rate would be controlled by the liquid transport through the evolving salt layer 76 

[Sghaier and Prat, 2009; Eloukabi et al., 2013; Bergstad and Shokri, 2016; Shokri-Kuehni et 77 

al., 2017a]. Furthermore, during the early stages of evaporation, the rates of capillary flow 78 

through the precipitated salt layer meets the external evaporative demand and may result in a 79 

constant evaporation rate similar to the stage-1 evaporation regime in a pure water system. As 80 

evaporation proceeds transport through the salt layer is limited, possibly due to the salt 81 

precipitation gradually drying out, causing a reduction in the evaporation rate [Eloukabi et al., 82 

2013; Shokri-Kuehni et al., 2017a]. The dynamics of the interacting salt precipitation layer 83 

and its influence on evaporation behaviour in porous media is dependent on the preferential 84 

precipitation patterns, which is governed by the presence of porous media heterogeneities. In 85 

this study, we focus on the effects of the presence of capillary-coupled textural contrasts on 86 

salt precipitation and evaporation dynamics. 87 

Natural soils may contain various types of layers, textural contrasts and material interfaces 88 

that reflect depositional and scouring processes, refilling of cracks formed during freezing 89 

and thawing or swelling and shrinking cycles, and the interception of Aeolian dust and other 90 

local plant alterations. The presence of such porous media discontinuities induces spatially 91 
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abrupt changes in the capillarity and flow properties, and modify transport processes as 92 

reported in several studies [Pillai et al., 2009; Lehmann and Or, 2009; Nachshon et al., 2011; 93 

Veran-Tissoires et al., 2012; Bechtold et al., 2011, Bergstad et al., 2017]. In order to 94 

understand and describe salt transport and distribution in soils, it is essential to investigate 95 

how the presence of such heterogeneity influences the evaporative fluxes and salt 96 

precipitation dynamics. During evaporation from porous media containing abrupt textural 97 

contrasts (represented here as vertical inclusions of fine and coarse sand), the main 98 

vaporization plane remains anchored primarily at the surface of fine-textured porous media 99 

and is supplied by lateral capillary flow from the coarse domain [Lehmann and Or, 2009]. 100 

This lateral flow is driven by a capillary pressure gradient determined by differences in pore 101 

size distributions that drives liquid from the large pores in the coarse domain supplying 102 

evaporation from the surface of the fine domain (capillary pumping) [Lehmann and Or, 103 

2009]. Consequently, the fine sand remains saturated long after the drying front (the interface 104 

between saturated and unsaturated porous media) propagates through the coarse region. A 105 

recent study by Bergstad et al. [2017] illustrated the unique role of textural heterogeneity in 106 

promoting preferential salt deposition during evaporation from porous media. Bergstad et al. 107 

[2017] have shown that despite the dominance of evaporation flux from the fine sand region, 108 

salt begins to precipitate preferentially over the coarse regions of the surface for low 109 

concentration salt solutions. This counterintuitive result is associated with preferential drying 110 

(air invasion) of coarse surface due to lower air entry pressure (as a result of larger pores in 111 

the coarse domain) that reduce the number of remaining evaporating pores.  This in turn, 112 

causes locally higher per pore evaporation rates from these spatially distributed pores (see 113 

Bergstad et al. [2017] for detail).  114 

Preferential salt precipitation patterns and salt crust expansion over surfaces of heterogeneous 115 

porous media depends on the pore size distributions and hydraulic properties of the respective 116 
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domains [Bergstad et al. 2017]. Motivated by the important impacts of the presence of 117 

heterogeneity on precipitation dynamics in porous media, we seek to quantify how capillary-118 

coupled porous interfaces and their characteristics affect salt precipitation patterns and 119 

evaporation dynamics of saline solutions by performing a series of well-controlled drying 120 

experiments at the macro- and micro-scale. 121 

2. Experimental Considerations 122 

Evaporation experiments were conducted in an environmental chamber at constant 123 

temperature of 30℃ and relative humidity (RH) of 30%. Following Bergstad et al. [2017], 124 

sand columns containing textural heterogeneity were packed, in cylindrical columns (70 mm 125 

in diameter and 70 mm in height) containing a radially symmetric fine-textured inclusion in 126 

the middle of a coarse-textured porous medium. The diameter of the fine inclusion (2.3 cm) 127 

was equal to a 1/3 of the column’s diameter (the lateral extent of evaporative water extraction 128 

from the coarse to the fine domain extends over the length of the coarse domain [Lehmann 129 

and Or, 2009]). Silica sand was separated by sieving into the following size ranges; 1250-130 

1600 𝜇m, 1000-1250 𝜇m, 700-1000 𝜇m, 500-700 𝜇m and 300-500 𝜇m. Six different textural 131 

contrasts were created by varying the particle size range of the fine (700-1000 𝜇m, 500-700 132 

𝜇m and 300-500 𝜇m) and coarse domains (1250-1600 𝜇m and 1000-1250 𝜇m).  133 

All sand columns were saturated with 3 Molal solution of NaCl (note that the solubility limit 134 

of NaCl in water at 30℃ is 6.14 M). Additional experiments were conducted using pure 135 

(deionized) water in sand columns containing similar textural contrasts for reference (sand 136 

grains were packed into a cylindrical column with 160 mm in height and 80 mm in diameter 137 

in this case). The water mass loss rates from the columns were recorded automatically every 138 

5 minutes using digital balances, while an automatic imaging system photographed the 139 

surface of the columns every hour to record salt precipitation development. Customized 140 
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codes were developed in MATLAB following the procedure described in Shokri et al. [2008] 141 

to segment the recorded images into binary images where each pixel was assigned a value 142 

corresponding to either un-covered sand surface (black) or salt-covered sand surface (white) 143 

based on the grey level intensity. This enabled us to analyse the evolution of fractional 144 

surface coverage by salt precipitation at the surface of coarse and fine domain respectively.  145 

In addition to the sand column experiments above, we studied details of the liquid phase 146 

distribution in the hydraulically coupled coarse and fine sand domains during evaporation 147 

using glass Hele-Shaw cells (100 mm height, 50 mm width and 4 mm thickness) with half of 148 

the cell filled with sand with particle size in the range of 1000-1250 𝜇m, and the other half 149 

packed with fine sand (either 300-500 𝜇m or 700-1000 𝜇m). The experiments with the Hele-150 

Shaw cells were conducted at the same environmental conditions and NaCl concentration as 151 

before. Images of the cells were recorded and segmented in MATLAB which was used to 152 

quantify the dynamics of the drying front displacement in sand packs in the presence of 153 

vertical textural discontinuity. 154 

Direct and detailed observations of textural contrasts effects on pore-scale dynamics of liquid 155 

phase distribution and salt precipitation during evaporation were obtained from time-lapse X-156 

ray micro computed tomography imaging. Two columns with 10 mm diameter and 20 mm 157 

height were packed with different textural contrast in the same arrangement as the macro-158 

scale columns (and saturated with the same NaCl concentration), where the fine sand was 159 

300-500μm in both cases and the coarse sand varied from 1000-1250μm and 1250-1600μm in 160 

the two cases. The experiments were carried out within a Nikon X-Tek 225kV/320kV 161 

customized bay (operating at 80 kV and 250 A) housed in the Henry Moseley X-ray 162 

Imaging Facility of The University of Manchester. Each 3-D scan (24 scans taken every 60 163 

minutes) was computationally reconstructed from 2000 radiographs. The evaporation 164 

experiments and image analysis were performed following the procedures detailed in 165 
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Bergstad et al [2017]. Additionally, Avizo Fire 9.2 (FEI, 2017) was used to visualize the 166 

segmented X-ray scans in 3D.  167 

The capillary pressure-saturation relationship (also denoted as the soil water characteristic 168 

curve) of each sand domain with a well-defined particle size range was measured using a 169 

HYPROP device (Decagon Devices, USA). The parametric van Genuchten (VG) model [van 170 

Genuchten, 1980] was used to describe the experimental results with the VG parameters 171 

presented in Table 1. The obtained water retention curves are presented in Figure 1. The 172 

results presented are in good agreement with values reported in literature for sands of similar 173 

particle size distributions and porosity [Lehmann et al., 2008; Yanful et al., 2003]. 174 

The air entry value, hb, was calculated using the equation given in Shokri and Salvucci 175 

[2011]: 176 

                                                   (1) 177 

where α and n are the VG parameters of each sand. In this work we quantify the magnitude of 178 

the textural contrast between fine and coarse sand as hb
F hb

C⁄ , where hb
F and hb

C are the air 179 

entry values of the fine and coarse sand, respectively. Consequently, as hb
F hb

C⁄  increases, the 180 

degree of textural contrast increases.  181 
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 182 

Figure 1. Relationships between capillary pressure and water content measured under 183 

hydrostatic conditions. The curves were fitted according to the van Genuchten model [ 1980] 184 

for the fine and coarse sands used in the evaporation experiments.  185 

Table 1. Air entry pressure hb, saturated and residual water content (θs and θr, respectively) 186 

and shape parameters n and α, fitted to the van Genuchten model [1980] to describe the water 187 

retention curves of sand domains used in this study. 188 

Particle size 

range (μm) 

|hb| (mm) α (mm−1) n (−) θr(−) θs(−) 

300-500 165 0.00526 14.31 0.073 0.404 

500-700 123 0.00608 9.50 0.085 0.390 

700-1000 80 0.00870 8.86 0.106 0.438 

1000-1250 60 0.01167 8.15 0.103 0.430 

1250-1600 50 0.01340 7.55 0.085 0.370 

 189 

 190 

 191 
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3. Results and Discussions 192 

3.1 Effect of textural contrasts on evaporation from porous media 193 

Figure 2(a) illustrates that for the evaporation of water, the duration of stage-1 evaporation 194 

from heterogeneous sand packs increased with increasing levels of textural contrast 195 

(expressed in terms of the ratio of the fine to coarse air entry values: hb
F hb

C⁄ ) . This result is 196 

in-line with the analysis presented in Lehmann and Or [2009]. Surprisingly, this correlation 197 

appears not to hold for saline water, as shown in Fig. 2(b). Our experimental data show no 198 

significant change in the duration of the constant evaporation rate period for all textural 199 

contrasts studied. This would appear to be due to the presence of salt precipitation at the 200 

surface. This is a counter-intuitive result, since the presence of such heterogeneities has 201 

momentous effects on the transport processes and phase distributions during evaporation 202 

[Lehmann and Or, 2009; Bechtold et al., 2011]. However, our results clearly show that 203 

despite the presence of increasingly pronounced heterogeneity, the evaporation dynamics is 204 

controlled by the properties of the precipitated salt at the evaporating surface.  205 

In the initial stages of evaporation, the presence of salt in the evaporating solution causes the 206 

suppression of the saturated vapour pressure resulting in a lower evaporation rate compared 207 

to evaporation of pure water under similar conditions [Shokri-Kuehni et al., 2017b] (Figure 208 

2). As the salt begins to precipitate and expand over the surface (active evaporation areas are 209 

converted to precipitation areas), the active evaporation surface is extended to the exterior of 210 

the precipitation layer and the evaporation rate is controlled by the pore-scale dynamics of the 211 

salt precipitation, which is considered next.  212 
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 213 

Figure 2. Evaporation rate from sand packs with different textural contrasts. The legend 214 

indicates the value of hb
F hb

C⁄  (indicating the ratio of air entry pressure for fine and coarse 215 

sand) saturated with (a) pure water and (b) 3M NaCl solution (inset shows the corresponding 216 

evaporative mass loss curves).  217 

3.2 Pore-scale salt precipitation dynamics 218 

Investigation of the formation and growth of the precipitated salt at the surface of evaporating 219 

sand columns at high spatial and temporal resolution was made possible by means of time-220 

lapse X-ray micro computed tomography (CT). The X-ray images reveal that the precipitated 221 

salt at the surface goes through a complex dynamics and evolution which may influence the 222 

evaporation behaviour.   223 
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Figure 3(a) shows an example of the evolution of the precipitated salt around a sand grain at 224 

the surface of the coarse domain in a heterogeneous sand pack with hb
F hb

C⁄ =3.30. The time 225 

sequence illustrates how the growth of the salt results in contact with neighbouring 226 

precipitation (6 hours) which ultimately result in significant deformation of the shape and 227 

distribution of the precipitated salt (8 hours). This suggests that solute redistribution within 228 

the precipitated salt has caused dissolution and subsequent re-growth of crystals.  Such 229 

deformations, or re-structuring, of precipitated salt was observed regularly throughout the X-230 

ray experiment (for both columns with different textural contrast). This direct observation 231 

confirms that the salt precipitation comprises liquid phase which is regularly transported 232 

within the porous precipitated salt network at the surface, causing dissolution and re-233 

crystallization. Figure 3 (b) shows salt precipitation formed around another grain at the same 234 

surface, and illustrates the highly porous structure of the salt, and that the porosity of the 235 

precipitated salt continuously changes during drying. Shokri-Kuehni et al. [2017a] recently 236 

illustrated that precipitated salt at the surface is a highly evolving porous structure, which 237 

facilitates a capillary supply of the evaporating solution from the porous medium to the 238 

external surface (acting as a “capillary conductor”). The pore-scale results (Figure 3) verify 239 

the evolving porous structure of precipitated salt during evaporation from porous media. 240 

The pore-scale observations presented in Figure 3 could be considered as a first step toward 241 

further pore-scale quantifications specifically targeting the link between the complex 242 

evolving geometry of precipitated salt and the dynamics of evaporation. In order to describe 243 

the drying process in the presence of salt (Figure 2b), it is necessary to take into account such 244 

dynamics. Bergstad and Shokri [2016] reported similar evaporation curves to Figure 2 from 245 

sand packs with different mixed wettability condition saturated with NaCl solution. They 246 

showed that while the presence of hydrophobic grains does reduce capillarity (and 247 

subsequently the duration of stage-1 evaporation of pure water), the capillary pumping effect 248 
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of wet salt precipitation at active surface sites support the evaporative demand which results 249 

in  negligible effect of mixed wettability on the overall evaporative mass loss and duration of 250 

stage-1. These results suggest that the formation of precipitated porous salt on the surface of 251 

heterogeneous sand packs supplying the evaporative demand introduces an additional level of 252 

control on the resulting evaporation behaviour and that in so doing reduces the dependency of 253 

drying dynamics on the porous media heterogeneities. This is an important consideration for 254 

future modelling approaches and predictions of saline water evaporation dynamics, with 255 

significant impacts on hydrological applications and water management. 256 

 257 

Figure 3. Sequences showing two regions of interest taken from virtual horizontal X-ray CT 258 

cross sections recorded over time illustrating examples of typical salt precipitation formed 259 

around two separate sand grains at different locations on the surface of the coarse sand after 260 
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(a) 5, 6 and 8 hours of evaporation and (b) 10 and 24 hours of evaporation, from the 261 

evaporating column with hb
F hb

C⁄ =3.30.  262 

3.3 Macro-scale salt precipitation patterns influenced by the textural contrast  263 

The recorded images of evaporating heterogeneous sand surfaces were segmented to quantify 264 

the surface fraction covered by precipitated salt for the coarse and fine domains. This 265 

information enabled the assessment of the role of textural discontinuity on salt precipitation 266 

patterns, as shown in Figure 4. The results in Figure 4 correspond to salt precipitation 267 

patterns observed 1 and 6 days from the onset of the evaporation experiment. Results suggest 268 

that with the decrease in the strength of the textural contrast between fine and coarse sand 269 

(i.e. lower ratios of hb
F hb

C⁄ ), the salt precipitation on the coarse surface is reduced for the 270 

same initial salt concentration (similar in all sand columns). In contrast, a larger fraction of 271 

the fine domain surface was covered by the precipitating salt for lower strength of textural 272 

contrasts.  273 

Furthermore, the results show that the onset of salt precipitation on the fine surface was 274 

strongly influenced by the difference between the air entry pressure of fine and coarse sand 275 

∆hb = hb
F − hb

C. When the textural contrast between fine and coarse domain increases, the 276 

fine surface remains saturated for a longer elapsed time, reflected in larger values of ∆hb 277 

[Lehmann and Or, 2009]. These considerations may suggest that the onset of precipitation on 278 

the fine surface is strongly correlated to the air entry pressure of this domain, which would 279 

explain the observed delay in the onset of salt precipitation for high textural contrasts (Figure 280 

4 (b)). 281 

For a given initial salt solution concentration, and for similar external conditions, salt 282 

precipitates first where the local concentration at the phase change plane exceeds the 283 

solubility limit. It follows that preferential salt precipitation is strongly influenced by higher 284 
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local evaporation flux for a given porous medium surface. In a heterogeneous sand column, 285 

the coarse domain is preferentially invaded by air, resulting in formation of disconnected 286 

liquid clusters separated by dry sand on the surface. The evaporation flux from the few 287 

remaining liquid filled pores  is expected to be higher than for a same sized pore on the nearly 288 

saturated fine surface [Shahraeeni et al., 2012]. Consequently, we expect early onset of salt 289 

precipitation over the coarse surface [Bergstad et al., 2017]. The fewer of these pores on the 290 

surface (i.e. the greater distance between disconnected liquid clusters on a surface), the higher 291 

the evaporation flux is per pore [Fabrikant, 1985; Shahraeeni et al., 2012; Aminzadeh and Or, 292 

2017]. The observed precipitation patterns (Figure 4) suggests that, since a higher textural 293 

contrast results in earlier and faster salt precipitation on coarse surface, reflecting a higher 294 

evaporation flux, the spacing between (or number of) wet pores after air invasion into the 295 

coarse surface must have increased with textural contrast (which is discussed next).  296 



16 
 

 297 

Figure 4. (a) The fraction of surface covered by precipitated salt in coarse and fine sand after 298 

1 and 6 days from the start of the experiments, respectively. The inset shows the onset of 299 

precipitation on the surface of fine sand as a function of the difference between air entry 300 

pressure of fine and coarse sand ∆ℎ𝑏. (b) The surface of columns with hb
F hb

C⁄  equal to 1.33 301 

and 3.30 after 1 and 6 days after the onset of the evaporation experiments. 302 
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3.4 Textural contrast effects on preferential capillary flow and salt precipitation 303 

Two sets of evaporation experiments were conducted using Hele-Shaw cells to investigate 304 

details of the drying front (defined as the interface between saturated and partially wet zones) 305 

depth and velocity as it recedes through the fine and coarse sand domains. The magnitudes of 306 

the textural contrasts in these two sand packs were hb
F hb

C⁄  = 2.75 and 1.33 (note that the 307 

coarse sand domain was identical in both sand packs and the textural contrasts were varied by 308 

changing the particle size of fine sand domain). The results are presented in Figure 5. As 309 

illustrated in other studies [Lehmann and Or, 2009; Bergstad et al., 2017], the drying front is 310 

formed preferentially in the coarse domain first due to the presence of larger pores (lower air 311 

entry pressure). During pure water evaporation, the fine domain remains saturated until the 312 

drying front depth in the coarse domain exceeds the characteristic length ∆hb = hb
F − hb

C 313 

[Lehmann and Or, 2009], marking the onset of air invasion and formation of a front in the 314 

fine domain.  315 

Our results confirm that for a large textural contrast, the fine domain remains saturated for a 316 

longer time due to the greater capillary pressure differences between the fine and coarse 317 

domain (and the ability to extract water from larger depths in the coarse domain). Based on 318 

the air entry values obtained from the water retention curves (Figure 1), the characteristic 319 

length for the two systems was found to be 105 mm and 20 mm for hb
F hb

C⁄  equal to 2.75 and 320 

1.33, respectively. However, Figure 5 (a) indicates that desaturation of the fine surface starts 321 

when the depth of the drying front in the corresponding coarse domain was ~70 mm and 17 322 

mm (33% and 15% shorter than the characteristic length for pure water). This is due to the 323 

effects of the de-saturating salt precipitation layer on the continuity of the liquid phase to the 324 

surface, and the corresponding evaporation dynamics discussed above, resulting in premature 325 

decoupling of the drying front. This finding is relevant to practical applications because it 326 
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suggests that the presence of salt may cause the disruption of the essential liquid supply from 327 

saturated zone to the soil surface affecting vegetation.  328 

 329 

Figure 5. (a) The evolution of mean drying front depth; (b) the velocity of the drying front in 330 

the coarse and fine sand domains for two columns with different textural contrasts with 331 

values of hb
F hb

C⁄  2.75 and 1.33. The x-axis in (b), 𝑀 (-), represents the cumulative water mass 332 

loss by evaporation as a fraction of the final mass loss measured; (c) the segmented images 333 

(black = saturated region, white = unsaturated region) of the heterogeneous Hele-Shaw cells 334 

2.5 days from the onset of the evaporation experiments. The coarse sand was identical in both 335 

experiments with the particle size range of 1000-1250 μm, however, the fine sands with 336 
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particle size ranges of 300-500 μm was used in hb
F hb

C⁄ =2.75 and 700-1000 μm in 337 

hb
F hb

C⁄ =1.33. The estimated pressures at the column surfaces PHigh and PLow with ℎ𝑏 the air 338 

entry pressure and 𝐿 the drying front depth; and (d) the water retention curve for the coarse 339 

sand which confirms the presence of lower water content at the surface of the coarse domain 340 

in the column with the higher textural contrast (due to higher capillary pressure). 341 

The preferential displacement of the drying front in the coarse domain, influenced by the 342 

degree of textural contrast, also affects the preferential deposition of salt at the surface. The 343 

pressure at the drying front in the coarse domain might be approximated as the air entry value 344 

of the coarse sand hb
C (assuming near-hydrostatic conditions as described in Shokri et al., 345 

2008). Therefore, the pressure head at the surface can be estimated as the summation of the 346 

air entry value and gravitational head (i.e. the depth of the drying front). Under the same 347 

cumulative mass loss, the drying front is deeper in the coarse domain for higher textural 348 

contrast as a result of the faster moving front (greater capillary gradient), and the pressure at 349 

the surface is higher (more negative) (Figure 5). According to the water retention curve, 350 

higher surface pressure corresponds to the lower water content at the surface (Figure 5d). 351 

Less water at the surface may suggest the presence of fewer liquid patches with greater 352 

spacing supporting the evaporative demand. As already shown in Bergstad et al. [2017], 353 

greater spacing between liquid patches at the surface increases the evaporation per pore 354 

which eventually results in earlier onset of salt precipitation at the surface and consequently 355 

faster spread of salt precipitation on the coarse surface as the textural contrast increases. This 356 

explains the result observed in Figure 4. Understanding the detailed mechanisms which 357 

govern preferential salt deposition in the more representative heterogeneous porous media 358 

may aid the development of effective strategies for removing salts from the critical root zones 359 

and reclaiming salinized fields [Berezniak et al., 2017]. 360 
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A closer look at the effect of textural contrast strength on preferential salt precipitation 361 

patterns was obtained from time-lapse X-ray micro-tomography. This enabled us to directly 362 

observe and verify some of the mechanisms proposed above. 363 

3.5. Pore-scale quantification of salt precipitation in heterogeneous porous media 364 

The pore-scale images obtained from the X-ray tomography experiments were analysed in 365 

order to obtain the evolution of the mass of salt precipitation at the surface of coarse and fine 366 

domain for two textural contrasts, hb
F hb

C⁄ =3.30 and 2.75. As observed in the Hele-Shaw 367 

experiments, the majority of the evaporative mass loss is supplied from the coarse region due 368 

to the lower resistance for air invasion in larger pores (Figure S1) [Bergstad et al., 2017]. Our 369 

X-ray results further illustrate the same development of the salt precipitation patterns as 370 

observed in the macro-scale evaporation experiments (Figure 6a). Salt precipitates first on the 371 

coarse surface of the column with the higher textural contrast, and obtains a much larger 372 

amount of salt precipitation throughout the evaporation process. Conversely, the onset of 373 

precipitation on the fine surface is delayed compared to the column with the lower textural 374 

contrast. In both X-ray experiments the majority of the total cumulative salt precipitated 375 

above the coarse domain of the heterogeneous surface. 376 

By quantifying the saturation of the liquid phase in each horizontal 2D slice of the X-ray CT 377 

scans, we could determine the evolution of the average water content at the coarse surface as 378 

influenced by textural contrast. Figure 6 (b) shows that, for the same mass loss from the 379 

coarse domain, the surface water content was consistently lower for the column with the 380 

greater textural contrast. This result confirms the analysis presented in Figure 5, and supports 381 

the proposed mechanism responsible for the observed salt precipitation patterns; the 382 

magnitude of the textural contrasts influences the preferential movement of the drying front 383 

in the coarse domain which affects the pressure at the surface. This results in a lower surface 384 
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water content which corresponds to an increase in the evaporative flux from individual active 385 

pores supplying the evaporative demand.  Ultimately this causes earlier onset and accelerated 386 

growth of salt precipitation (Figure 6 (c) and Figure 4).  387 

 388 

Figure 6. Evolution of (a) the mass of salt precipitation at the surface of coarse and fine 389 

domain and (b) surface water content of the coarse domain, in columns with different textural 390 

contrast of hb
F hb

C⁄ =3.30 and 2.75 obtained from X-ray CT experiments. (c) 3D volume 391 

rendering of the heterogeneous sand packs from Avizo Fire 9.2 (FEI, 2017) after 3 and 15 hrs 392 

of evaporation showing the salt distribution (white) at the surface.  393 

4. Summary and Conclusions 394 
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Evaporation from texturally heterogeneous porous media saturated with NaCl solution with 395 

different degrees of textural contrast was investigated under constant external conditions. The 396 

evaporation curves and precipitation patterns were recorded for six different textural contrasts 397 

between coarse and fine sand distinguished by their air entry pressure ratios hb
F hb

C⁄ . An 398 

additional set of evaporation experiments was conducted using Hele-Shaw cells to investigate 399 

details of preferential front displacement and potential consequences on salt precipitation 400 

patterns. Finally time lapse X-ray computed tomography was used to confirm the obtained 401 

results at the pore-scale. Results show that, for pure water, an increase in textural contrast in 402 

porous media results in prolongation of the stage-1 of evaporation. However, if saturated with 403 

NaCl solution, the textural contrast had no noticeable effect on the duration of the constant 404 

evaporation period. We attribute this unintuitive result to the formation of precipitated porous 405 

salt on the surface, which controls the evaporation process [Sghaier and Prat, 2009; Eloukabi 406 

et al., 2013; Bergstad and Shokri, 2016; Shokri-Kuehni et al., 2017a,b]. By means of X-ray 407 

tomography we have demonstrated the highly porous and dynamic nature of salt precipitation 408 

through direct pore-scale observations.  409 

The contrast between the hydraulic properties of the fine and coarse sand domain influence 410 

the velocity of the drying front in the coarse domain, which in turn determines the pressure 411 

and water distribution at the coarse surface. The local distribution of wet pores impacts the 412 

evaporation flux and subsequently the salt concentration in the solution. We illustrate that 413 

increasing the textural contrast between interacting coarse and fine domains results in earlier 414 

and faster salt precipitation on the coarse domain, but delayed precipitation on the fine 415 

surface. This behaviour was attributed to the higher negative pressure at the surface of the 416 

coarse domain (the presence of less water at the surface) due to the faster receding drying 417 

front in the coarse domain of the heterogeneous sand pack as the textural contrast increases. 418 

This process leads to more evaporation per pore on the surface of the coarse domain 419 
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[Shahraeeni et al., 2012; Aminzadeh and Or, 2017] thus earlier and faster precipitation 420 

[Bergstad et al, 2017]. Furthermore, we show that the onset of precipitation on fine surface is 421 

related to the magnitude of the difference between the air entry pressure of the coarse and 422 

fine sand domain ∆hb. 423 

The results reported here are important for improving physical understanding and accuracy of 424 

modelling approaches for management of saline soils, as in most natural and agricultural 425 

cases there exists domains with textural contrasts of different magnitudes, and the findings 426 

presented here will be instrumental to identify and describe the areas where precipitation 427 

occurs with the associated evaporation behaviour. 428 
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