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ABSTRACT 
Soil plays a vital role in maintaining ecosystem functionality, supporting biodiversity, 
facilitating successful crop production, and ensuring socio-economic stability.  Soil 
quality is, however, constantly threatened by various factors, such as adverse climate 
conditions, hydrogeological processes, and human activities. One particularly 
significant stressor is soil salinity, which has a detrimental effect on soil quality. This 
study focuses specifically on understanding how soil properties contribute to the 
accumulation of surface soil salinity in the presence of shallow saline groundwater. 
To achieve this objective, advanced groundwater modeling techniques are employed 
to simulate saltwater intrusion in a riparian area known as Altes Land in northern 
Germany. A realistic representation of the salinization process is created and 
evaluated using a comprehensive dataset of hydrogeological information specific to 
the region. Additionally, the study examines the influence of soil heterogeneity on 
regional soil salinity by varying soil properties through devising six distinct scenarios 
for generating the numerical models that represent variations in soil texture and 
structure. The study reveals that regional soil texture and layering arrangement 
significantly influence the availability of water and the propagation of saline water in 
the vadose zone, and are major contributors to surface soil salinity. Subtle alterations 
and simplifications, often inconspicuous or deemed inconsequential in the context 
of small-scale experiments, may carry substantial ramifications for the formulation 
of enhanced management strategies in regions characterized by low elevation and 
influenced by groundwater salinity. Furthermore, the insights gained from this 
research provide valuable information for applications in agricultural practices and 
environmental conservation. 
 
Plain language summary 
Saltwater intrusion occurs when seawater enters coastal groundwater. In low-lying 
coastal regions, saline groundwater can rise close to the soil surface, leading to soil 
salinization that negatively impacts soil health and plant growth. The extent of soil 
salinization can be impacted by soil texture and heterogeneity, which is not fully 
understood at regional scales. In this study, we developed a new decision-support 
framework capable of describing and predicting salt transport through unsaturated 
zones lying over groundwater affected by seawater intrusion, and evaluated it 
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against field measurements. This enabled us to investigate soil salinity under a 
variety of conditions and quantify the effects of important parameters, including soil 
texture, heterogeneity, and layering arrangement, on salt deposition close to the 
surface. Our study offers new quantitative insights into and tools for revealing the 
mechanisms governing the spatial distribution of soil salinity, as well as its health, 
hence contributing to global efforts for sustainable resource management and 
United Nations Sustainable Development Goals, particularly UN SDG15. 
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Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 
4.0) (https://creativecommons.org/licenses/by-nc-nd/4.0/). 

1. INTRODUCTION 
Healthy soil is essential for ecosystem functioning and services, biodiversity, crop production, and 
socioeconomic stability. Adverse regional climate conditions, such as drought stress, heat waves, high 
temperatures, and flooding, in conjunction with challenging soil conditions, such as nutrient deficiency, 
soil salinity, and extreme pH, along with the presence of ubiquitous pollutants, such as heavy metals, 
microplastics, herbicides, pesticides, antibiotics, and organic pollutants, can potentially reduce soil 
quality significantly and endanger major crops, global food production, and food security (14, 59, 66,  
84). Many studies have extensively examined the influence of various stressors on crop responses, 
including high temperatures (3, 6), soil salinity (38, 58), heavy metals (4), and microplastics (57).  

There currently exists a substantial body of published research dedicated to examining the sources of 
soil quality stressors (e.g. 18, 50). Several studies have extensively examined the role of climate (29, 48, 
49), human activities (32, 78, 85, 87), and the hydrogeological features of landscapes (40, 82) to assess 
their impact on soil quality. Climate factors exhibit a direct correlation with stressors such as drought 
and high temperatures and exert a regulatory influence on soil contamination. Human activities such as 
irrigation have also been identified as potential contributors to alterations in soil salinity (43). 
Furthermore, the introduction of pesticides and fertilizers, as well as the influx of urban and industrial 
effluents, has the inherent capability to disturb soil chemistry and elevate the concentrations of 
pollutants (86). Moreover, hydrogeological conditions, including soil morphology and chemical 
composition (1, 19, 52), groundwater hydraulic conditions (8, 21), and terrain properties, such as slope 
(30, 44), can potentially affect soil quality. 

As described above, various climatic, anthropogenic, and hydrogeological factors can potentially 
contribute to the escalation of soil salinity levels, which in turn can lead to the depletion of fertile 
agricultural soil, posing a significant threat to food security. Our research focuses on advancing the 
understanding of the hydrogeological factors involved in the development of soil salinity. Specifically, 
we aimed to further explore the relationship between soil properties and the upward transport of saline 
water to the surface, which occurs in the presence of shallow saline groundwater that is hydraulically 
connected to the soil surface through the vadose zone (28, 35, 61, 72).  Extensive investigation of this 
process has been carried out using various techniques across many spatial scales. Using stochastic 
modeling techniques, Shah et al. (67) carried out a study to examine the accumulation of salt in the root 
zone that results from capillary flux from brackish groundwater, while also accounting for the osmotic 
effects of the dissolved salt mass. Their findings indicated that the salinity of the root zone exhibited an 
almost linear relationship with the groundwater salinity. Narjary et al. (45) employed a one-dimensional 
(1D) groundwater model to investigate the influence of the depth of shallow saline groundwater table 
on dynamics of soil salinity. Their research revealed that as the depth of the saline groundwater table 
increased, there was an increase in upward salt movement, leading to elevated soil salinity levels.  
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Li and Shi (37) focused on the impact of salt precipitation growth on upward solute transport and the 
spatial distribution of temperature in sandy soils with a fixed depth of groundwater table. Their 
investigation indicated that the lateral growth of salt precipitation has a minimal effect on the transport 
process, whereas the elevated salt crust substantially reduces the transport rates and lowers soil profile 
temperatures due to increased albedo and the formation of an air layer. Norouzi Rad et al. (47, 51) 
studied salt precipitation in drying porous media in order to understand the complex dynamics and the 
patterns of salt deposition. One study (47) focused on the pore-scale dynamics of salt precipitation using 
high-resolution X-ray microtomography and scanning electron microscopy, revealing non-uniform salt 
precipitation patterns in porous media, which are influenced by the spatial distribution of the pore sizes. 
In the second study (51), X-ray micro-tomography was used to investigate the effect of particle and pore 
sizes on salt precipitation patterns and dynamics, and it was reported that preferential upward transport 
sites, associated with fine pores, significantly influence the patterns and dynamics of NaCl precipitation 
on the surface of sand columns.  

Hassani et al. (23) proposed a machine-learning approach to predict soil salinity and sodicity at a global 
scale over the past four decades. Their analysis revealed that a substantial portion of non-frigid regions, 
particularly in Asia (China, Kazakhstan, and Iran), Africa, and Australia, was affected by salt, with frequent 
recurrence between 1980 and 2018. In another study (24) they investigated the impact of climate change 
on naturally occurring soil salinization in global drylands by developing data-driven models to predict 
primary soil salinity and its variations up to the year 2100. Their study identified future salinization 
hotspots worldwide.  

In a laboratory experiment utilizing alternating layers of coarse and fine sand, Shokri et al. (70) 
demonstrated that textural interfaces have a strong impact on the capillary rise phenomenon. This has 
implications and significance in soil on a large scale, because soil and other natural porous media are 
typically stratified. Shokri (68) employed synchrotron X-ray micro-tomography to investigate water 
transport from saline porous media. The results indicate that, consistent with the theory of wetting in 
porous media (63), air (a non-wetting fluid) invades large pores at the surface, whereas finer pores 
remain connected to the wet zone at the bottom, leading to higher salt concentrations in the finer pores. 
Dashtian et al. (9) utilized a pore-network model to investigate salt transport and precipitation in porous 
media. Their work emphasized the significance of pore space morphology and the clustering of areas in 
which salt precipitation has occurred, especially in natural porous media that typically contain 
stratification. 

Soil layering and sharp vertical textural contrasts are common in coastal environments (27, 83). Recent 
advancements, such as those mentioned above, have led to significant progress in understanding the 
relationship between soil properties, such as soil type, stratification, and sharp soil textural contrasts, 
their impact on the vertical transport of saline water, and the subsequent increase in soil salinity (36). It 
is now possible to accurately estimate the upward movement of saline water in a pore/laboratory/field-
scale soil column (73), evaluate the effect of various types of soil stratifications on the extent of upward 
transport of saline water (7), and develop an approximate mapping of how soils with various 
compositions contribute to soil salinity on a global scale (23, 24). For instance, it is well known that when 
the top layer of soil is sandy, which means it has larger particles and can hold less water, water does not 
move easily through it and does not reach the surface as much as it would in soil with smaller particles, 
such as silt (63). Moreover, in heterogeneous soil, sandy soil on top of silt soil can block the upward flow 
of water, preventing it from reaching the surface (70).  

However, when considering practical applications in agricultural regions affected by salinity in shallow 
regional groundwater, such as those that experience saltwater intrusion, there remains a lack of 
comprehensive understanding of the extent of the influence of soil properties and textural variations on 
the development of soil salinity resulting from interaction with groundwater. Several assumptions, such 
as the imposition of soil homogeneity through the application of effective hydraulic conductivity to the 
entire laboratory sample, or the subdivision of the soil sample into homogenous parts with an 
assumption of homogeneity for each segment, pose challenges in terms of upscaling to a practical 
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regional scale. Small-scale approaches overlook the impact of minimal and often imperceptible changes 
in soil texture on the surface, changes that could become especially pronounced when extrapolating 
results to a practical regional scale. This becomes particularly problematic in the context of investigating 
the influence of saline groundwater on soil surface salinity at a regional scale, rendering existing 
experimental results inadequate for a comprehensive assessment of these processes in a larger 
geographical context. Although phenomena such as saltwater intrusion, which refers to the movement 
of saline water into freshwater aquifers or surface water bodies, have been extensively studied (20, 60, 
79), the influence of soil heterogeneity on the response of regional soil salinity to saltwater intrusion has 
not been adequately addressed.  

Motivated by this knowledge gap, our study aims to develop a robust numerical framework designed to 
capture the influence of soil heterogeneity on regional soil heterogeneity in the presence of shallow 
saline groundwater. To achieve our objective, we employed advanced groundwater modeling techniques 
to simulate saltwater intrusion in a near-coastal riparian area known as Altes Land (see below). Due to 
its characteristics, this region serves as an ideal study area, as it is a relatively flat terrain with shallow 
saline groundwater, and is recognized as a significant agricultural hotspot. 

By utilizing numerical simulations, we aimed to realistically represent the salinization process in the study 
area. The model was then evaluated against a substantial dataset of hydrogeological information 
available for the region, which provides valuable insights into the behavior of shallow salinized 
groundwater, enabling a more accurate description of the optimal model characteristics. To model 
saltwater intrusion into the groundwater, we used FEFLOW (11), a groundwater modelling software 
capable of modelling realistic hydraulic conditions as well as solute (saline water) transport under 
relatively saturated conditions. After evaluating the model against the available data for saltwater 
intrusion, we proceed to vary the soil properties of the uppermost layer in the model in order to generate 
six distinct models -hereafter referred to as scenarios – which represent variations in soil texture and 
structure. Subsequently, we analyzed the resulting soil salinities for each model within a comprehensive 
framework to elucidate the impact of contrasting soil textures and structures at a regional scale. We 
show that by employing a systematic approach to analyze and comprehend the influence of regional 
soil texture and structure on soil salinity, our work and results provide valuable insights that contribute 
to refining management strategies aimed at effectively alleviating the complications arising from salinity 
in low-lying regions impacted by groundwater. The significance of our findings transcends theoretical 
implications confined to pore/laboratory-scale experiments or rough global estimations, as they hold 
substantial potential for practical applications in the domains of agricultural practices and environmental 
conservation.   

2. MATERIALS AND METHODS 
2.1. Study area  
As shown in Figure 1, we used a part of Altes Land as the study area for model evaluation and further 
assessment. Altes Land is characterized by flat, dike-protected land dominated by orchards near the Elbe 
River in northern Germany (5). The region is a popular cultural attraction and the largest contiguous 
fruit-producing region in Central Europe. Fruit production in Altes Land is dominated by apples, plums, 
and cherries (34). The region's apple plantations account for approximately 90% of the acreage, 
producing approximately 340,000 tons of apples annually (10). However, because of its proximity to the 
Elbe River, high salinity is a major issue for irrigation and crop production.  
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2.2. Initial and boundary conditions 
The Lower Saxonian part of the Altes Land (most of the region) was selected as the study domain because 
of the availability of the data and accessibility. The boundaries of the model are shown in Figure 1 (see 
Appendix A, available online, for complete information). To the north, the boundaries are defined by 
the Elbe River. Tidal effects strongly influence this part of the river, resulting in transport of saline water 
from the North Sea to the river. Figure 1 presents the location of groundwater, surface water levels, and 
salinity data, as well as the annual mean groundwater recharge model provided by the Geological Survey 
of Lower Saxony (GSLS). The groundwater salinity data used in this study were measured from the 
samples taken directly from each measurement location (74).  

The annual average groundwater recharge (Fig. 1b) was simulated using the conceptual distributed 
hydrological water balance model, mGROWA (13, 26). mGROWA relies on various inputs, including 
precipitation, evaporation, soil characteristics, and landscape features, to estimate annual mean 
groundwater recharge. In its latest iteration, mGROWA22, groundwater recharge is computed by 
incorporating precipitation data adjusted using the Richter method (54, 56) and potential evaporation 

data calculated using the FAO method from the German Weather Service (DWD). Soil property 
information sourced from the soil map BK50 (16) is utilized within mGROWA22. The model resolves the 
daily soil water balance across five soil layers, subsequently partitioning monthly seepage into its 
constituent discharge components, including groundwater recharge and direct discharge, encompassing 
drainage, interflow, and surface runoff. 

Initially, the model soil was assumed to be fully saturated. In the numerical simulation, we defined the 
hydraulic head and salinity boundaries along the Elbe River by utilizing the mean salinity of the water 
levels. Specifically, using the rich historical data available in this study, we employed the mean water 
levels obtained at points 7 and 15 of Figure 1 for hydraulic heads (average of daily measurements 
spanning from 1997 to 2010) and at points 8-14 for salinity (average of weekly measurements spanning 
at least from 2010 to 2020; for more information, see Appendix A online). Using linear interpolation 
between these points, we determined the hydraulic heads and salinities of all the boundary nodes along 

 

Figure 1: (a) Boundaries of the lower-Saxonian Altes Land model, the location of the salinity and 
hydraulic head measurements; (b) annual groundwater recharge between 1991 and 2020.  Circles 
indicate salinity measurements, while triangles indicate hydraulic head measurements. A detailed 
description of the measurements is presented in Appendix A (available online). 
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the river. To establish the landward boundaries, we employed the same methodology. We chose 
measurements at specific locations, namely, points 7, 15-18, to set hydraulic head boundaries, and at 
points 6, 14, 16-18 to set salinity boundaries. The time span and frequency of the measurements at each 
sampling location and the average values are available in Appendix A. In the Altes Land region, the 
annual changes in the groundwater table and salinity were negligible. Therefore, in our model 
evaluations we used the mean values over the entire measurement period. Note that in the events of 
precipitation, base flow, or runoff, some areas in the model may have hydraulic heads that are greater 
than the elevation of the area. To avoid such unrealistic hydraulic heads in the simulations, the maximum 
hydraulic head was defined to be equal to the point elevation, and excess water was removed from the 
system. In Altes Land, excess water can theoretically be drained because of the intricate connection of 
orchards via a dense network of canals. These canals play a pivotal role in both the distribution of water 
and alleviation of excess water from saturated soil. This drainage system was thoroughly incorp-orated 
into the ground-water recharge model, effectively preempting the impact of sporadic hydraulic head 
surges. 

Figure 2 depicts cross-sectional (A-A in Fig. 1) and side views of the geological layers of Altes Land. In 
coastal areas of northern Europe, moorlands, such as Altes Land, form between the sea (or the river in 
the case of Altes Land) and sandy hills, as shown in Figure 2 (denoted by L1). In the Holocene 
transgression phase, before the human-made dikes were built to reclaim the land, these areas were 
covered with water, resulting in deposition of a silty clayey and partially fine sandy layer (31). This 
geological layer is currently found across northern German coastal areas with an average thickness of 
25 m. Its thickness in Altes Land (Fig. 2, L2) is limited to approximately 12 meters. Prior to the formation 
of this layer, during the Saalian glaciation period, a sandy glaciofluvial layer formed in marshes and 
moorlands. This layer in Altes Land (Fig. 2, L3) is approximately 40 m deep on average. Below this layer, 
a clayey layer formed in glacial reservoirs upstream of the north German glaciers during the melting ice 
phase (75). Layer L4, shown in Figure 2, with an average thickness of about 25 m and a hydraulic 
conductivity of about 10-9 m/s, was selected as the bottom of the aquifer (42).  

 

Figure 2: (a) Schematic of the soil profile in the part of the Altes Land used for model validation along 
the A-A cross section, indicated in Figure 1.  (b) Northwestern view of the geological layers used in the 
numerical analysis (NIBIS® Kartenserver; 46).   
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Since the soil data provided by the geological survey of Lower-Saxony were characterized by German 
standards of soil characterization, we defined the soil characteristics of each layer according to DIN 4220 
(German soil characterization standard; 12), with their van Genuchten parameters (76) displayed in Table 
1. The properties of each soil layer were used in the simulations. The model was discretized into 250,000 
prismatic elements consisting of 47 vertical layers. We constructed the topology of the top layer using 
the MERIT DEM database (81), with a spatial resolution of 250 m.  

Salinity levels in groundwater can influence fluid characteristics, including viscosity and density (15, 65). 
However, due to the minimal impact on viscosity, we deemed the variability in salinity-induced impacts 
on the hydraulic conductivity of sand and silt insignificant. Conversely, to comprehensively integrate 
salinity-induced changes in fluid density into our analyses, we employed density-dependent flow 
simulations. In this method, the hydraulic heads defined for the boundaries are influenced by the vertical 
distribution of fluid with varying salinities, resulting in a higher hydraulic head for a point at the same 
elevation in more saline water compared to less saline water. 

2.3. The governing equations and modelling approach  
Unsaturated flow through porous media is simulated using Richard’s equation (Eq. 1), given by (55) 
where 𝜃𝜃 [m3/m3] is the volumetric water content, ℎ[m] is the head induced by capillary action, 𝑡𝑡[𝑠𝑠] is the 
time, 𝐾𝐾[m s⁄ ] is the hydraulic conductivity, and 𝐻𝐻[m] is the hydraulic head.  

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= ∇ ∙ [𝐾𝐾(ℎ)∇𝐻𝐻] (1) 

We used the FEFLOW software to numerically solve Richard’s equation in a 3D domain. To simulate mass 
transport, the hydrodynamic dispersion equation was solved numerically under the steady-state 
assumption (Eq. 2) where 𝑣𝑣[m s⁄ ] is the velocity field, 𝐶𝐶[g l⁄ ] is the solute concentration, 𝐷𝐷[m] is the 
dispersion coefficient tensor, and 𝑅𝑅[g l⁄ ] is the sink/source term. 

𝑣𝑣 ∙ ∇𝐶𝐶 − ∇ ∙ (𝐷𝐷∇𝐶𝐶) = 𝑅𝑅 (2) 

In consideration of the scale of our numerical domain, we established the longitudinal and transversal 
dispersivity ranges by adopting the methodologies outlined by Gelhar and Collins (17). Through the 
execution of a sensitivity analysis correlating mesh resolution with dispersion, we determined a 
longitudinal dispersion value of 1×103 m. Assuming transversal dispersion to be one-tenth of the 
longitudinal dispersion, we established a transversal dispersion value of 1×102 m. By refining the mesh 
accordingly, we achieved a maximum Péclet number <0.5 to ensure that diffusive transport is dominant, 
as expected in groundwater (33). 

The model operates under density-dependent flow conditions. Nevertheless, as the ensuing results  
elucidate, the negligible disparity in salt concentrations within the model, ranging from 237 to 725 mg/l, 
led to closely aligned densities. Consequently, the detection of saltwater intrusion toe is imperceptible. 

Table 1: DIN 4220-compliant soil parameters for the study area. 

Layer 
name 

Textural class 𝜽𝜽𝒓𝒓 [m3/m3] 𝜽𝜽𝒔𝒔 [m3/m3] 𝜶𝜶 [1/m] n kf [m/d] 

L1 Sand* 0 0.39 26.4 1.35 3.75 

L2 Moderate 
clayey silt 

0.005 0.4 1.7 1.21 0.41 

L3 Coarse sand 0 0.38 22.1 1.47 20.99 

- Silt* 0 0.4 1.4 1.21 0.32 
*Displayed in Figure 6 for soil texture scenarios. 
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3. RESULTS  
3.1. Model evaluation 
The simulated steady-state hydraulic head, salt concentration, and water content in Altes Land   are 
presented in Figure 3, along with the calculated surface soil salinity across the soil surface. In order to 

calculate the amount of salt deposited on the surface, we used Equation 3 where 𝑀𝑀𝑠𝑠 �𝑘𝑘𝑘𝑘 ∙
𝑚𝑚3

𝑚𝑚3� is the 

 

Figure 3: Simulated (a) hydraulic head, and (b) groundwater salt concentration distribution across the 
Altes Land region, and their comparison with the data at the observation points 1-5. (c) The computed 
distribution of water content. (d) Calculated surface soil salinity from (b) and (c) using Equation 3 with 
an area (A) = 102 m2 and soil depth (d) = 0.3 m, where 𝑬𝑬� = absolute error, RMS = root mean square, and 
𝝈𝝈 = the standard deviation. 
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mass of deposited salt over the surface area  𝐴𝐴[𝑚𝑚2] with a depth of  𝑑𝑑[𝑚𝑚] (root zone), and 𝜃̅𝜃 �𝑐𝑐𝑐𝑐
3

𝑐𝑐𝑐𝑐3� and 

𝐶𝐶̅ �𝑘𝑘𝑘𝑘
𝑚𝑚3�   are, respectively, the mean water content and mean salt concentration in the root zone. 

𝑀𝑀𝑠𝑠 = 𝐴𝐴 ∙ 𝑑𝑑 ∙ 𝜃̅𝜃 ∙ 𝐶𝐶̅ (3) 

Based on a global study by Schenk and Jackson (64), 90% of soil profiles have at least 50% of roots in 
the top 0.3 m of the profile. Therefore, we used d = 0.3 m in order to calculate the deposited salt close 
to the surface.  

Before studying soil salinity in the region, we evaluated the simulation results by comparing the 
computed hydraulic heads (Fig. 3a) and groundwater salt concentrations (Fig. 3b) to the measurements. 
The simulated mass concentrations corre-sponding to depths identical to the measured groundwater 
salinities were employed in this evaluation. As shown in Figure 3, four observation points can be used 
to evaluate the simulated hydraulic conditions and salt transport. Given the size of the domain 
considered, there is reasonable agreement between the simulation results and data at the observation 
points, validating our approach and the model. 

Figure 3b illustrates the gradient of groundwater salt concen-tration from the river to the land, with the 
highest salinity in the northwest region (downstream of the river). These areas, located closer to the 
mouth of the Elbe River, are significantly influenced by the North Sea, resulting in higher salinity levels. 
As previously mentioned, apple and plum trees, which are highly sensitive to salinity, play a crucial role 
in the agricultural industry of Altes Land. A salinity level between 640 and 960 mg/l represents a 
threshold for root water uptake at and above which yields begin to decline (39). Given that the simulated 
salinities shown in Figure 3 are the mean values, agricultural regions in Altes Land, particularly those 
adjacent to the Elbe River, may already be at risk of being strongly impacted by soil salinity.  

Figure 3d shows the calculated soil salinity of the region's surface using Equation 3, assuming a surface 
area of A = 102 m². The calculation requires the water content, which is presented in Figure 3c, to 
incorporate soil characteristics and computed hydraulic heads. The calculated results for soil salinity 
depicted in Figure 3d provide valuable insights into the areas in which the soil surface salinity may be 
higher and should be accounted for in regional soil remediation strategies. However, keep in mind that 
the results for soil salinity are only as accurate as the resolution of the available data for soil properties 
and distribution. In the next section, we utilize the evaluated model to demonstrate such effects by 
varying topsoil texture and structure.  

3.2. Impact of soil texture and heterogeneity on salinity  
To evaluate the effect of soil texture and the presence of sharp textural contrasts on regional soil salinity 
driven by saltwater intrusion, we considered six hypothetical models that differed in soil texture and 
structure, as shown schematically in Figure 4. For each scenario, we used the geometric and 
morphological characteristics of the Altes Land region as the simulation domain. The soil textures and 
corresponding hydraulic characteristics are presented in Table 1. These scenarios were selected in order 
to investigate how (i) the soil texture (scenarios 1 and 2);   (ii) the presence of a horizontal textural 
contrast by placing a thin (30 cm thick) layer of top soil  overlying another layer that differed in texture 
(scenarios 3 and 4), and  (iii) the presence of a vertical textural contrast located in the middle of the 
domain with equal distance to the river and hillslope (scenarios 5 and 6), influence soil salinity.  

To specifically study the impact of soil texture and layering on soil salinity, we eliminated all external 
variables by assuming no evaporation and precipitation, except for the upward water gradient. This 
allowed us to examine the sole influence of soil properties on the process. To ensure consistency, we 
selected an equivalent saltwater head of z = -3 m for each side boundary. In this way, in contrast to 
Figure 3c, we maintained the entire surface of the domain above the groundwater level, resulting in 
uniform water content near the soil surface, which would mainly be affected by the properties of various 
soils. The salinity boundaries were identical to those used in the evaluated model. While the equivalent 
saltwater hydraulic head remained constant, varying salt concentrations on the boundaries generated 
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distinct hydraulic heads, thus establishing a relatively weak hydraulic gradient within the domain. In 
Figure 5, we present the computed salt concentrations and water contents along the cross-section A-A 
(depicted in Fig. 1), as well as for the top layer L2 (Fig. 2), under the scenarios illustrated in Figure 4. 
The computed results in this figure are essential for the calculation of surface soil salinity.  

As shown in Figure 5a, altering the soil properties of the top layer influenced the lateral distribution of 
saline water. Specifically, when the top layer primarily consists of silt (as in scenarios 1 and 3), the salinity 
that originates from the riverside (right side of the model) infiltrates farther inland, when compared with 
the cases in which the top layer is predominantly composed of sand (scenarios 2 and 4). This suggests 
that compared to sand, silt serves as a more effective medium for the lateral propagation of salinity in  
unsaturated soil. Consequently, upon analyzing scenario 5, we observe that when the sand layer is 
adjacent to the right side (the riverside with higher salinity), it facilitates reduced lateral transport of the 
high-salinity water while allowing the propagation of salinity from the silt layer next to the hilly side, 
which exhibits a stronger capacity for transporting saline water. Consequently, the lateral propagation 
of saline water in this scenario is even lower than that in scenario 2, which features only a sand layer.  

 

Figure 4: Scenarios for hypothetical soil layering for investigating the effect of soil textural contrasts on 
regional soil salinity. 

 

 

 

 

 

Figure 5: Computed (a) salt concentrations and (b) water contents displayed over the top 12-meters 
layer (L2 in Fig. 2) across the cross-section A-A of Figure 1 for the scenarios described in Figure 4. 
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In Figure 5a, the displayed salt concentrations primarily reflect those of salt in the water within the pore 
space of the relatively saturated soil. However, it is important to keep in mind that actual soil salinity is 
influenced by topsoil water content. When the water content is higher in a particular soil type, the 
corresponding amount of salt with the same concentration in that area will also be higher. To accurately 
determine the salinity levels on the soil surface, it was necessary to consider the simulated water content, 
as depicted in Figure 5b. It is evident in this figure that there exists a region below the z = -3 m line that 
is fully saturated (red), exhibiting a water content of up to 0.4. The phenomenon of upward capillary 
transport through the soil was observed above this boundary, extending towards the soil surface. This 
behavior provides insights into the influence of soil texture and structure on the water-holding capacity 
and, ultimately, the actual amount of salt present on the soil surface. It can also be seen that in all  
scenarios, the water content in the vadose zone in the presence of silt is relatively higher than that in 
sand, which will in turn have a considerable impact on the soil salinity, calculated for all the scenarios via 
Equation 3, and is displayed in Figure 6. The results shown in Figure 6 correspond to the surface soil 
salinity in an area of 102 m2 with a thickness of 0.3 m.  

According to Figure 6, owing to the low elevations (around z = -3 m) in several areas near the river in 
the northwest of the model domain (as reflected in the patches of regions with high salinity), the soil 
surface is saturated with groundwater, resulting in high salt accumulation. In other regions, the effects 
of soil texture and layering on the surface salt deposition were more pronounced. This suggests the 
importance of capillary liquid transport throughout the unsaturated zone, which connects the 
groundwater to the surface, on the surface soil moisture and salt concentration, and thus the total salt 
accumulation. Comparing scenarios 1 and 2, we observe that, compared to sand, there is more salt 
deposition close to the surface when the top layer is composed of silt. A comparison between the results 
for scenarios 1 and 3 indicates how the presence of a thin layer (30 cm thick) of sand over silt (scenario 
3) drastically reduces salt deposition close to the soil surface. The presence of a thin layer of silt over 
sand however leads to significantly more salt deposition close to the surface when compared to the case 
in which the domain is composed of only sand (scenario 2). Regarding the effect of the uppermost soil 
layer, we compared two sets of scenarios: 1 and 4, and 2 and 3. These pairs shared identical soil 
properties in the top layer. Nevertheless, discernible differences in the deposition of salt were evident 

 

Figure 6: Deposited salt close to the surface in scenarios 1 to 6 (schematically presented in Fig. 4). The 
colormap indicates the mass of deposited salt such that the closer the color is to red, the more is the 
mass of deposited salt.  
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when scenario pairs 1 and 4, as well as 2 and 3, were compared. Specifically, compared with scenarios 4 
and 2, models 1 and 3 produced higher concentrations of salt on the soil surface. Comparing scenarios 
5 and 6, it can be deduced that, in the presence of a vertical textural contrast, the order of layering plays 
a significant role in the amount of salt accumulated close to the surface. Note that the effective soil 
properties are the same in scenarios 5 and 6; however, the final field-scale response is completely 
different owing to the existence of local heterogeneity in the soil profile. The governing mechanisms 
controlling the observed differences in the six scenarios are discussed in the next section. 

4. DISCUSSION 
Based on the analysis of the results obtained under the various scenarios described in the previous 
section, we divided the influence of soil texture and structure on soil salinity into two categories: 

1)  Influence on soil surface water content 

2)  Impact on the propagation of salt concentration within the groundwater and vadose zones. 

The interplay between the two gives rise to diverse patterns of salinity across the soil surface. To 
comprehensively analyze the impact of various mechanisms on soil salinity in diverse scenarios, we 
carried out a comparative study of the results described in the previous section. In what follows, we 
discuss each comparison, emphasizing the influence of individual mechanisms on the disparities 
observed in soil salinity levels. 

4.1. Scenarios 1 & 2 
The differences in soil salinity between the two media produced by the two scenarios depicted in Figure 
6 can be explained by variations in the water content on the soil surface and the propagation of salt 
concentration, as shown in Figure 5. This figure indicates that the surface water content in the medium 
generated by scenario 1 (with silt) was higher than that in scenario 2 (with sand). This is consistent with 
the results of laboratory analyses conducted by others (35, 36, 69), where it was demonstrated that the 
length of the hydraulically connected paths throughout the unsaturated zone in silty media is larger than 
that in sandy ones. Therefore, a solute can be transported over longer distances above the groundwater 
that may even reach the soil surface.  

In a medium according to scenario 1 (with surface water content 𝜃𝜃 > 0.25), the presence of a positive 
lateral pressure gradient (from the river to the hilly side) allows for the transport of larger fluxes of salinity 
from the river side than in scenario 2 (with 𝜃𝜃 > 0.06) where the water content is lower. In other words, 
silt, which has a higher unsaturated hydraulic conductivity under the same metric potential, exhibits a 
greater capacity for lateral flow than drier sand (25, 41, 77). This increased lateral flow in silt leads to a 
more extensive spread of salt concentration than in sand. Consequently, the combination of higher water 
content and salt concentration in scenario 1 ultimately led to a higher level of soil salinity than in the 
medium generated by scenario 2.  

4.2. Scenarios 1 & 3 and 2 & 4 
The media generated according to the two sets of scenarios exhibited discernible differences in the top 
30 cm of the soil compared with the underlying layers. Examining the two pairs of model media 
generated by the scenarios shown in Figure 5, the spread of salt concentration is relatively consistent 
within each pair. As a result, the primary factor contributing to the observed variations in soil surface 
salinity, as depicted in Figure 6, is the presence of a thin layer of sand overlying silt in scenario 3 and, 
conversely, a thin layer of silt overlying sand in scenario 4. Through the regulation of the surface water 
content, the existence of such a thin layer is sufficient to significantly alter the patterns of salt 
accumulation on the surface.  

Pores in sand are larger than those in silt, implying that a smaller capillary pressure is required to empty 
them (62, 80). This disrupts liquid continuity between the surface and groundwater, leading to reduced 
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salt deposition near the surface in the medium generated by scenario 3 when compared with the 
homogeneous silty medium in scenario 1. Conversely, the opposite was true for scenarios 2 and 4. 

These findings agree with the experimental data reported by Shokri et al. (70) who conducted laboratory 
experiments in order to demonstrate how the addition of coarse-textured materials on top of fine-
textured sandy materials limits the hydraulic connection between the surface and a receding evaporation 
front. Our field-scale numerical analysis confirms that the same underlying principles governing 
laboratory-scale processes also exert significant influence on large-scale processes. 

4.3. Scenarios 1 & 4 and 2 & 3 
In contrast to the previously described scenarios, the uppermost soil layer (top 30 cm) remained 
consistent across these pairs of scenarios. Although the distinctions in soil salinity between these pairs, 
as depicted in Figure 6, are not as clear-cut as in the aforementioned scenarios, a comparison between 
scenario pairs 1 and 4, as well as pairs 2 and 3, reveals significant variations in soil salinity. Specifically, 
the soil salinity in the model according to scenario 1 was higher than that in scenario 4, whereas scenario 
3 produced a medium that exhibited  higher soil salinity than in scenario 2. Examination of Figure 5 also 
indicates that the water content on the soil surface is very similar in the media produced by these 
scenario pairs, with the differences being primarily attributable to the variations in the lateral 
propagation of salt concentrations, a mechanism that was discussed in the Section 3.1 (Scenarios 1 & 
2). 

4.4. Scenarios 5 & 6 
The objective of the comparison in this case is to demonstrate the potential for misinterpretation that 
can arise from relying solely on the effective parameters of porous media when studying transport 
phenomena in such heterogeneous media. In the case of the soil models generated by scenarios 5 and 
6, the effective parameters of the soil are similar, differing only in the arrangement of the vertical layers. 
However, when considering the accumulation of salt near the soil surface, large-scale responses exhibit 
significant differences, which can be attributed to the influence of the layering structure and their 
arrangement on the flow and transport processes that occur within the porous media (71).  Figure 5 
makes it evident that both the lateral expansion of salt concentration and the water content contribute 
to the distinction in the soil salinities. The underlying reasons for such disparities are described in the 
Section 3.1 (Scenarios 1 & 2). 

4.5. Scenarios 2 & 5 
The apparent differences between the underlying mechanisms that govern salt transport in the two 
media generated by scenarios 2 and 5 are intriguing and worth investigating.  In the medium generated 
by scenario 5, which is characterized by the presence of a sandy top layer adjacent to the river, the 
propagation of salt concentration is significantly lower than that in the medium in  scenario 2, where the 
entire top layer consists of sand. As illustrated in Figure 6, the silt layer in the medium constructed in 
scenario 5 contained a relatively higher water content, which contributed to an overall higher surface 
soil salinity, when compared with scenario 2. However, the propagation of the salt concentration from 
the riverside through the sand layer to the silt layer was delayed. The delay, coupled with the propensity 
of silt to retain a higher water content, resulted in a larger portion of the salt concentration in the silt 
layer  contributed by the left hilly boundary. Despite its connection to the sandy layer, which exhibits a 
minimal influx of salt from the riverside, the silt layer retained this concentration. This phenomenon is 
due to the dominance of a negative vertical pressure gradient in the silt layer in scenario  5 over the 
weak lateral pressure gradient vesseled through the relatively drier sand layer (2, 22).  

The complexity arising from diverse soil textures and arrangements leads to distinct patterns of salt 
propagation and water distribution within the topsoil, ultimately resulting in varying levels of surface soil 
salinity. Although speculative, these scenarios underscore the importance of the precise characterization 
of soil profiles, particularly in proximity to the Earth's surface, in determining surface-level soil salinity.  
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Geological data for the Altes Land were derived from extensive spatiotemporal measurements. Despite 
distinguishing topsoil properties from a handful of other properties, such data collection does not always 
provide information on local soil texture and structure. A detailed mapping of topsoil arrangement and 
heterogeneity can, however, be challenging because of natural processes such as soil erosion and human 
activities, such as soil modification for agricultural purposes. However, the agricultural significance of 
Altes Land and the considerable impact of soil texture and structure on soil quality (as reflected in Fig. 
6) motivate the necessity of including local topsoil characterization campaigns, which could be helpful 
in devising effective regional remediation plans for mitigating surface soil salinity. Favorable conditions 
for Altes Land to sustain its status as an agricultural hotspot entail the presence of shallow groundwater 
within the root zone, which exhibits very low levels of salinity. To achieve this, an optimal soil structure 
can be established based on various hypothetical scenarios. Among these scenarios, scenario 5 was 
identified as the most suitable, because it included a substantial proportion of agricultural land with 
optimal water content, particularly in the silty portion, owing to the presence of groundwater. Moreover, 
the impact of river salinity on this area was minimized by the presence of a top sandy layer adjacent to 
the river. This configuration ensures maximum accessibility to groundwater while effectively mitigating 
the adverse effects of salinity on the soil. Although the effects of climatic, anthropogenic, and 
hydrogeological parameters are important and must be taken into account, in practical efforts to 
mitigate the effects of salinity, the thickness and composition of the sand layer may be adjusted to 
maximize agricultural production while minimizing the propagation of soil salinity from the river. 

5. LIMITATIONS AND OUTLOOK 
The purpose of this study was to highlight the significance of different soil textures, structures, layering, 
and arrangements. To study the effects of soil layering on groundwater-associated soil salinity, we 
assumed that the geological layers were parallel to each other. The gradual accumulation of layers in 
the Altes Land beneath stagnant surface water supports this assumption. To develop higher resolution 
models of flow and transport processes in the type of geomedia that we studied, one must obtain or 
develop an all-encompassing geological map of the region, which, although costly, both economically 
and computationally, may be necessary. In addition, there is a strong correlation between soil texture 
and groundwater levels, which are intertwined with irrigation and meteorological patterns that are highly 
sensitive to variations on a temporal scale. To fully understand how soil texture affects soil salinity, it is 
necessary to consider these effects as transient events that occur at daily, monthly, or seasonal scales. 
Finally, we assumed that the topsoil is nonreactive, which might be a limiting assumption if clayey soil is 
present. 

6. SUMMARY & CONCLUSIONS 
We utilized extensive numerical simulations to investigate transport of saline water throughout the 
unsaturated zone of soil toward its surface, driven by saltwater intrusion in coastal regions. The effects 
of soil texture and arrangement on soil salinization were quantified at a regional scale. This was 
accomplished by first evaluating the numerical model using field-scale data collected from the Altes 
Land region located in the northern part of Germany. The region was selected due to the importance its 
soil quality on a wide range of socioeconomic activities in the Altes Land, as well as the availability of 
data that offer an excellent opportunity for evaluating our numerical model against field measurements. 
The predictions of the model were in agreement with the data; thus, the validated model was used to 
quantify the effect of soil texture and structure on soil salinity by devising six distinct hypothetical 
scenarios regarding the structure and text of the soil. The simulation results revealed the important role 
of soil characteristics in the complex interaction between saline groundwater and salt accumulation close 
to the soil surface at a regional scale. Our findings highlight the need for high-resolution data as well as 
computational models for soil texture and structure across agricultural hotspots that are vulnerable to 
soil salinity. 
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STATEMENTS AND DECLARATIONS 
Supplementary Material 
See Appendix A for information on the “Field Measurements”, which can be found online with this paper 
here. 
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Data, Code & Protocol Availability 
Surface Water Data 
The data for surface water (water level and salinity) used in this study are openly available from the FGG 
Elbe at: https://www.elbe-datenportal.de/FisFggElbe/content/start/BesucherUnbekannt.action.  

The FGG Elbe website exclusively presents its content in the German language. Below, we provide a 
comprehensive procedural account of how to extract data from the aforementioned link. 

1. Initiate the process by selecting the checkbox labelled "Nutzungsbedingungen" (translated as terms 
of use). 

2. Subsequently, activate the "Datenabruf" (data retrieval) button. 

To access pertinent hydraulic head measurements, activate the "Hydrologie" (hydrology) button.  

3. A new interface will emerge, which provides one with the following options: "Gewässer" and 
"Wasserkörper" (water body), "Messtelle" (measurement point), and "Parametergruppe" (parameter 
group).  

4. We obtained the data for points 7 (measurement point: Stadersand) and 15 (measurement point: 
Blankenese Unterfeuer) of Figure 1a using the following parameter groups/settings: 

KEY POINTS: 
Soil texture, heterogeneity, and arrangement strongly influence soil salinity at the regional scale. 
High-resolution soil characterization is essential for devising effective remediation strategies against 
soil salinization. 
Pore-scale physics and mechanisms govern macro-scale soil responses observed at regional scales. 
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a. Chosen parameter group is "Wasserstand" (water table).  
b. The subsequent parameter choice encompasses both high tide (Tidehochwasser) and low 

tide (Tideniedrigwasser) alternatives.  
c. "Messwertart" (measurement type) can be specified as "Tagesmittelwert" (daily average).  
d. The "Messvorgang" (measurement process) can be defined as "kontinuierliche Messungen" 

(continuous measurements).  
e. The temporal domain is established through "Jahr von .. bis" (year from... till), commencing 

from 1978 and extending to the latest available measurement.  
f. The geospatial verification of each measurement point can also be performed through the 

"Kartenansicht" (map view) located on the right-hand side.  
g. The subsequent phase involves obtaining hydraulic head data by activating the 

"Ergebnisabruf" (result retrieval) option and selecting the ".xls" format as the preferred 
"Ausgabeformat" (output format). 

To acquire salinity measurements, the process begins anew from the earlier mentioned link.  

5. After activating the "Datenabruf" button, the subsequent step entails selecting the "allgemeine 
Gewässergüte" (general water quality) button.  

6. Within the ensuing interface, to access salinity data, one must opt for "Salzgehalt" (Salinity) from the 
drop-down menu titled "Parametergruppe".  

7. In the subsequent drop-down menu titled "Parameter", the designation "elektrische Leitfähigkeit" 
(electric conductivity) is selected.  

8. The methodological approach for acquiring salinity data closely parallels the one elucidated earlier 
for hydraulic head measurements, and for which we used the following settings in order to obtain 
the data for the following measurement points used in Figure 1a: 

a. Measurement point 3: Mittelnkirchen 
b. Measurement point 6: Symphonie  
c. Measurement point 8: Schwingemündung 
d. Measurement point 9: Tonne 112 
e. Measurement point 10: Lühesander Süderelbe  
f. Measurement point 11: Tonne 117 
g. Measurement point 12: Lühewisch 
h. Measurement point 13: Kraftwerk Wedel 
i. Measurement point 14: Wittenbergen 

The listed surface water data used in this study can be found under:  Sobhi Gollo, V., Sahimi, M., González, 
E., Hajati, M.-C., Elbracht, J., et al. (2024). Soil salinization due to saltwater intrusion in coastal regions: 
The role of soil characteristics and heterogeneity. InterPore Journal, 1(1). Zenodo [Dataset]. 
https://doi.org/10.5281/zenodo.10842112  

Groundwater Table and Salinity Information 
The data for groundwater table and salinity used in this study are available from NLWKN and can be 
acquired at http://www.wasserdaten.niedersachsen.de/cadenza/. This website is only available in 
German. In order to obtain this information, please do as follows:  

1. Navigate to the "Themen" (topics) section and select the "Grundwasser" (groundwater) category 
from the provided drop-down menu.  

2. Upon opening the ensuing drop-down menu, you will find the option "Grundwasserstände- 
Messwerte" (measurements of groundwater Table) for groundwater table data and 
"Grundwassergüte - Messwerte" (measurements of groundwater Quality) for groundwater salinity 
data.  

3. Clicking on either link will initiate a new window interface wherein users can make selections. These 
selections include specifying the "Messstelle" (measurement location), "Messjahr" (measurement 
year), and "Parameter" (parameter).  
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4. Within the context of the groundwater table data window, designate "Tagesmittelwert" (daily 
average) as the preferred parameter.  

5. For the groundwater salinity data window, opt for "elektrische Leitfähigkeit" (electric conductivity) 
as the chosen parameter.  

6. For the scope of this study, data has been acquired for the following points, which are shown in 
Figure 1a:  

a. Measurement point 1 - Estebruegge UE 140 FI 
b. Measurement point 2 - Ladekop UE 139 FI 
c. Measurement point 4 - Hollern I 
d. Measurement point 5 - Steinkirchen UE 135 FI 
e. Measurement point 16 - Neukloster UE 28 FI 
f. Measurement point 17 - Dollern G 3 
g. Measurement point 18 - Dollern UE 137 FI 

The listed groundwater data used in this study can be found under: Sobhi Gollo, V., Sahimi, M., González, 
E., Hajati, M.-C., Elbracht, J., et al. (2024). Soil salinization due to saltwater intrusion in coastal regions: 
The role of soil characteristics and heterogeneity. InterPore Journal, 1(1). Zenodo [Dataset]. 
https://doi.org/10.5281/zenodo.10842112 

Information on models used 
• The geological layers and the groundwater recharge model used in this study are available from the 

LBEG, for which the data may be obtained at NIBIS® Kartenserver. 
o The geological layers and groundwater recharge used in this study can be found under:  

 
Sobhi Gollo, V., Sahimi, M., González, E., Hajati, M.-C., Elbracht, J., et al. (2024). Soil 
salinization due to saltwater intrusion in coastal regions: The role of soil characteristics and 
heterogeneity. InterPore Journal, 1(1). Zenodo [Dataset]. 
https://doi.org/10.5281/zenodo.10842112 
 

• The Digital Elevation Model (DEM) used in this study is openly available from MERIT DEM at  
http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM/index.html  

o The DEM model used in this study can be found under: Sobhi Gollo, V., Sahimi, M., 
González, E., Hajati, M.-C., Elbracht, J., et al. (2024). Soil salinization due to saltwater 
intrusion in coastal regions: The role of soil characteristics and heterogeneity. InterPore 
Journal, 1(1). Zenodo [Dataset]. https://doi.org/10.5281/zenodo.10842112 
 

• Groundwater modelling setup and results for both the evaluated and scenario-based models can be 
found in:  

o Sobhi Gollo, V., Sahimi, M., González, E., Hajati, M.-C., Elbracht, J., et al. (2024). Soil 
salinization due to saltwater intrusion in coastal regions: The role of soil characteristics and 
heterogeneity. InterPore Journal, 1(1). Zenodo [Dataset]. 
https://doi.org/10.5281/zenodo.10842112  

o To open these files, the user requires access to FEFLOW groundwater model (version 7.5) 
and ArcGIS (version 10). 
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