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Abstract  

The preferential flow was investigated at two selected sites near Zarqa River, Jordan. At both sites, a 

depth of 10 cm of Brilliant Blue FCF (BB) dye solution was ponded and allowed to infiltrate the 

initially dry, moderately wet, or wet soil profile. There were no significant differences between the 

average risk levels at both sites. The risk of preferential flow at the second site (Site 2) was higher than 

the first site (Site 1). Site 1 and Site 2 were characterized by loamy sand, and sandy loam soil, 

respectively. The clay fraction and organic matter content were higher at Site 2 than Site 1, which 

might have contributed to the more consistent risk of preferential flow at Site 2. Furthermore, there 

were no significant differences between the dry, moderately wet, and wet treatment; hence, the risk of 

preferential flow was not related to the initial soil water content.  

 

Introduction  

Preferential flow refers to the non-uniform development of the wetting front that allows the rapid 

movement of water and solutes through a proportion of the soil matrix (Hendrickx and Flury, 2001). 

Such an irregular movement of soil water puts groundwater resources at risk of contamination by 

dissolved fertilizer and partially or non-degraded organic contaminants. Also, it results in economic 

loss in the form of unevenly distributed fertilizer and washed-out nutrients from the soil profile (Zhang 

et al., 2015). Preferential flow can occur in any soil. For example, Kapetas et al. (2014) observed the 

unstable development of wetting front in sandy soil as a result of successive wetting and drying cycles. 

Furthermore, air entrapment, hydrophobic soils, continuous infiltration, successive wetting, and drying 

cycles can destabilize a regular wetting front and cause the development of preferential pathways in 

the form of fingers (Hendrickx and Flury, 2001). Contaminants might also find escape routes through 

funnels, which are coarse materials embedded in the finer soil profile (Hendrickx and Flury, 2001). 

Also, preferential pathways might exist in the form of macropores that are created by the plant roots 

and activity of soil fauna (henceforth bio-pores) or by soil cracking and shrinking (Beven and 

Germann, 1982). Macropores are those pores with diameters greater than 1000 µm, or that can 

conduct flux at a tension of |-3| cm or less. Hence 75% of the flux occurs between 0 and -3 cm tension 

(Watson and Luxmoore, 1986). Previous investigations of macropore flow revealed that aggregation 

and macropore formation require a clay content equal to or greater than 8% (Koestel et al., 2012; 

Jarvis et al., 2016). Furthermore, Iversen et al. (2012) and Ghafoor et al. (2013) suggested that 

macropore flux is most prominent in fine-textured soils. Dexter et al. (2008) also highlighted the 

importance of organic matter (OM) in macropore formation. These authors indicated that aggregate 

formation occurs at a 1:10 soil organic carbon to clay ratio. Karup et al. (2016) suggested that OM was 

secondary in importance to clay; however, it was essential for aggregate stability and macropore 

formation. Rahbeh (2019) suggested a positive association between OM and macropore for soils of 

clay and OM contents of less than 20% and 2%, respectively. On the other hand, high clay and OM 

content might reduce macropores flux due to the formation of numerous mesopores with a pore 

diameter of 200–600 µm, which prevents the initiation of macropore flow due to the enhancement of 

the hydraulic conductivity in the soil matrix (Larsbo et al., 2016). The initiation of macropore flux 

requires a saturated soil profile; however, a high hydraulic conductivity at near saturation might 

prevent the saturation and the initiation of macropore flux (Koestel et al., 2013). Furthermore, Larsbo 

et al. (2014) suggested that macropore flux does not favor large macroporosity. Compaction of the soil 

profile might enhance macropore flow because a moderate reduction of macroporosity can trigger 

preferential flow through the remaining pores (Mossadeghi-Björklund et al., 2016).  
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Preferential macropore flow was observed in tilled and untilled soils. However, the preferential 

flow zones in untilled soil were usually greater than those of tilled soils because tillage alters the 

porosity and hydraulic conductivity (Wuest, 2009; Malone et al. 2003; Gafoor et al. 2013). However, 

macropore flow can recover rapidly after tillage operations or following the formation of cracks by 

raindrop impact, and wetting and drying cycles. Biopores can also be quickly re-established by worm 

activity (Andreini and Steenhuis, 1990; Williams et al. 2016) 

The preferential flow patterns can be conveniently visualized and analyzed, quantitatively and 

qualitatively, by dye tracer experiment analysis of preferential pathways (Bogner et al. 2008, 2012, 

Allaire et al. 2009). Etana et al. (2013) suggested that persistence subsoil compaction may slightly 

increase the downward distribution of the dye tracer. Dye tracer investigations yielded important 

information and advanced the understanding of preferential flow. For example, Sheng et al. (2012) 

showed the differences in tracer distributions in clay, loam, and sandy soils. Laine-Kaulio et al. (2015) 

reported that the vertical and horizontal preferential flow in a boreal forest consists mainly of glacial 

till. Their finding suggested the preferential pathways facilitated the movement of water and solute to 

a depth of 55 cm, which is the same average penetration depth of plant roots. Kasteel et al. (2013) used 

the brilliant blue FCF (BB) to stain up to 20 cm of the root channel in the undisturbed soil column. BB 

staining also showed that cracks and soil pipes are effective pathways for subsurface flow (Wienhöfer 

et al. 2009). The experiment conducted by Wang and Zhang (2011) also showed that preferential flow 

pathways are controlled by local heterogeneity of the soil profile. Furthermore, using BB dye, Wang et 

al. (2003) demonstrated that a preferential pathway might be formed in sandy soil during soil water 

redistribution due to an unstable wetting front.  

Although the dye trace experiment requires tedious work involving manual excavation, the 

technique is relatively simple. This involves the addition of known depth and concentration of BB 

solution over a level experimental plot. The plot is excavated vertically. The stained patterns along the 

soil profile were then digitally photographed. However, there is no consensus over an objective 

criterion for evaluating preferential flow from dye stained pattern. Most researchers used the ratio 

between the stained and the total number of pixels (Bogner et al. 2008). Wang et al. (2011) used 

Shannon’s information entropy and cluster analysis, while Bogner et al. (2008) suggested a more 

straightforward method based on Pareto probability distribution function.  

The absence of a formal method of analysis is not the only drawback of BB dye trace 

techniques. A major shortcoming is the sorption of the BB, resulting in retardation by the soil matrix. 

Thus, the staining patterns might not lead to a complete characterization of preferential pathways 

within the soil profile. Wang et al. (2011) tried to overcome this problem by using an iodide and starch 

staining technique; however, this technique is pH sensitive and generally not suitable for use on 

calcareous soils of pH greater than 7.5. However, the main advantages of the BB tracer method of ease 

of implementation and readily available staining visualization outweigh its drawbacks. 

In this paper, dye tracer experiments were conducted for the evaluation of preferential flow and 

transport in soils located along the Zarqa River. Previous investigations using in situ tension 

infiltrometer and hydrological modeling (Rahbeh, 2019; Rahbeh et al., 2019) have confirmed the 

existence of macropore flow in most soils near the Zarqa River. This paper aimed to obtain visual and 

objective and characterization of the solute movement in the soil profile at two different locations 

along the Zarqa river characterized by high infiltration rates and macropore flux.  
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Material and methods 

Sites 

Dry tracer experiments were conducted at two selected sites based on the previous in situ tension 

infiltrometer results that indicated the susceptibility of both sites for preferential flow (Rahbeh 2019). 

The first site is located at N32.189440, E35.960372 (Figure 1), and is characterized by loamy sand soil 

(Table 1). The site was left fallow for an extended time; however, it was regularly tilled to a depth of 

15–30 cm. Lemon trees were planted just before the onset of the experiment in October 2017. The 

planting of the lemon trees did not affect the experiment as there were enough spaces between the 

trees to accommodate the experimental plots.  

The second site is located in the vicinity of Khirbat Es-Samra at N32.151249, E36.131090 

(Figure 1). It is characterized by sandy loam soil (Table 1). The site was commonly cultivated with 

vegetables and legumes. However, due to water salinity and other economic issues, the landowner 

decided to convert his agriculture practice into an olive orchard. Therefore, the site was left without 

irrigation at the end of the crop rotation in May 2018. Similar to the first site, it was regularly tilled to 

a depth of 15–30 cm. The experiment on this site was conducted between 20 and 24 of July 2018.  

 

Table 1. Soil texture, clay fraction, and organic matter content at site 1 and site 2. 

Location Texture Clay fraction % Organic matter content % 

Site 1 Loamy Sand 7.6 0.14 

Site 2 Sandy loam 12.4 1.58 

 

 
Figure 1. The location of the two experimental sites along Zarqa River. 
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Dye tracer experiment 

A total depth of 10 cm of 16 g/l Brilliant Blue FCF (BB) (color index 40209) solution was applied to 

each experimental plot. The solution was prepared to form commercially-available BB powder (20% 

active ingredient). Thus, the concentration of the BB was 3.2g/l, which is enough to provide visible 

staining on the soil profile.  

The experiments required the excavation of the plots. However, an extended excavation might 

not be tolerated by the landowners; therefore, to ease the concern of the landowners, only three square-

shaped soil profiles were excavated to a depth of 0.5 m and dimensions of 1.4 × 1.4 m, and 1 × 1 for 

the Site 1 and Site 2 respectively. The design attempted to maximize the use of the excavated profile 

by placing an experimental plot on each side of the square. In this manner, each profile can 

accommodate up to four treatments. Interference between treatment can be avoided by experimenting 

on two rounds. Each round involves opposite sides of the square.  

Four treatments with three replicates were considered for Site 1. Treatment 1 to 3 included three levels 

of initial soil water content. These are dry, moderately wet, and wet. The site was left without 

irrigation for an extended time, and before the onset of rainfall season; therefore, it is safe to assume a 

similar level of dryness for all experimental plots. The soil content was increased before introducing 

the BB solution by adding 5 and 10 cm of water to the moderately wet and wet treatments, 

respectively. Treatment 1 was kept dry or labeled as 0 cm depth of added water. Treatment 4 was also 

kept dry; however, unlike treatment 1 to 3, the BB solution was applied intermittently rather than 

continuously.  

For treatment 1 to 3, the water and BB solution were ponded on a basin constructed around 

each plot. A plastic mulch was placed in the basin before adding the water or BB solution; then, the 

mulch was pulled to allow for uniform infiltration. After adding the water, the plots were covered with 

plastic mulch to minimize evaporation and allow the distribution of water throughout the soil profile. 

After one week, the BB solution was applied continuously in the same manner the water was added. 

However, for treatment 4, the BB solution was applied intermittently using the spraying device similar 

to that suggested by Ghodrati et al. (1990). The BB solution was sprayed at separate doses. At the 

initial dose, 40 mm of BB solution was applied, then followed by 20 mm doses. The BB solution was 

allowed to infiltrate before applying the next dose. After applying the BB solutions, the experimental 

plots were covered with plastic mulch and allowed to redistribute overnight. The following day, each 

plot was excavated vertically in the middle of the plot to a depth of 50 to 70 cm, and the stained soil 

profile was photographed using a digital camera. Horizontal and vertical measurement rulers were 

placed before taking the digital photo. Also, a white sheet was suspended above the plot to prevent 

sunlight from reflecting over the stained profile. 

The experiment conducted on Site 2 was similar to that conducted on Site 1. However, the 

intermittent treatment was not considered, and adding of water and the BB solution was facilitated by 

a 1 × 1 m metal frame. 

 

Analysis of results 

The photographed profiles were processed by ImageJ software into binary images containing stained 

and non-stained pixels. The vertical distribution of the dye was evaluated by calculating the ratio of 

the horizontal stained pixels to the total horizontal pixels. For the objective consideration of the 

results, the Pareto distribution suggested by Bogner et al. (2008) was adopted for this study. The 

generalized Pareto distribution may be stated as: 
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where D is the threshold depth beyond which the dye pattern follows a Pareto distribution, d is the 

profile depth,    is the form parameter, and s is the scale parameter. The parameters of Equation 1 are 

subject to the following constraints. 

d > D (1.a) 

s >0 (1.b) 

   ≠0 (1.c) 

 

In the case of    = 0, then the Pareto distribution can be expressed according to the following 

exponential function: 

 (   )     
(   )
  

(1 d) 

The dye distribution pattern usually follows a decreasing trend where the highly retaining cultivated 

soil layer is usually fully stained to depth D; after that depth, it is assumed that the stain coverage 

follows the 1-H distribution.  

 

Results 

Risk factors  

Figure 2 shows comparisons between the 1-H distribution using four   values (0, 0.3, 0.6, and 0.9) and 

five s values (5, 10, 15, 20, and 25). The risk of the vertical propagation of the solute (contaminant) is 

attributed to the    and d factors. A positive value of    indicates that the dye distribution has no 

apparent endpoint; it decreases slowly but does not reach zero. In contrast, negative values of    

indicate that the downward spread of dye stops at an observed endpoint, thus posing no risk to the 

groundwater. A zero value of    indicates a slight risk for contamination via preferential flow 

pathways. Also, as the s factor increases the maximum infiltration depth, thus s is a measure of the 

downward stretch. In term of risk, different combination of    and s can indicate a similar level of risk. 

For a better understanding of the risk factors, it is useful to investigate different values of    and s. 

Inspection of the 1-H distribution of    = 1.2 and s = 5 showed that the distribution did not reach an 

endpoint after a depth of 80 cm. This indicates that a contaminant following a similar pathway poses a 

serious threat to the groundwater. Hence, the 1-H distribution of    = 1.2 and s = 5 were selected as 

the benchmark for the ultimate or elevated risk. In contrast, all the 1-H distribution at   = 0 reach an 

endpoint or diminish more rapidly than the elevated risk of    = 1.2 and s = 5. Therefore, none of the 

1-H distribution curves at the   = 0 level were associated with an elevated risk of groundwater 

contamination via preferential flow pathways. However, lesser risk levels of the low, medium, and 

high risk can be assigned to s = 10, 15, and 20, respectively, at the   = 0 level. Examining the 1-H 

distributions at   = 0.3 levels showed that the curves of s of 20 and 25 resemble the elevated risk 

level, while the curve of s = 5, 10, and 15 may be associated with low, medium, and high levels of 

risk, respectively. Similarly, for    = 0.6 levels, the distributions of elevated risk are associated with 

the 1-H distribution of equal or greater than 15, while distributions of 5 and 10 are associated with 

medium and high-risk levels. At the    = 0.9 level, only two risk levels exist, high at s = 5 and 

elevated risk at s of ≥ 10. The risk levels associated with    and s values are summarized in Table 2. 

 



European International Journal of Science and Technology              Vol. 10 No. 2          February 2021 

 

 

61 

Table 2. The risk levels associated with    and s  values. 

    values 

 

0 0.3 0.6 0.9 1.2 

 s values 

Risk Level      

None (0) 5 

    Low (1) 10 5 

   Medium (2) 15 10 5 

  High (3) 20 15 10 5 

 Elevated (4) 25 20 15 10 5 
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Figure 2. Comparison of Pareto distributions using different level of s and   . All curves were 

contrasted to a risk level of        and s=5. 

 

Dye distribution 

The risk factors for the treatment plots and the parameters of 1-H distribution fitted the observed dye 

patterns are shown in Table 3. Two incidents of elevated risk were observed at both locations for 

moderately wet treatment plots. Also, the only incident of high risk was observed for a dry plot located 

at Site 2. The medium risk was observed at both sites for two dry treatment plots, and a wet treatment 

located at Site 2. At Site 1, no and medium risk levels were indicated twice for each of the dry, 

moderately wet, and wet treatments, while all intermittent experimental plots at Site 1 showed no risk 

of preferential flow. At Site 2, low-risk levels were indicated for all wet and moderately wet treatment 

plots and one dry treatment plot. Overall, average risk levels of 1.22 and 1.33 were observed at Site 1 

and Site 2, respectively. 
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Table 3. The risk levels at Site 1 and Site 2. The numeric values of 0,1,2,3, and 4 indicate no, low, 

medium, high and elevated risk, respectively. The wet, moderately wet, wet indicate the addition 

of 0, 5 and 10 cm of water, respectively, before introducing the dye. The intermittent treatment 

indicates applying the BB solution by spraying without pre-wetting. 

Location Plot number Treatment 

 

 Dry 

Moderately 

wet wet Intermittent 

Site 1  Risk Level (    ) 
 Plot 1 2 (0.5. 6.7) 4 (1.2, 3.7) 0 (0.0, 2.3) 0 (0.0, 3.0) 

 Plot 2 1 (0.0, 8.1) 1 (0.0 ,6) 1 (0.0, 9.9) 0 (0.0, 1.7) 

 Plot 3 0 (0.0, 4.7) 0 (0.0, 2.2) 2 (0.0, 14.6) 0 (0.0, 4.7) 

Site 2      

 Plot 1 2 (0.0, 11.3) 1 (0.0, 7.0) 1 (0.2,6.7)  

 Plot 2 1 (0.0, 7.2) 1 (0.0, 5.1) 1 (0.0, 6.6)  

 Plot 3 3 (0.4, 7.6) 4 (0.0, 25) 1 (0.0, 8.5)  

 

The analysis of variance (ANOVA) was performed for both locations as a two-factor analysis 

with replication (Table 4). The ANOVA indicated no statistically significant differences between 

treatments (F(0.318) = 3.89,p = 0.733). Also, the average risk levels of Site 1 and Site 2 were 

statistically similar (F(0.045) = 4.747, p = 0.835). 

The binary images showed that the dye in the soil profile of the no-risk treatments was 

uniformly distributed to depths less than 20 cm (Figure 3). Some irregularities were observed in the 

dye distribution for the low-risk treatment accompanied by a slight increase in the penetration depth to 

30–35 cm (Figure 4). However, the soil profiles characterized by medium risk showed an unstable 

wetting front that results in the preferential movement of the dye that penetrated to a depth of 50 m 

(Figure 5). Visual inspection of the soil profiles characterized by high and elevated risks showed 

deeper dye penetration in the soil profile and distinguished development of preferential pathways 

(Figure 6). 

 

Table 4. Two-factor analysis with replication for the risk levels.  

Location Treatment Mean variance  N 

Site 1 Dry 1 1 3 

 Moderately wet 1.67 4.33 3 

 Wet 1 1 3 

 Total 1.22 1.69 9 

Site 2 Dry 2 1 3 

 Moderately wet 2 3 3 

 Wet 1 0 3 

 Total 1.33 0.5 9 

Two factors with replication - Analysis of Variance  (ANOVA) 

Source of Variation SS df MS F P-value F crit 

Location 0.889 1 0.889 0.516 0.486 4.747 

Treatment 2.111 2 1.056 0.613 0.558 3.885 

Interaction 0.778 2 0.389 0.226 0.801 3.885 

Within 20.667 12 1.722 
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Figure 3.   Dye distribution demonstrating “no risk” level at two treatments located at Site 1. (a)  

Moderately wet treatment (b) Dry treatment and BB solution was introduced intermittently. 

 
Figure 4. Dye distribution demonstrating “low risk” level  (a) Dry treatment located at site 1. (b) 

Moderately wet treatment located at site 2. 
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Figure 5. Dye distribution demonstrating “medium risk” level at two treatments located at site 

2.  (a) Moderately wet treatment (b) Dry treatment. 

 

 
Figure  6. Dye distribution demonstrating  (a)  “Elevated risk” at  moderately wet treatment 

located at site 1. (b) “high risk” at dry treatment located at site 2. 
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Discussion 

A low to elevated risk of preferential flow was indicated in both sites. Variable results were observed 

between sites and treatments. However, for both locations, ANOVA showed no significant differences 

between treatments and sites (Table 4), which indicates that observed differences were due to local 

heterogeneities between profiles, and confirms that initial soil water content did not influence the 

occurrence of preferential flow, although the high and elevated risk of preferential flow occurred in 

wet and dry treatments, which indicates that dry or moderately wet soil profiles are generally more 

prone to preferential flow than wet soil profiles. Merdun et al. (2008) and Hardie et al. (2011) also 

found that the water via preferential flow pathways can distribute faster in dry soils. These findings 

can be attributed to the dynamics of the hydraulic conductivity near saturation. Koestel et al. (2013) 

indicated that the initialization of preferential flow through macropores requires a saturated soil 

profile; however, if the hydraulic conductivity of the soil is high, then the matrix flow will prevent the 

build-up of the saturation required to trigger preferential flow. On the other hand, low hydraulic 

conductivity will allow a quick build-up of the saturation in the soil profile, thus facilitating 

subsequent preferential flow. 

Also, hydraulic conductivity is proportionally related to soil water content. In initially wet soil, 

the hydraulic conductivity is high relative to the dry condition of the same soil profile. Therefore, the 

probability of preferential flow in wet soils is reduced because the infiltrated water will be transmitted 

quickly in the soil profile and bypass the preferential flow due to high matrix flow. This explains, at 

least partially, the higher susceptibility of the soil dry and moderately wet soils to preferential flow 

compared to the wet soil. The risk of preferential flow was not indicated at the intermittent treatment 

conducted at Site 1. Thus, preferential flow is unlikely to be triggered by water-efficient irrigation 

systems, such as drip irrigation. However, major rainfall events might cause a rapid build-up of the 

soil water content and, subsequently, the occurrence of preferential flow (Rahbeh et al. 2019). 

The risk of preferential flow was slightly higher at Site 2 than Site 1, although the differences 

between the two sites are not significant; however, this might be attributed to the organic matter 

content and clay fractions. At Site 2, the organic matter content and clay fraction were higher than at 

Site 1. Also, the ratio between organic carbon (OC) and the clay fraction, generally known as Dexter’s 

index (Dexter et al. 2008), is higher at Site 2 than Site 1. The aggregation and formation of 

macropores generally require 8% of clay content and Dexter’s index of 10% (OC/Clay). Both sites 

contain enough clay for soil aggregation. However, the low organic matter (0.14% OM or 0.08 OC) 

level at Site 1 might reduce the formation of macropores, thus, reducing the risk of preferential flow.  

 

Conclusions 

Both locations were classified as susceptible to preferential flow, with the risk level varying from low 

to elevated on both sites. Visual observation confirmed the presence of preferential channel formation 

below the tilled layer. Preferential flow occurred under both wet and dry conditions. Hence, initial soil 

water did not influence the risk of preferential flow. However, the occurrence of preferential flow is 

more dependent on the rate of water application rather on the initial soil water content. Preferential 

flow at both sites will occur as the results of major rainfall events or surface irrigation.  
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