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Abstract In this study, we investigated the effect of
olive mill wastewater on selected soil physical and
hydraulic properties. Olive mill wastewater was added
to each column every week at different loading rates (0,
50, 100, and 200 m3 ha−1). Physicochemical and hy-
draulic properties were determined for surface (0–8 cm)
and subsurface layers (8–16 and 16–24 cm). The highest
loading rate (200 m3 ha−1) showed an increase in aggre-
gate stability from 18% (control) to 31 and to 38%,
penetration resistance from 1.8 kg cm−2 (control) to
3.5 and to 4.5 kg cm−2, hydraulic conductivity from
43 cm day−1 (control) to 15.3 and 3.3 cm day−1, and
water repellency from < 5 s (control) to 120 and 261 s in
the first and second months for the surface layer, respec-
tively. The opposite was observed for the infiltration
rate, where it decreased from 39.01 mm h−1 (control)
to 1.26 and 0.42mm h−1 for the first and secondmonths,
respectively. This study showed that application of olive
mill wastewater deteriorated the physical and hydraulic
properties of soil proportional to loading rates and more
specifically at the surface layer.

Keywords Olive mill wastewater . Aggregate stability .

Hydraulic conductivity .Water repellency. Infiltration
rate

1 Introduction

Olive oil production represents a significant sector in the
economy of the Mediterranean countries, which is reg-
ularly increasing. Within a short period of time after
harvest (November to January), this sector produces
two by-products, namely, solid residues (pomace) and
a significant amount of olive mill wastewater (OMW)
(Mekki et al. 2013; Sahraoui et al. 2015; Steinmetz et al.
2015). The estimated volume of wastewater generated
from the Mediterranean olive oil–producing countries is
about 30 million m3 year−1 (Ouzounidou and Asfi
2012). OMW contains a high level of organic matter
(OM), microbial inhibitory compounds, and toxic phe-
nolic compounds which are considered, in disposal
areas, potential pollutants to surface water and ground-
water. Because of the high levels of polyphenol concen-
trations (0.5 to 25 g L−1) and other toxic organic load
(Rusan et al. 2015, 2016), olive oil–producing countries
are facing environmental problems because of the lack
of practical or reasonable solutions to the disposal of
olive mill wastewater (OMW) (Mohawesh et al. 2014).
Therefore, the improper disposal of OMW imposes
serious problems for the environment and public health
(Azam et al. 2002).

OMW is characterized by dark color, high levels of
total phenols (TP), high chemical oxygen demand
(COD), high biological oxygen demand (BOD), low
pH, high electrical conductivity (EC), and the presence
of phytotoxic and antimicrobial compounds (Mekki
et al. 2006, 2007; Rusan et al. 2015, 2016). Because of
the high organic load of OMW consisting of largely
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simple phenolic compounds, it is not allowed to be
directly discharged into domestic wastewater treatment
plants (Sayadi et al. 2000; Zenjari and Nejmeddine
2001). On the other hand, OMW treatment is considered
expensive and technically difficult due to its biological
and chemical characteristics. One of the common
methods of OMW disposal is storing in evaporation
ponds. However, most of these ponds are permeable
which will negatively affect the surrounding soil and
water resources. Among other solutions proposed for
OMW disposal in the Mediterranean region is direct
spreading on agricultural lands. It is widely accepted
in most of these countries according to certain regula-
tions adopted by these countries (Ayoub et al. 2014).
The controlled land application is commonly permitted
and considered a practical option for rural OMW man-
agement in olive oil–producing countries (Saadi et al.
2013; Steinmetz et al. 2015). Despite such controlled
land spreading of untreated OMW, researchers have
reported potential phytotoxic effects on certain crops
and under certain conditions (Hanifi and El-Hadrami
2008; Piotrowska et al. 2011; Rusan et al. 2015; Saadi
et al. 2013). Moreover, it can adversely affect soil prop-
erties (Kapellakis et al. 2015; Mekki et al. 2013; Rusan
et al. 2016).

Abichou et al. (2009) studied the spraying OMW at
rates of 50, 100, and 200 m3 ha−1 for 10 years on poor
sandy soil. They showed that aggregates larger than
2 mm significantly increased to 34% for the
200 m3 ha−1 compared with other treatments which lead
to an increase in aggregate stability and consequently
improvement in the soil structure. Similarly, Levy et al.
(2017) also reported an increase in the aggregate stabil-
ity of an OMW-amended clay soil as well as sandy loam
soil. The effect of OMW application has shown
contrasted results due to the differences in soil texture
and the period of application. Application of OMW
increased soil aggregate stability especially in the
short-term of application (Barbera et al. 2013; Kavdir
and Killi 2008). Moreover, Mahmoud et al. (2012)
investigated the effect of irrigated OMW for 5 and
15 years at different doses. The results showed that
regular application of OMW increased soil aggregate
stability compared with the control. However, aggregate
stability may be degraded after repeated spreading of
OMW for a long term as soil calcium is replaced by
potassium, sodium, andmagnesium fromOMW (Mekki
et al. 2006). Therefore, repeated application of OMWon
clay soils is not recommended to avoid the soil

disaggregation. Mahmoud et al. (2010) studied OMW
application for 5 and 15 years; they showed a decrease
in infiltration rate compared with the control after
5 years. However, the infiltration rate increased after
15 years of application which was attributed to the
crack formation after clay dispersion. Contradictory
results were reported on the effect of OMW
application on saturated hydraulic conductivity.
Steinmetz et al. (2015) reported no significant effect
on saturated hydraulic conductivity while Mahmoud
et al. (2010) reported a reduction in saturated hydraulic
conductivity after a different time of OMWapplication.
Contrarily, Abu-Zreig and Al-Widyan (2002) reported
an increase in saturated hydraulic conductivity after
OMW application. OMW is characterized by the high
content of oil and grease, and their regular application
has been shown to increase soil hydrophobicity
(Mahmoud et al. 2010; Tarchitzky et al. 2007;
Steinmetz et al. 2015).

The increased amount of OMW production in olive-
producing countries which have low fertility soil in
addition to the water scarcity issues has led to that most
of the works that have been done were to assess the
impact of the direct application of OMWon soil fertility
(Chaari et al. 2014; Mekki et al. 2009; Mohawesh et al.
2014), and on chemical properties and plant perfor-
mance (Bene et al. 2013; Piotrowska et al. 2006;
Sahraoui et al. 2015). However, very few studies, up
to our knowledge, investigated the impact of the direct
application of OMW on the physical and hydraulic
properties of the soil. Therefore, the objective of this
study was to evaluate the potential use of OMW in
irrigation and to determine its effect on soil physical
and hydraulic properties.

2 Materials and Methods

2.1 Soil Sampling

The soil used in this study was collected from 0- to 20-
cm depths of a silty loam soil located south-east of
Jordan University of Science and Technology, Jordan
(32° 26′50.3″ N 35 ° 58′ 41.1″ E). The soil sample was
brought to the lab, air-dried, and gently crushed to pass
through a 2-mm sieve. The soil contains on average
80 g kg−1 clay, 500 g kg−1 silt, and 420 g kg−1 sand.
The soil has an electrical conductivity (EC) of
3.24 dS m−1 and pH of 7.93.
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2.2 Olive Mill Wastewater Sampling

Olive mill wastewater (OMW) was collected during
harvest season (November 2015) from a three-phase
centrifugal extraction olive mill located in Irbid city,
north of Jordan (Hatem olive mill). OMW was left to
settle for at least 1 week as a pre-treatment stage. After
settling, the supernatant was stored in a plastic container
for further analysis and treatment. The main character-
istics of the OMWare presented in Table 1.

2.3 Column Setup and Experimental Procedure

Polyvinyl chloride (PVC) columns (19-cm internal diam-
eter and 30-cm length) were used in this experiment. A
crushed stone layer was soaked with 1 M HCl to remove
calcium deposits and then washed with running tap water
until the effluent was clear, rinsed with distilled water, and
placed in the bottom as a drainage layer (40 mm). A filter
paper was then placed on top of the drainage layer to
prevent mixing with the soil, after which the air-dried soil
sample (9.0 kg) was packed in each column to reach
24.5 cm in height (Gharaibeh et al. 2011).

The columns were divided into two groups, with 12
each. The first group was subjected during the first
month to four wetting and drying cycles. Every week,
OMW was added at different loading rates (0, 50, 100,
and 200 m3 ha−1) for each column in three replicates.
The OMW-added quantities corresponded to 140 mL,
280 mL, and 560 mL OMWs column−1, respectively,
for the loading rates mentioned above. The second
group was continued to be irrigated weekly for another
month (eight wetting and drying cycles were performed
in total).

In each cycle, soil columns were allowed to air dry at
room temperature (22 °C) before the next OMW appli-
cation. At the end of the fourth and eighth wetting and
drying cycles, soil columns were taken out, divided into

three depths (0–8, 8–16, 16–24 cm), to perform the
physical and hydraulic analysis.

2.4 Aggregate Stability

Aggregate stability (AS) of soil samples was determined
using the wet sieving method of Kemper and Rosenau
(1986). This test measures the resistance of aggregates
against the destructive force of flowing water. A few
grams of air-dried soil was weighed and transferred to a
4-cm-diameter sieve with a 250-μm mesh size. Then,
the soil aggregates were slowly saturated by capillary
rise from a wet paper towel placed underneath the mesh,
in order to minimize slaking. After that, the sieves were
submerged in labeled cans filled with water and shaken
using a wet sieving apparatus (Eijkelkamp Agrisearch
Equipment, Giesbeek, The Netherlands) at a regular up-
and-down motion for 3 min. The mass of soil collected
in the cans below the sieves (M1) was then determined
after evaporating the supernatant water in the oven. The
aggregates remaining were subjected to a second round
of wet sieving using another set of labeled cans filled
wi th d isper s ing so lu t ion (2 g L−1 sodium
hexametaphosphate). The mass of soil collected in the
second set of cans (M2) was determined by evaporating
the supernatant solution in the oven. Then, the percent-
age of the water stable aggregates was calculated as

AS% ¼ M2−M d

M 1 þM 2−M d
� 100

where Md is the mass of dispersing agent used in the
second round of sieving.

2.5 Penetration Resistance

Soil penetration resistance was measured at each depth
of each treatment using a pocket soil penetrometer
(Humboldt Mfg. Co., USA). The stainless steel piston
tip with diameter of 6.4 mm was pressed into the soil

Table 1 Physicochemical properties of treated and untreated olive mill wastewater (OMW)

pH ECa TSSb TPc Na K P Ca Mg CODd

– dS m−1 mg L−1 g L−1

4.22 7.87 1277 1813 68.9 1668 230 317 201 26.55

a Electrical conductivity
b Total suspended solids
c Total polyphenols
d Chemical oxygen demand

Water Air Soil Pollut (2019) 230: 208 Page 3 of 14 208



until the tip penetrated 6.4 mm into the soil (to the
engraved line) according to the manufacturer’s manual.
Readings were taken from the scale indicator.

2.6 Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (HCsat) was deter-
mined using the constant head method with a UMS
KSAT Benchtop Saturated Hydraulic Conductivity In-
strument (UMS Inc., Munich, Germany). HCsat was
determined per the manufacturer’s recommendation as

HCsat ¼ Aburette

Asample
� b� L

where Aburette is the cross-sectional area of the water
column, Asample is the cross-sectional area of the sam-
ple, L is the length of the sample, and b is an exponent
determined via curve-fitting between the measured
pressure head (h, starting at some initial pressure head
h0) and time

h tð Þ ¼ h0 � e−bt

A stainless steel core was inserted in the soil column,
and then it was saturated with deionized water by the
capillary to prevent trapping the air within the sample.
After that, the sample was transferred into the KSAT
device, which was equipped with a pressure sensor that
monitors the water drawdown in a burette as water
passes vertically through the soil column. The KSAT
was determined through the manufacturer’s software
(KSAT; Version 1.4.2) utilizing a constant head
methodology.

2.7 Infiltration Rate

Infiltration rate measurements were determined using a
mini disk infiltrometer (MDI) (Decagon Devices, Inc.,
Pullman,WA, USA) filled with deionized water. At time
0, the mini disk infiltrometer was lowered until it
touched the soil surface and a full contact was achieved.
Once the MDI was mounted above the soil surface,
water passes into the soil. The suction of MDI was
controlled by the suction control tube at the top of the
MDI, and 5 cm was used as the optimal suction setting
(Decagon 2014). The volume of infiltrating water was
recorded manually every 30 min until steady-state con-
ditions were reached. Each treatment was replicated
three times.

Steady infiltration was determined from measured
cumulative infiltration over time using the method pro-
posed by Zhang (1997). Cumulative infiltration and
time can be fitted with the function

I ¼ At þ S
ffiffi

t
p

where I is the cumulative infiltration, t is the cumulative
time, and A and S are parameters. A is the slope of the
curve of the cumulative infiltration versus the square
root of time, and S is the soil sorptivity.

2.8 Water Repellency

Soil water repellency was assessed using a water drop
penetration time (WDPT) test following Woudt (1959).
Briefly, a droplet of distilled water was placed on the soil
surface of each depth and the time required to complete
penetration of each droplet was recorded, and the class
of hydrophobicity was determined using the Dekker and
Jungerius (1990) classification.

2.9 Statistical Analysis

All measurements in this study were conducted on three
replicate samples. All reported data points denote the
means of the replicates, and error bars are represented by
standard error. Data analysis was conducted using the
statistical analysis software program R. Significant dif-
ferences among means were analyzed by Tukey’s HSD
(honestly significant difference) test at probability level
α < 0.05, and the different letters within the same layer
depth mean significant difference recorded at P < 0.05
within different treatments for both months of OMW
application.

3 Results and Discussion

3.1 Aggregate Stability

The effect of OMWapplication on soil aggregate stabil-
ity at different depths is presented in Fig. 1. Values of
reported AS are average of three replicates, and the error
bars indicate the standard error. The depicted results
showed that after the first (Fig. 1a) and second months
(Fig. 1b) of OMW applications, the soil aggregate sta-
bility generally increased with increasing OMW loading
rate compared with the control. However, this increase
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was more pronounced in the top layer (0–8 cm) com-
pared with the deeper layers (8–16 and 16–24 cm) in
both months. As the OMW loading rate increased, the
AS became more pronounced with depth especially in
the second month. AS increased after the second month
more than the first month in all of the loading rates at
surface depth. The maximum value of 38% at the load-
ing rate of 200 m3 ha−1 at depth of 0–8 cmwas observed
after the second month and 31% after the first month at
the same loading rate comparedwith 18% for the control
treatment. At 100 m3 ha−1 treatment, AS reached 26%
and 32% after the first and second months, respectively,
at the surface layer (0–8 cm). The 50 m3 ha−1 treatment
produced significant differences only at the surface layer
(0–8 cm) after the first and second months of OMW
application. However, at the lower layers (8–16 and 16–
24 cm), treatments had no effect compared with the

control treatment. These results can be explained by
the amount of organic matter added to each treatment,
where higher rates allowed more OMW to move down
to the lower layers and consequently more organic
matter.

Similarly, Mahmoud et al. (2012) reported that the
regular application of OMW for 5 and 15 years in-
creased the AS compared with the control, and attribut-
ed this increase to the significant increase in the OM
content in the OMW-treated soil. Moreover, Abichou
et al. (2009) reported similar results where they showed
that the spreading of OMW on sandy loam soil at the
rate of < 200 m3 ha−1 increased soil aggregates as a
result of increased OM in OMW. Also, Levy et al.
(2017) showed a significant increase in AS for both clay
and sandy-loam soils after OMWapplication compared
with the control.

Fig. 1 The effects of different
OMW loading rates on soil
aggregate stability after the first
(a) and second (b) months of
OMWapplication
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The increase in OM levels in soil resulted in an
increase in the cementation of the soil aggregate
which plays an important role in bonding smaller
aggregates and soil particles together (Albalasmeh
and Ghezzehei 2014; Tisdall and Oades 1982).
Moreover, OM increases aggregate slaking resis-
tance and swilling of clay by binding the mineral
particles and increasing their cohesion (Chenu
et al. 2000).

3.2 Penetration Resistance

The effect of OMW application on soil penetration
resistance at different depths at four different loading
rates of OMW is shown in Fig. 2. The depicted results
showed that soil penetration resistance increased after
OMW application. Specifically, this increase was more

pronounced in the top layer (0–8 cm) compared with the
lower layers (8–16 and 16–24 cm) in both months.
Interestingly, as the OMW loading rate increased, soil
penetration resistance was more pronounced with depth
especially in the second month.

Soil penetration resistance increased after the second
month (Fig. 2b) more than the first month (Fig. 2a) at all
depths under all loading rates. It reached a value of 3.5
and 4.5 kg cm−2 after the first and second months,
respectively, at the rate of 200 m3 ha−1 for the surface
layer (0–8 cm) compared with 1.8 kg cm−2 for the
control at the same depth. In a similar trend for the
100 m3 ha−1 treatment, the PR increased significantly
compared with the control for both months. However,
the difference in PR was significant only after the sec-
ond month of OMWapplication only for the 50 m3 ha−1

treatment compared with the control. Furthermore,

Fig. 2 The effects of different
OMW loading rates on soil
penetration resistance after the
first (a) and second (b) months of
OMWapplication
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comparing the 50 m3 ha−1 treatment after the first and
second months of OMWapplication revealed that there
was no resistance for the penetrometer penetration at the
deeper layers (8–16 and 16–24 cm) similar to the
control.

Our results are matching the concept of soil penetra-
tion resistance (PR) where it is a commonly used soil
mechanical property to determine soil strength which
leads to increased soil compaction and bulk density. The
results of soil penetration resistance at different depths
as well as loading rates (Fig. 2) are in agreement with the
results of the aggregate stability (Fig. 1), and this can be
explained by the amount of the OMW added to each
treatment, which will affect the amount of OMW
reaching a deeper depth.

Urena et al. (2013) showed that application of OMW
increased soil bulk density and hence soil compaction

and penetration resistance. Similarly, Attom et al. (2016)
reported an increase in the maximum dry unit weight for
soils after using treated wastewater which resulted in an
increase in soil compaction and therefore increases the
soil resistance to penetration. Also, Azouzi et al. (2015)
and Abedi-Koupai (2006) reported an increase in the
bulk density and reduction in the porosity and therefore
increase in the soil penetration resistance for different
soil types. Moreover, bulk density always increases with
depth. They explained their results by the amount of the
total suspended solids that exist in the treated wastewa-
ter used in their experiment.

3.3 Saturated Hydraulic Conductivity

Figure 3 shows the effect ofOMWapplication on saturated
hydraulic conductivity (HCsat) at different depths at four

Fig. 3 The effects of different
OMW loading rates on soil
saturated hydraulic conductivity
(KSAT) after the first (a) and
second (b) months of OMW
application
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different loading rates of OMW. The depicted results
showed that after the first (Fig. 3a) and second (Fig. 3b)
months of OMWapplication, HCsat generally decreased at
all depths with increasing loading rates compared with the
control. Moreover, this decrease was more pronounced in
the top layer (0–8 cm) compared with the lower layers (8–
16 and 16–24 cm) in both months.

A sharper decrease in HCsat could be observed after
the second month of OMW application compared with
that after the first month at all OMW loading rates as
well as depths. The maximum reduction in HCsat could
be observed in the surface layer (0–8 cm) at an OMW
loading rate of 200 m3 ha−1. It decreased from
1.85 cm h−1 for the control to 0.64 and 0.14 cm h−1 after
the first and second months of OMW application, re-
spectively. The statistical analysis showed that all treat-
ments are significantly different compared with the con-
trol for the surface layer (0–8 cm). However, it did not
significantly differ in the lower layers (8–16 and 16–
24 cm) at both months of OMW application.

The decrease in saturated hydraulic conductivity is
most likely the result of a reduction in soil drainable
porosity, which can be seen from the increase in soil
resistance to penetration (Fig. 2) and consequently bulk
density. This reduction can be explained by the high
amount of organic matter and suspended materials in the
applied OMW that could have partially blocked soil
pores (Gharaibeh et al. 2007; Mahmoud et al. 2010).
Moreover, the high content of oil and grease in the
OMW could slow water movement within the soil sig-
nificantly (Travis et al. 2008).

Our results are in agreement with the results reported
by Mahmoud et al. (2010) who reported a significant
decrease in saturated hydraulic conductivity by approx.
18% after a long term of OMW applications at all
depths. Moreover, Gharaibeh et al. (2007) reported that
irrigation using treated wastewater for long periods re-
duced soil hydraulic conductivity as compared with the
control. Contrary to our results, Steinmetz et al. (2015)
and Levy et al. (2017) reported that no significant effect
on the soil hydraulic conductivity was observed while
Abu-Zreig and Al-Widyan (2002) reported a slight in-
crease in hydraulic conductivity after 3 months of Olive
mill solid waste application.

3.4 Infiltration Rate

The effect of OMWapplication at different loading rates
on soil infiltration rate at different depths after the first

and second months of application is depicted in Figs. 4
and 5, respectively. Both Figs. 4 and 5 show that OMW
application decreased the infiltration rate in all soil
depths under all OMW application rates. Also, it was
more pronounced after the second month of application.
Generally, the decrease in the infiltration rate was higher
with increasing loading rates. The lowest value of infil-
tration rate after the first month (1.26 mm h−1) was
observed at 200 m3 ha−1 at the 0–8-cm depth (Fig. 4)
whereas it reached 0.42 mm h−1 (Fig. 5) under same
conditions compared with the control (39.01 mm h−1).

A similar trend occurred for the subsurface layers
where the reduction in infiltration rate was less with
depth at the same OMW application rate for both
months. Applying 200 m3 ha−1 of OMW decreased the
infiltration rate to 2.52 and 27.69 mm h−1 after the
second month of OMW application at the depth of 8–
16 and 16–24 cm, respectively (Table 2). This decrease
in infiltration rate could be attributed to the effect of
suspended solids in the OMW that clogged the pores
and reduced water infiltration (Cox et al. 1996;
Mahmoud et al. 2010). Moreover, OMW contains oil
and grease that would cause the soil to be hydrophobic,
which will eventually reduce the infiltration rate (Abu-
Zreig and Al-Widyan 2002).

Similar to our conclusion, Rusan and Malkawi
(2016) investigated the effect of dilution of OMW on
infiltration rate. They showed that during the first 5 min,
the lowest infiltration rate was observed with the highest
concentration (undiluted) followed by 75% OMW ap-
plication compared with other treatments. Moreover,
Mahmoud et al. (2010) reported a decrease in soil infil-
tration rate after 5 years of OMWapplication due to the
surface sealing because of the suspended solids. Also,
Tamimi (2016) and Zenjari and Nejmeddine (2001) in
other studies reported a decrease in soil infiltration rate
after OMW application.

3.5 Water Repellency

The effect of OMWapplication on soil water repellency at
different depths under four different loading rates of OMW
is depicted in Fig. 6. Water drop penetration time (WDPT)
is a commonly accepted technique to measure the degree
of soil water repellency (Mahmoud et al. 2010; Tarchitzky
et al. 2007). The depicted results show that after the first
(Fig. 6a) and second (Fig. 6b) months of OMW applica-
tion, WDPT and hence the hydrophobicity generally in-
creased with increased OMW rates. The differences
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between treatments were significant (P < 0.05) for the top
soil (0–8 cm) for both months after OMW application.

Generally, WDPT increased after the second month more
than the first month at all loading rates and depths. The top

Fig. 4 Effects of different OMW
loading rates on infiltration rate at
depths of 0–8 cm (a), 8–16 cm
(b), and 16–24 cm (c) after the
first month of OMWapplication
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soil’s penetration time increased from < 1 s in the control
(0 m3 ha−1) to 34 s (50 m3 ha−1), 74.2 s (100 m3 ha−1), and
120 s (200 m3 ha−1) after the first month of OMW

application (Fig. 6a). More application of OMW signifi-
cantly affected WDPT where the penetration time in-
creased from < 1 in the control (0 m3 ha−1) to 72.1 s

Fig. 5 Effects of different OMW
loading rates on infiltration rate at
depths of 0–8 cm (a), 8–16 cm
(b), and 16–24 cm (c) after the
second month of OMW
application
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(50 m3 ha−1), 162.8 s (100 m3 ha−1), and 261.7 s
(200m3 ha−1) after the secondmonth of OMWapplication
(Fig. 6b).

Based on the results from Fig. 6 and Table 3, the top
soil (0–8 cm) generally exhibited a strongly water re-
pellent, while the middle layer (8–16 cm) generally
exhibited a slightly water repellent. However, the lower
layer (16–24 cm) generally exhibited a wettable

condition for all treatments. This increase in water pen-
etration time and hence hydrophobicity could be attrib-
uted to the high content of organic matter in the OMW
as well as the oil and grease in it that may coat the soil
particle and prevent water penetration (Bisdom et al.
1993; Gonza ́ lez-Vila et al. 1995). A study by Kurtz
et al. (2015) confirmed that the increase in the WDPT
could be explained by the high level of organic matter in

Table 2 Effects of different OMW loading rates on infiltration rate at different depths after the first and secondmonths of OMWapplication

Final infiltration rate (mm h−1)

Depth (cm) Loading rate after the first month (m3 ha−1) Loading rate after the second month (m3 ha−1)

0 50 100 200 0 50 100 200

0–8 39.01 3.77 2.52 1.26 39.01 2.12 1.38 0.42

8–16 39.01 39.20 11.32 3.78 39.01 18.88 7.55 2.52

16–24 39.01 39.01 39.01 31.50 39.01 39.01 39.01 27.69

Fig. 6 Effects of different OMW
loading rates on water drop
penetration time (WDPT) after
the first (a) and second (b)
months of OMWapplication
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OMW, consisting largely of fatty acids and other am-
phiphilic molecules.

Our results are in agreement with Steinmetz et al.
(2015) and Tamimi (2016) who found that OMWappli-
cation significantly increased WDPT in the treated soils
compared with the control. Moreover, Kurtz et al.
(2015) reported a significant increase in soil repellency
due to the application of OMW in the upper layer
because of the hydrophobic compounds like organic
matter, oil, and grease that remained in the upper layer.
Many other studies concluded the same results where
applying OMW on the soil would increase soil water
repellency (Diamantis et al. 2013; Gonza ́ lez-Vila et al.
1995; Mahmoud et al. 2010; Peikert et al. 2015; Travis
et al. 2008) due to the increase in oil and grease content
in OMW which in turn increased the contact angle
between soil and solution (Abu-Zreig and Al-Widyan
2002).

4 Conclusion

This study investigated the effects of olive mill waste-
water application on selected soil properties. Applica-
tion of olive mill wastewater on soil for 1 and 2 months
has been shown to have distinct effects on the soil
physical and hydraulic properties. It results in an in-
crease in aggregate stability, penetration resistance, and
water repellency especially in the top soil (0–8 cm) due
to the accumulation of organic matter and a decrease in
hydraulic conductivity and infiltration rate. Moreover,
the effect of olive mill wastewater was noticeable at
200 m3 ha−1 loading rate at the top soil layer (0–8 cm)
compared with the lower soil layers (8–16, 16–24 cm).

The data suggest that olive mill wastewater remains in
the upper layers of the soil whereas it moves more
through the soil to greater depths depends on the appli-
cation rate. These results could be attributed to the
hydrophobic compounds and organic matter generally
presented on olive mill wastewater which binds the soil
particles.
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