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Abstract: The sedimentation of drainage canals is a common process and its intensity depends on
several geographical and hydrological factors. Drainage canal sediments are frequently polluted by
heavy metals or other pollutants; they need to be periodically dredged and ultimately, have to be
safely disposed of. Furthermore, pollution in smaller drainages may go undetected because under
the Water Framework Directive (Directive 2000/60/EC), catchment areas < 10 km? do not require
monitoring. We investigated the hypothesis that water resources of small sub-catchments exposed to
agricultural pollutants accumulate sediment for a longer period (several years) and severely enhance
environmental risks. We analyzed the data on sediment mobility in drainage canals for a small
lowland catchment in Croatia during 2013-2017. We conducted sediment transport modelling for
actual precipitation episodes of a 10-year return period and design precipitation of a 50-year return
period. The results indicated that sediments and associated copper pollution persist at the canal
bottom for several years, which increases the risk of polluting groundwater and the environment in
general. Only copper present at the maximum downstream section of the canal has the possibility of
moving to the recipient stream and would only be detected in catchment areas bigger than 10 km?.
We proved that smaller water bodies evaluated according to monitoring standards prescribed for the

closest larger water can enhance environmental risks.

Keywords: agriculture; sediment transport; Water Framework Directive; pollution

1. Introduction

Sedimentation in natural and artificial open watercourses is a hydrological and hy-
draulic phenomenon essential for watercourse morphology [1]. From a water quality
perspective, besides the anthropogenic and geochemical input of heavy metals in the
drainage system, the sedimentation process is important because of the tendency of heavy
metals to bind to suspended and bed loads [2].

It has been found that sediment quality is mainly influenced by geological and geo-
chemical background and because of that, direct determination of heavy metal speciation in
soils and sediments is still difficult in routine analysist [3]. Generally, catchment character-
istics and atmospheric conditions (including land cover) determine the yield, concentration
of heavy metals, and chemical composition of sediments [4,5].

Sediments can be analyzed considering different criteria, such as catchment characteris-
tics. Lowland parts of catchments are more exposed to intensive sedimentation of soil eroded
from steeper parts of catchment, usually caused by heavy and intensive precipitation. The
hydromorphological characteristics of the watercourse and pollution source can be criteria
of sediment analysis as well. It is important to recognize that sediments of reservoirs, natu-
ral rivers, and artificial watercourses (drainage canals) are mutually distinct, owing to the
differences in mechanisms of sedimentation, susceptibility to pollution, and mobility.

Sediments associated with natural watercourses have different susceptibilities to
pollution during wet, intermediate, or dry seasons [6]. Pollution exposure also varies
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between upstream and downstream sections and metal contamination of sediments is
mostly confined to the lower reaches of the river [7]. Additionally, large rivers are less
susceptible to pollution despite their large basin.

For example, excluding single sampling sites and some tributaries, the pollution level
of the River Danube by As, Cr, Cu, Pb, Hg, Ni, and Zn is regarded as rather low [8].
However, flooding episodes can increase heavy metal content in river sediments, but
those effects are only temporary. Hence, anthropogenic pollution is more important than
flood-related pollution, but they both have mainly anthropogenic and sometimes partly
geogenic origins [9].

Artificial canals used for drainage and irrigation have higher levels of pollution com-
pared to natural watercourses. The concentration of heavy metals in artificial watercourses
such as drainage and irrigation canals can be several times higher than that for natural
rivers, and their mobility is very low [10].

Comparing to drainage canals, irrigation canals are better researched with respect to
the genesis of sediments and their pollution. As these processes are complex, irrigation-
dominated watersheds require stochastic rather than deterministic forecasting [11]. Irrigation
canals require monitoring of sediment mobility to maintain an adequate discharge profile [12].
Reduction in profile, particularly due to low longitudinal slope, and disposal of potentially
polluted dredged sediment are recognized as serious problems [13,14], which are also ap-
plicable for drainage canals; however, the expected pollution level in drainage canals is
much higher. Canal sediment contamination by heavy metals and its origin has been the
focus of several investigations in Italy and The Netherlands [15,16]. These studies identified
heavy metals and phosphorus as dominant pollutants that originate from vehicular traffic
and agriculture, with concentrations dependent on catchment hydrological features. Similar
conclusions were deduced for a large drainage system in Serbia, where severe pollution from
chromium, copper, cadmium, and zinc was attributed to anthropogenic origin [17].

In addition, sediment mobility depends on local characteristics. It can be reduced by
lower bed slopes and vegetation or increased by larger discharges caused by precipitation
of high intensity and longer duration [15,18]. Furthermore, discharge in drainage canals
is mostly temporary, which affects the tendency of accumulation and concentration of
substances that are deposited in drainage canals [19]. However, research on drainage canal
sediments is deficient and is mainly limited to problems of specific locations [20].

Drainage canals in lowland areas are expected to be resilient to erosion processes;
however, thousands of tons of sediment are annually dredged out of them [1]. Lowland
areas usually have a dense drainage canal network which requires regular maintenance
and dredging of sediments that are often polluted [19]. The annual accumulation of
sediments in canals depends on maintenance regularity, discharges, and vegetation that
together influence sediment stability and its impact on the environment, particularly
groundwater [21-23].

The disposal of sediment dredged from canals is also problematic. It is known that
sediments generally have a tendency to associate with the labile fraction of the soil, which
is the most mobile and most environmentally sensitive component [24].

The aim of this research is to overview treatment of this problem in the EU Water
Framework Directive [25], which is a document of great importance. It institutionalizes
ecosystem-based objectives and planning processes at the level of the hydrographic basin as
the basis for water resource management, having important overall implications in shaping
developments in water policy and management at an international level [26]. Of course,
fulfilment of the ultimate objective of a “good” overall quality of all waters is questionable
in terms of the high costs. Later, Directive 2008/105/EC defined environmental quality
standards (EQS) in accordance with Directive 2000/60/EC, for the 33 priority substances
identified in Decision No 2455/2001/EC and eight other pollutants that were already
regulated at the Union level [27]. According to this regulation, member states should, inter
alia, monitor sediment and biota, as appropriate, at an adequate frequency to provide
sufficient data for a reliable long-term trend analysis of those priority substances that tend
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to accumulate in sediment and/or biota. Five years later, in Directive 2013/39/EU, the
Commission completed its first review of the list of priority substances. For substances
for which an EQS for sediment and/or biota is applied, monitoring the substance is
obligatory in the relevant matrix at least once every year, unless technical knowledge and
expert judgment justify another interval [28]. According to Croatian regulations, there
are no standards for canal sediment pollution evaluation. In order to assess the severity
of obtained pollution, we have analyzed Canadian regulations, Dutch regulations, and
Serbian regulations related to sediment pollution [29-31].

After the above mentioned, only watercourses with catchment areas >10 km? require
monitoring and lakes with an area > 0.5 km? require categorization and evaluation in
accordance with WED criteria. All smaller water bodies” areas were evaluated according to
standards prescribed for the closest larger water bodies. In Croatian circumstances, about
80% of total watercourse length belongs to a group of very small water bodies staying out
of system control. According to the research of Reyol et al. [32], spatial extrapolation tools
are needed in order to evaluate the ecological status of water bodies for which no data
are available.

Small watercourses, including artificial canals, are those that are exposed to consider-
able pollution, and it is more difficult to return it to its natural or satisfactory condition.
Butler, Kallis, and Mills [33] reported an example of two river basins that diffuse pollution,
becoming a bigger threat. Even at the “micro”, well-monitored regional level of the two
case studies, it proved impossible to ascertain the total extent of the improvement required
to achieve “good status”. Experiences in the UK are similar—non-point pollution from
agriculture is recognized as a major reason for the failure of rivers in the UK to meet this
target [34]. Therefore, we estimate that other European countries face the same or a similar
problem related to monitoring scale, and our analyses of a small catchment with severe
diffuse pollution detected that is presented in this paper emphasizes this problem.

With this background, we conceived a study to investigate the hypothesis that water
resources of small sub-catchments are exposed to diffuse pollutants originating from traffic,
industry, agriculture, or waste accumulate sediments for a longer time period (several years)
and severely enhance environmental risks, and after dredging, the sediments continue to
endanger the environment if not analyzed and managed properly. Therefore, the aim of this
research is to emphasize a problem of potentially great importance in a lowland agricultural
area, where environmental quality standards established in the Water Framework Directive
cannot be exceeded in right way.

2. Materials and Methods
2.1. Study Area

We studied sediment mobility in drainage canals in the small catchment of the Vuka
river in the Danube river basin in Croatia. Most of the catchment is lowland and is spread
over 1035 km? (Figure 1). The climate of the study area is characterized as continental.
In the period 1981-2018, mean air temperature was 11.5 °C and mean annual precipita-
tion was 672 mm, with excessive rainfall occurring in June and September. The main
soil types represented in the study area are automorphic and hydromorphic, character-
ized by a fine texture with low to very low hydraulic conductivity. The land is mainly
used for agriculture (~70% of the total area), which encouraged the development of an
extensive surface drainage system with associated structures [35]. The annual volume of
dredged sediment was 120,000 and 200,000 m? in 2016 and 2017, respectively. This small
catchment can be representative of much larger lowland area with a significant portion of
agricultural land [36].

Pollution levels were assessed by sediment sampling at 13 locations over the entire
area and only copper exceeded the threshold concentration. Detection of copper pol-
lution led to establishing a field-scale model of polluted sediment mobility or stability
through canals [36].



Water 2021, 13, 677

40f12

STUDY AREA

20 km

Figure 1. Position of study area in Croatia with designated position of study area, right side.

2.2. Field Investigation

We conducted field investigations between October 2016 and December 2017 on the
canal “K”, which is 2686 m long and has a uniform longitudinal slope of 0.05%. The sur-
rounding area is agricultural (Figure 2a). We collected the following data for sediment
movement modelling for the study canal: intensity of sedimentation, erodibility, sediment
texture, and daily precipitation. Samples were taken from the upper sediment layer, in
the middle part of the canal cross-section. Samples were taken in February 2017 and later
in February 2020 by a sediment core sampler. Samples were put in plastic bags, marked,
and the same day taken into the licensed laboratory of Institute of Public Health in Osijek-
Baranja County. Additionally, the position of each sampling location was defined by its
coordinates and registered for future samplings (Figure 2a). Figure 3 presents photographs
of one sampling canal cross-section, sediment core sampler (Beeker type), and graphite
furnace atomic absorption spectrometer. Analysis was made according to the General
requirements for the competence of testing and calibration laboratories (EN ISO/IEC
17025:2017). Laboratory analysis of six sediment samples taken at six cross-sections con-
firmed high pollution by copper, especially in the midsection of the canal (Figure 2a).
Cross-sections were defined on the basis of the canal’s longitudinal section and observed
bottom changes [36]. Figure 2b presents depth reduction before sediment dredging in 2014
(approximately 0.5 m), in the period between 2014 and 2017 (approximately 0.3 m), and in
the period between 2017 and 2020 (less than 0.15 m).

Figure 4 presents copper concentration along the canal and there is very obvious
great pollution in the midsection of the canal, with maximum concentration of copper of
1489 mg kg !, which is about 8 times over the maximum allowed concentration prescribed
by consulted international guidelines [29-31]. All three countries have similar sediment
quality guidelines with soil remediation intervention values between 190 and 197 mg kg~ !.

We assessed the longitudinal profile measurements of the canal taken before and
after dredging in 2014 (according to maintenance documentation) and more recently in
2017 to estimate depth reduction (Figure 2b). It was relatively uniform along the section
(1 + 800-0 + 800) and sediment depth was ~30 cm with respect to the initial canal depth [36].
Textural classification of sediment samples showed high proportions of very fine sand
(17.5%), coarse silt (34.8%), and fine silt (28.7%), with the remaining part comprising clay
and fine sand. The last measurements of canal cross-sections, together with sediment
sampling, occurred in 2020 and obtained data were used for model validation.

Canal “K” has no permanent flow; it occurs only after intensive precipitation periods.
Moreover, there is no possibility of backwater influence caused by the recipient stream, i.e.,
River Vuka.
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Considering the daily rainfall between January 2013 and December 2017 (Figure 5),
we identified nine precipitation episodes based on precipitation duration and intensity.
Additionally, there were two precipitation episodes, recognized as relevant for sediment
transport modelling (Table 1, Figure 5).

The computed infiltration rate is based on vegetation cover, soil texture, tillage, and
antecedent moisture using the Soil Conservation Service (SCS) method (CN) = 78.4) [36].
The antecedent moisture condition was assumed to be maximum for the selected precipita-
tion episodes.

The erodibility of the lowland area was rather low. We calculated surface erosion
using the Erosion Potential Method (EMP), considered suitable for Croatian geographical
conditions [37], from the following equation:

W= T-P,-nVZ3-F 1)
where W,—total sediment production of erosion (m? year~!); T—temperature coefficient (-);
P,—mean annual precipitation (mm); Z—erosion coefficient (-); and F—study area (km?).

| [LEGEND:
L Canal "K"

== the Vuka River
Sampling point

SCALE. 1:5000
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Figure 2. Field research layout of canal with designated sampling locations (a) and characteristic cross-section of canal

indicating profile reduction (b).

(@)

Figure 3. Sampling canal cross-section 3-3 (a), sediment core sampler (Beeker type) (b), and graphite furnace atomic

absorption spectrometer (c).
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Figure 5. Daily precipitation of the period between January 2013 and December 2017 with designated
tested precipitation episodes.

Table 1. Precipitation episodes relevant for sediment transport modelling.

Starting Datum Ending Datum  Duration (Days) Daily Max (mm) Daily Min (mm)  Prec. Sum (mm)  Return Period (Years)
26 September 2013 2 October 2013 7 61.5 0.3 84.3 10
13 May 2014 20 May 2014 7 47.3 0.1 92.1 2

2.3. Modelling

We conducted sediment transport modelling using the software HEC-RAS Ver. 5.0 (US
Army Corps of Engineers, Washington, DC, USA). This application uses separate models
for different components of surface run off viz. run off volume, cumulative and base flow,
and discharge. Precipitation episodes relevant for modelling were identified on the basis
of calculation of design discharges of 25- and 50-year return periods (Figure 5, Table 1).
Hence, design run off increased by 30% and 45%, respectively. This procedure was used to
simulate sediment transport during extreme hydrological conditions, which was higher
than observed. We therefore obtained relationships between (a) discharge and sediment
transport, and (b) flow velocity and starting point of sediment movement. The downstream
boundary condition was derived by normal water depth and canal slope, while the up-
stream boundary condition comprised discharge series for a given time period. Sediment
transport was explicitly a nonlinear process. Most of the transport and bed change was
concentrated within relatively short periods of high discharge. Long quasi-steady time
periods (24 h and longer) can be significant for small discharges and minor changes in bed
elevation, which was exactly the situation in our case.

The Laursen (Copeland) sediment transport function, which considers bottom grain
size, hydraulic radius, and range of flow velocities induced by design discharges, has
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been found to be most appropriate for estimating sediment discharge. It derives a total
sediment load predictor from a combination of qualitative analysis, original experiments,
and supplementary data.

Transport of sediments is primarily determined by hydraulic characteristics (e.g.,
mean channel velocity, depth of flow, and energy gradient), sediment characteristics, and
fall velocity [38]. The general Laursen (Copeland) sediment transport equation for single
grain size is given as follows:

7/6 /
C, = 001 7(’3) (2 - )f(l:j) @)

where: C,,—sediment discharge concentration (kg m~3); y—specific weight of water
(kg m~3); ds—mean grain size (m); D—effective flow depth (m); To’—bed stress acting on
bed grains (Pa); T.—critical shear stress (Pa); and f(u+/w)—function of the ratio of the shear
velocity (u+) and fall velocity, defined by Laursen (1958) and incorporated into HEC-RAS.

Calibration was achieved using the observed data of bottom change during the period
2014-2017. Repeated cross-sections measurements were converted to volume change by
multiplying the area change by the control volume reach length. Although this study primarily
deals with sediment mobility and not total sediment yield, this method of calibration was
adequately accurate and acceptable. Comparing to the process of sediment movement in
rivers, sediment mobility in drainage canals is much lower. Therefore, bed elevation change is
considered to be sufficiently good criteria for calibration. In 2020, measurements of canal cross-
sections were repeated, together with sediment sampling. Those data were used for model
validation. Figure 6 confirms our hypothesis of extremely low mobility of polluted sediment
in lowland area drainage canals. In other words, during the last three years, continuous
copper pollution has become more severe and its concentration has increased. Due to low
sediment mobility, copper remains in the canal without significant movement downstream
towards the canal recipient (the Vuka River). This is clearly presented in Figure 6 by the red
color for copper pollution in the canal sediment.

0+120

0

460

[ max Cu concentration: |
1489 mg kgl

2017

["max Cu concentration: |
1596 mgkgd 2020
Distance(m)

0+ 800 1+140 14480 14820 2+160 2+500

Figure 6. Field data of copper concentration along the canal in 20162017 and 2020.

3. Results and Discussion

The maximum daily precipitation (61.3 mm) occurred between 13 May and 20 May
2014. Figure 7a depicts canal flow velocities in the period between 14 May and 17 May 2014,
i.e., after discharge stabilization. The maximum velocity was 0.34 m s ! on the day after the
highest intensity of precipitation. Maximum daily precipitation of 47.3mm (Table 1) could
not generate flow velocity large enough to be able to move bottom sediment. The design
precipitation of the 50-year return period (96.6 mm) generated higher velocity (0.39 m s~ 1),
again on the day after the highest intensity precipitation (Figure 7b). The simulation
demonstrates how velocities greater than critical velocity cause sediment transport. During
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the first 24 h, small sediment movement starts in the middle canal section. Once the velocity
and water level stabilize, canal bottom activities reduce. Furthermore, water table lowering
and velocity fluctuations cause negligible changes in the canal bottom. Even precipitation
of the 50-year return period was not able to generate more significant sediment movement
or transport downstream. This means that only extreme precipitation episodes, of more
than the 50-year return period, can cause more significant bottom activities, or the process
of sediment movement in drainage canals can last many years. In this case, pollution
continues and it stays trapped and undetected in sediment.

Legend

15 May 2014

17 May 2014

14 May 2014

500 1000 1500 2000 2500 3000
Distance (m)

0.1

0.0

500 1000 1500 2000 2500 3000
Distance (m)

Figure 7. Flow velocity in the canal during the precipitation episode between 13 May and 20 May 2014 (a) and flow velocity
in the canal calculated for design precipitation episode of 50-years return period (b).

The total sediment volume transported along the canal during the actual precipitation
period (13 May—-20 May 2014) and estimated for the design precipitation of the 50-year
return period was about 70 and 130 m3, respectively (Figure 8a,b). Considering the lon-
gitudinal transport of sediments by different fractions, clay and silt particles showed the
highest mobility. However, these finest particles become mobile only during extreme
precipitations, such as the maximum daily precipitation of the 50-year return period. In
these extreme events, the dynamics of the surface erosion of the surrounding area is more
important than the discharge ability of sediment movement. The volume of transported
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material accumulated depends on flow velocity and water depth. The most upstream canal
section (~200 m length) showed no sediment movement. Significant reduction of the canal

cross-section can be expected due to surface erosion and almost no discharge.
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Figure 8. Longitudinal change in sediment volume in the period 13 May and 20 May 2014 (a) and longitudinal change

scheme of the 50-year return period (b).
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Further detailed analysis was performed for a precipitation event lasting seven days
with the maximum of the 10-year return period. However, discharge generated by this
event did not cause sediment movement, and bottom elevation changes were > 1 cm.
However, the design precipitation of the 50-year return period caused higher discharges,
causing the sediments to start moving downstream. Simulated discharges of the 50-year
return period generated bottom change of &= 0.2 m. The most extensive changes occurred
in the middle canal section (Figure 9).
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Figure 9. Longitudinal change of bottom in the period May 13 to May 20, 2014 and design precipitation episode of the

50-year return period.

During extreme precipitation, the most upstream section (~200 m length) showed
almost no change in the canal bottom. Even the finest particles remain immobile along with
the heavy metals attached to them. Model analyses suggest that only the pollutants entering
the canal at most downstream sections have the possibility to move to the recipient stream,
and are only detected in catchment areas >10 km?. Ultimately, this leads to a reduction in
canal cross-section and necessitates regular maintenance activities.

4. Conclusions

Sediment pollution in drainage canals occurs frequently in agricultural areas. In
the studied area presented in the research, copper had significantly high values, which
prompted investigation of sediment transport downstream of the canal. Measurements
of copper concentrations 3 years later proved the basic hypothesis of the low mobility of
drainage canal sediment. The results show that it can stay trapped in canal sediment for
several years and consequently, the sediment quality observed in representative monitoring
points does not reflect the actual situation. Sediment transport modelling showed that
smaller discharges generated by low-volume and low-intensity precipitation events do not
cause significant sediment movement. Even the precipitation of a 50-year return period
cannot generate sediment movement downstream. Considering the longitudinal transport
of sediments by different fractions, clay and silt particles showed the highest mobility, but
even these finest particles become mobile only during extreme precipitations, such as the
maximum daily precipitation of the 50-year return period. However, these conclusions still
have to be confirmed by analysis of a larger number of sediment samples during the next
few years.

Sediments resulting from surface erosion along with the associated pollutants do not
move downstream to the recipient, but remain at the canal bottom for several years and can
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potentially pollute water, sediment, biota, and the environment in general. The slopes of
drainage canals are low, discharges are periodic, and velocities are small due to significant
roughness, which causes the dominant sedimentation process. In such circumstances, only
mechanical removal of sediment by dredging can maintain the designed and functional
cross-section profile, thereby raising the problem of its disposal.

This field-scale research on the hydraulic aspect of sediment transport in drainage
canals of a lowland area, based upon hydraulic on hydrological principles, highlights
the problem of potentially severe pollution by copper, which cannot be detected by ex-
isting monitoring networks established in rivers with catchment areas > 10 km?. In our
opinion, it could be a problem of great importance in a lowland agricultural area, where
environmental quality standards established in the Water Framework Directive cannot
be exceeded right away, due to the severe potential of keeping serious pollution trapped
in small catchments. Finally, this research shows the importance of the assessment of
pollution pressure magnitude, together with careful monitoring points selections.
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