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Abstract. The migration of land-based pollutants in tidal flat sediments has an important impact on the 
marine ecological environment. The effects of three influent concentrations and two cation valence states on 
the preferential transport of NO3-N in the sediments of the Yellow River Estuary were studied by soil column 
experiments. Results showed that the preferential flow and solute transport were more obvious with the 
increase of influent concentration; The solute potential was increased in the process of solute transport, which 
led to the rapid flow, shortened the total time, and facilitated the solute transport speed in the soil; The cation 
in the sediment of the Yellow River Estuary has little effect on the transport of nitrate nitrogen, and the initial 
penetration time of the penetration curve using Ca (NO3)2 as tracer was a little later than that using KNO3 as 
tracer, but it is not obvious. 

1 Introduction  

The preferential transport of solute mainly refers to the 
imbalance process of solute concentration change caused 
by the large pores in soil [1]. Since 1970s, priority flow and 
its influence on solute migration have become one of the 
hot and difficult issues for water, environment and soil 
research in Europe and America [2]. Lots of benthic 
burrowing animals are active in the tidal flat area of the 
Yellow River Estuary, forming macropores dominated by 
burrowing animals. The hydrodynamic change is large in 
this area, and the soil salinization is serious [3].  

Recently, the content of inorganic nitrogen in soil, 
groundwater and estuarine areas has been increased due to 
the discharge of domestic sewage and the excessive use of 
agricultural nitrogen, which led to serious pollution [4]. 
Among them, the accumulation of nitrate nitrogen is the 
largest and exists in the form of non-adsorbable solute. A 
study has found that the vertical transport of 
agrochemicals in cultivated land and arid soil was affected 
by bio-pores under saturated conditions, which connecting 
the soil surface directly with the drainpipes [5]. However, 
the effects of influent concentration and soil cation 
valence on preferential transport of nitrate in intertidal 
sediments with bio-pores under the coastal zone are still 
not well-understood. 

Therefore, the aim of this study was to investigate the 
effects of different influent concentrations and valence 
cations on the preferential transport of non-adsorbable 
solute nitrate nitrogen in the macropores of sediments 
from the Yellow River Estuary, and to provide a scientific 

basis for the protection of marine ecological environment. 

2 Materials and Methods 

2.1 Basic physical and chemical properties of 
soil  

The soil samples were taken from the Diaokou Course 
Coast at the Yellow River Delta. The natural water content 
of the silty soil was 26.2%. The grain size analysis showed 
that the content of sand was 0.28%-13.08%, silt was 
68.3%-86.1%, clay was 12.4%-21.2%. The content of 
organic matter was 0.47%. A lot of soluble salt ions (Ca2+, 
Mg2+, Na+, Cl-, SO4

2-, HCO3
-) existed in the sediments. 

2.2 Experimental device 

The experimental apparatus of solute transport mainly 
included soil column, Mahalanobis flask and sampling 
apparatus, as shown in Fig. 1. The inner diameter of the 
soil column was 15 cm, and the length was 55 cm. the 
sampling port was at the bottom. Mahalanobis flask was a 
water supply device to maintain constant water head. The 
self-designed automatic sampling device included power 
supply, control circuit, solenoid valve and sampling bottle. 
To meet the analysis requirements, it was set to 
automatically take solute samples continuously every 3 
hours. 
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Fig. 1. experimental device (1. martensite flask; 2. soil column; 
3. artificial simulation of macropore; 4. solenoid valve; 5. 

sampling bottle; 6. control circuit; 7. power supply) 

2.3 Experimental process 

2.3.1 Preparation of artificial macroporous soil 
column 

The soil samples were dried, sieved through 2.0 mm mesh, 
and homogenized well. A layer of Vaseline was applied on 
the inner wall of the PMMA column to prevent edge effect. 
The order of loading soil samples was as follows: first, 2 
cm thick coarse sand was placed at the bottom of the soil 
column as the filter layer, and then the soil samples with 
different water contents were evenly loaded 5 cm in layers 
according to the density. Then, a section of 25 cm long 
macropore was buried in the soil, and the soil sample was 
continuously loaded until the height of the soil sample was 
35 cm. Finally, 2 cm thick coarse sand was covered on the 
surface of the soil sample to prevent the surface of the soil 
sample from being damaged when solute was added. 

2.3.2 Experimental scheme 

The nitrate nitrogen solution with NO3-N concentration 
(50mg/L, 100 mg/L and 200 mg/L) was prepared as 
influent. After the dry soil was loaded, the soil column 
bottom was desaturated to exhaust the air from the soil 
sample. When the surface layer of soil sample appears 
about 0.5 cm, it was considered to saturated, and the latex 
pipe at the sampling port was clamped in and placed for 
one day to make the water distribution evenly. During the 
test, the constant head was maintained at 9cm by a Martian 
flask. 1500ml of solution (including NO3-N) was applied 
to the surface of the soil column. The column was leached 
with distilled water after the infiltration was completed, 
and the solute concentration was measured every 3 hours, 
and the volume number was recorded and the flow rate per 
unit time was calculated. During the test, the soil column 
is covered with plastic film to avoid evaporation loss.  

The effects of different valence states on the 
preferential migration of nitrate nitrogen were studied by 
comparing KNO3 and Ca(NO3)2. The experimental 

process was the same as that of the other. 

2.3.3 Determination method 

The determination of nitrate nitrogen was carried out by 
ultraviolet spectrophotometry, which is derived from the 
monitoring and analysis method of water and wastewater 

[6]. 

3 Results & Discussion  

3.1 Effects of different influent concentration on 
outflow rate 

Under three influent concentration conditions, the outflow 
rate hydrograph of soil column samples showed a larger 
outflow rate at the beginning stage, and the outflow rate 
gradually decreased with the increase of time, and finally 
ted to be stable (Fig. 2). When the influent concentration 
is 200 mg/L, the outflow rate was the fastest. With the 
decrease of the influent concentration, especially when the 
influent concentration was 50 mg/L, the outflow rate is 
significantly lower than the other two higher concentration 
curves. This is due to the increase of the influent 
concentration and the solute potential in the process of 
solute transport, which leads to the fast flow and short total 
time [7]. 
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Fig. 2. outflow rate hydrograph of soil column with three 
influent concentrations 

3.2 Effects of different influent concentrations 
and valence cations on non-adsorbable solute 
transport 

Breakthrough curve is an intuitive method to describe 
preferential flow and solute preferential migration, which 
can reflect the time characteristics of solute and medium 
to reach chemical equilibrium [8]. The horizontal mark of 
breakthrough curve is relative pore volume (PV), which is 
the ratio of outflow volume to soil column pore volume, 
and the ordinate is the relative concentration (C/C0), which 
is the ratio of the effluent concentration and the solute 
concentration. The earlier initial penetration, bimodal 
phenomenon, tailing and curve asymmetry of the 
breakthrough curve can clearly indicate the role of 
macropores. The influence of influent concentration and 
different valence cations on water infiltration mode can 
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also be shown by penetration curve.  

3.2.1 Effects of different influent concentrations on 
NO3-N preferential transport 

Under the three influent concentrations, the breakthrough 
curves of nitrate nitrogen were different (Fig.3). Under the 
condition of low influent concentration, the initial 
breakthrough time was later, with the increase of influent 
concentration, the initial breakthrough time was earlier, 
and the relative concentration peak also increased (Fig.3a). 
According to the breakthrough process line of nitrate 
nitrogen, the initial breakthrough time of nitrate nitrogen 
was 24h, 15h and 9h, respectively, which is also advanced 
with the increase of influent concentration (Fig.3b). 
Compared with the breakthrough curve with low 
concentration, the part with high peak value was the role 
of solute potential in the process of nitrate migration [9]. 
Under the combined action of gravity potential and solute 
potential, the outflow speed with higher influent 
concentration was accelerated, the peak value was higher, 
and the time to complete the outflow is shorter. 

Table 1 Relative time variation parameters of nitrate 
breakthrough curve of three influent concentrations 

Influent 

concentrati

on/ mg/L 

time of 

initial 

penetrati

on 

Penetrati

on end 

relative 

time 

time of 

penetrati

on 

Peak value 

of relative 

concentrati

on 

Peak 

relati

ve 

time 

50 0.68 1.03 0.35 0.403 0.85 

100 0.28 2.03 1.75 0.509 1.43 

200 0.06 2.27 2.21 0.948 1.72 

 
Gang et al. (2017) showed that the earlier initial 

penetration was also one of the characteristics of soil 
preferential flow [10]. Under the same conditions, with the 
increase of influent concentration, the outflow velocity 
rate of soil sample water became faster, and the time to 
complete the outflow was shorter, the phenomenon of 
solute preferential flow was more obvious (Table 1). 
When the influent concentration was 200 mg/L, the initial 
breakthrough time was 0.06 times of pore volume, and the 
outflow was faster. With the decrease of influent 
concentration, the initial breakthrough time is delayed, 
which was 0.28 and 0.68 times of pore volume 
respectively, and the peak relative concentration also 
decreased from 0.948 to 0.403.  
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Fig. 3. Nitrate penetration curve and nitrate penetration 
hydrograph of three influent concentrations 

3.2.2 Effects of different valence cations on NO3-N 
preferential transport 

The breakthrough curve of nitrate nitrogen is also different 
due to different valence states of cations (Fig. 4). The 
initial penetration time of Ca(NO3)2 tracer penetration 
curve was a little later than that of KNO3 tracer penetration 
curve, but it was not obvious, and the tailing 
characteristics are similar (Fig.4a). According to the 
breakthrough process line of nitrate nitrogen, the initial 
breakthrough time of nitrate nitrogen was 33 h, 15 h, 
respectively. The peak value of relative concentration is 
more obvious. The peak value of penetration curve with 
Ca(NO3)2 as tracer was much higher than that with KNO3 
as tracer (Fig.4b). The surface of soil particles was 
negatively charged, and the presence of high valence ions 
(Ca2+) helped to reduce the rejection of soil colloids to 
nitrate nitrogen. A study has found that the vertical 
transport of nitrate nitrogen in soil was slightly affected by 
different valence cations under saturated conditions, and 
the main influencing factors were soil water content and 
soil physical properties [11]. 
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Fig. 4. Nitrate penetration curve and nitrate penetration 
hydrograph of different valence cations 

The peak value of the penetration curve with Ca 
(NO3)2 as tracer was 0.693, and that of KNO3 as tracer was 
only 0.509 (Table 2). It is difficult to determine the 
influence of cation valence on the preferential migration 
of nitrate nitrogen from peak characteristics. Therefore, it 
can be concluded that the migration of nitrate nitrogen in 
the soil sample was little affected by the different valence 
cations. 

Table 2: the breakthrough time curve of different nitrate cations 

Influent 

concentrati

on/ mg/L 

time of 

initial 

penetrati

on 

Penetrati

on end 

relative 

time 

time of 

penetrati

on 

Peak value 

of relative 

concentrati

on 

Peak 

relati

ve 

time 

K+ 0.28 2.03 1.75 0.509 1.43 

Ca2+ 0.5 2.11 1.61 0.693 1.31 

4 Conclusions 

With the increase of influent concentration, the 
preferential flow and solute transport were more obvious. 
In the process of solute transport, the solute potential 
increases, which led to the rapid outflow and shortened the 
total time; The solute potential increased, which 
accelerated the speed of solute transport in the soil and 
advances the outflow time. The initial penetration time of 
Ca (NO3)2 tracer penetration curve was slightly later than 

that of KNO3 tracer penetration curve, but it was not 
obvious, and the tailing characteristics were similar. 
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