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Mine soils are often polluted and degraded. The objectives of this study were to assess the effects of soil
properties and vegetation on soil solute transport in reclaimed soil at an opencast coal mine site on the
Loess Plateau. Four reclaimed areas with different vegetation types were selected for the analysis of physical
and chemical properties. The miscible displacement technique was used to obtain the breakthrough curves
(BTCs) of NO3

− ion transport in undisturbed soil columns, which were taken from the soil profiles of the dif-
ferent sites. The chemical properties, such as total N, P, K and SOM, exhibited low contents, and the soil
physicochemical properties showed high heterogeneity between different depths and different reclaimed
areas. The structural stability index was less than 5%. The initial and entire penetration times were longer in
the deeper layers than in the top layer. The BTCs of NO3

− were fitted well by the deterministic equilibrium con-
vection dispersion equation (CDE) model. Preferential flow and transport were found in the soil columns. The
reclaimed soil had poor structure, and planting vegetation improved the physiochemical properties of the soil.
The soil solute transport parameters exhibited high heterogeneity between different samples and were signifi-
cantly correlated with soil bulk density and soil texture, which were highly influenced by vegetation and
human activities. In the process of land reclamation, increasing the bulk density and selecting fine-textured
soils could reduce the average soil pore water velocity and the dispersivity coefficient, thereby extending the
solute penetration time.

© 2015 Elsevier B.V. All rights reserved.
//ir

.is
wc.a
:
p

1. Introduction

Coal plays a leading role in the energy structure of China and contrib-
utes greatly to China's economic development (Wang et al., 2006).
However, coal mining activities, especially opencast mining, have
caused serious damage to the environment, including the elimination
of vegetation, permanent topographic changes, dramatic changes in
the soil and subsurface geological structure and disruption of the surface
and subsurface hydrologic regimes (Keskin and Makineci, 2009). Coal
mining produces a large amount of stripped soils, coal gangue, tailings
and other solid wastes, which are buried or deposited in piles, replacing
a large area of arable land with bare ground. Mine soils are usually de-
graded and are characterized by poor soil structure, high bulk density,
low pH, low nutrient availability, lowwater holding capacity, low struc-
tural stability and low biomass productivity (Asensio et al., 2013;

htt
 Palumbo et al., 2004; Shrestha and Lal, 2006). Reclamation of these
bare ground soils is necessary to minimize the risk of land degradation
(Pedrol et al., 2010).

Chemical, physical and biological properties are always selected
as the main soil quality indicators and are monitored over time to
determine changes in soil quality, i.e., improving, degrading, or sta-
ble (Carter et al., 1997; Shukla et al., 2004a). Several authors have
studied the degradation and reclamation of mined soils and suggest
that the establishment of vegetative cover should be encouraged.
The selection of appropriate vegetation and soil amendments is es-
sential to stabilizing a bare area and remediating adverse physical
and chemical properties (Asensio et al., 2013; Keskin and Makineci,
2009; Wong, 2003; Zhao et al., 2013). Shukla et al. (2004a) found
that bulk density was the most discriminating factor and that
water-stable aggregation was the most commonly measured soil at-
tribute and the most dynamic soil quality indicator for reclaimed
mine soils in southeastern Ohio. The authors also found that there
were no significant differences in several soil properties, such as
bulk density and SOC content, between undisturbed (unmined) soil
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mailto:zhangxc@ms.iswc.ac.cn
http://dx.doi.org/10.1016/j.catena.2015.06.009
http://www.sciencedirect.com/science/journal/03418162


404 Q. Zhen et al. / Catena 133 (2015) 403–411
and reclaimed mine soil and that fertilizer treatments improved the
soil quality of reclaimed mine soils (Shukla et al., 2004b). According
to these studies, using several different treatments simultaneously
may be better than using only one to improve the physical and chem-
ical properties of mine soils.

In comparison with native soils, many mine soils have a higher
proportion of rock fragments and possess poorer structure and coarser
texture (Bussler et al., 1984). Soil texture and structure have a signifi-
cant impact on water flow and contaminant transport in soils
(Kodešová et al., 2009). The physical quality of coarse-textured soils
(sandy, loamy sand and sandy loam) is often poor due to a high percent-
age of macropores, which results in losses of water and nutrients from
the root zone via deep percolation and preferential flow (Asghari
et al., 2011). Preferential flowmay lead to rapid downward solute trans-
port, whichmay cause nutrient loss and deep contamination, especially
in coal mine soils, which commonly suffer from heavy metal pollution
(Jiao et al., 2011; Li, 2006). Many contaminant transport solutes, includ-
ing pesticides, virus, nutrition such as nitrogen and phosphorus, have
been reported to bypass the soil matrix (Akhtar et al., 2011). Some
researchers have studied transportation of heavy metals such as cadmi-
um, copper, zinc, and lead in mine soils (Basta and McGowen, 2004;
Runkel and Kimball, 2002). Hangen et al. (2005) assessed preferential
flow processes in a forested-reclaimed lignitic mine soil by multicell
sampling of drainage water and three tracers. Some non-reactive sol-
utes, such as Br−, Cl− and NO3

−, have been used as transport tracers to
study solute transport processes. Valuable solute transport information
can be deduced from breakthrough curves (BTCs) (Hillel, 1998), which
utilize the convection dispersion equation (CDE) model.

Previous studies mostly focused on the effects of vegetation and
various soil amendments on soil chemical, physical and biological
properties to evaluate soil quality, in such a way, limiting factors
were found in the process of vegetation restoration. A majority of
studies focused on surface layers, with only a few studying deep
layers. Studies on solute transport in reclaimed mine soil have not
been well documented.

In this study, we focused on the physicochemical properties of soils
on reclaimed waste dumps at the Heidaigou opencast coal mine,
which is located on the Loess Plateau. By analyzing soil samples and
conducting vertical soil column solute transport experiments, our
objectives were to study the physicochemical properties and solute
transport characteristics within the soil profile, to test whether the
CDE model could effectively fit the solute transport parameters and to
investigate the relationship between the physicochemical properties
and solute transport characteristics.

2. Materials and methods

2.1. Site description

The study area is located at the Heidaigou opencast coal mine
(110°13′–110°20′E, 39°43′–39°49′N), one of the largest opencast coal
mines in China. The mine is located in Jungar Banner, Inner Mongolia
Autonomous Region, northwest China. The area has a semi-arid, tem-
perate continental climate, with a mean annual precipitation of
404 mm, of which approximately 64% falls between June and August
(Sun et al., 2012). The average annual evaporation is approximately
2082 mm, 5 times more than the rainfall, and the mean daily tempera-
ture is 7.2 °C (Sun et al., 2012).

The Heidaigou opencast coal mine contains six waste dumps. The
work of recovering the spoil banks began in 1992. The two largest
waste dumps, i.e. the north waste dump, which began recovery in
1992, and the east waste dump, which began recovery in 1997. These
two dumps were selected as the study area. Trees and grasses were
planted to improve the soil conditions of the waste dumps, and
there were no obvious dynamics in the reclaimed process. The typical
vegetation types of the east waste dump were black locust (Robinia
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pseudoacacia L.) and lucerne (Medicago sativa L.), and those on the
north waste dump were old world bluestem (Bothriochloa ischaemum
(L.) Keng) and simon poplar (Populus simonii Carr). In August 2012,
two plots with the corresponding typical vegetation type were selected
on each of the two reclaimed waste dumps. The four sample plots were
named M1, M2, M3 and M4. M1 and M2 were on the east waste dump
and were dominated by black locust (R. pseudoacacia L.) and lucerne
(M. sativa L.), respectively. Plots M3 and M4 were on the north waste
dump and were dominated by old world bluestem (B. ischaemum (L.)
Keng) and simon poplar (P. simonii Carr), respectively.

2.2. Soil sampling and analysis

The waste dumps were covered with loess soil, which was approxi-
mately 1.60–2.00 m deep. Soil samples were taken from soil profiles
with a 160-cm-deep AC horizon to analyses the physical, chemical and
solute transport properties (August 2012). Soil samples were collect-
ed at 20-cm intervals, and eight samples were obtained in each plot.
Organic glass tubes 7.0 cm in diameter and 24 cm in height were
used to collect undisturbed soil columns. The inner walls of the
tubes were rubbed before the experiment to minimize the impact
of the inner wall. Simultaneously, physicochemical test soil samples
were obtained at 20-cm intervals and then stored in polythene bags.
Once in the laboratory, the mixed samples were air-dried, screened
through 2 mm, 1 mm and 0.25 mm meshes and then prepared for
testing. Analyses were performed three times for each sample. The
undisturbed soil columns were prepared for the solute transport
experiments.

The bulk density of the soil samples was measured with stainless
Kopecky cylinders. Soil cores were used to obtain the samples, and the
samples were oven-dried at 105 °C for 48 h. The bulk density was
calculated as the weight to volume ratio of the soil. The soil porosity
was calculated with the following formula: porosity (%) = (1 − Bulk
density / Particle density) × 100%.

Generally, the particle density of most soils is between 2.6 g cm−3

and 2.7 g cm−3 and is usually accepted to be 2.65 g cm−3. Therefore,
we used 2.65 g cm−3 in our calculations (Zhao et al., 2013). The distri-
bution of soil particles was analyzed with a laser particle size analyzer
(MS-2000, Malvern, Britain).

The soil pH wasmeasured in water with a ratio of 1:2.5 using an Ion
meter (Lei-ci PXSJ-216F, Shanghai REX Instrument Factory, China).
Soil total nitrogen (N) was determined using an automatic Kjeldahl
apparatus (2300, FOSSTECATOR, Sweden). Soil total phosphorus
(P) was determined via the NaOH melting molybdenum antimony col-
orimetric method. Soil organic carbon (SOC) was determined using the
dichromate oxidation method of Walkley–Black (Page et al., 1982).
Nitrate nitrogen (NO3

−-N) and ammonium nitrogen (NH4
+-N) were an-

alyzed with an element flow analyzer (AutAnalyel, Bran + Luebbe
GmbH, German). The cation exchange capacity (CEC) was determined
after leaching 1 mm of air-dried soil with 1 M NH4OAc at a pH of 7.0.
The exchangeable cations (K+ and Na+) were analyzed by flame
spectrophotometry (Blakemore, 1987).

A vertical soil column solute transport experiment was carried
out at steady state conditions using 0.1 MNH4NO3 solution with spe-
cific microbial biocide as a tracer. Initially, undisturbed soil columns
were placed in deionized water until the soil was completely saturat-
ed. Flow experiments were carried out by rapidly establishing and
then maintaining a constant 2.0-cm head of 0.1 M NH4NO3 solution
on the surface of the soil using a Mariotte bottle. The effluent was
collected continuously in 30 ml volumetric flasks over timed inter-
vals. The effluent samples were then analyzed using an element
flow analyzer to determine the NO3

−-N and NH4
+-N concentrations

until they attained a stable level close to 0.1 M. The experiments were
performed in a laboratory where the average temperature was 20 ±
3 °C. The relative humidity was not controlled but remained stable at
40 ± 10%.
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2.3. Theory and model

The structural stability index (SI), a way of assessing the risk of
structural degradation, was calculated using the following equation
(Asensio et al., 2013; Liu et al., 2011):

SI ¼ 1:274� SOC
siltþ clay

� 100 ð1Þ

where SOC is the soil organic carbon content, and (silt + clay) is the
combined silt and clay content of the soil. According to Pieri (1992), a
SI N 9% indicates that the structure is stable, 7% b SI ≤ 9% indicates a
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low risk of structural degradation, 5% b SI ≤ 7% indicates a high risk of
degradation, and SI ≤ 5% indicates that the soil is structurally degraded.

The analysis of solute transport in porous media was based on the
simplified convection dispersion equation (CDE) (Kasten et al., 1952;
Lapidus and Amundson, 1952):

R
∂c
∂t

¼ D
∂2c
∂x2

−V
∂c
∂x

ð2Þ

where R is the retardation factor, C is the concentration of solute in the
liquid phase, t is the flow time, V is the pore water velocity, x is the flow
distance and D is the dispersion coefficient.
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Table 1
Particle size distribution.

M1 M2 M3 M4

Sand (%) 69.93 ± 4.48a 60.15 ± 2.51b 82.53 ± 3.03c 78.44 ± 11.59c
Silt (%) 19.45 ± 3.22a 26.36 ± 1.92b 10.57 ± 2.06c 13.31 ± 7.68c
Clay (%) 10.62 ± 1.27a 13.48 ± 0.69b 6.89 ± 1.09c 8.25 ± 3.92c
Texture Sandy loam Sandy loam Sandy loam Sandy loam

Means ± SD values (n = 8, P b 0.05). Different letters indicate significant differences be-
tween the sample plots (p b 0.05).
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The dispersivity (λ) and the Peclet number (Pe) were calculated by
using the values of the dispersion coefficient derived from the CDE
model, as defined by the following equations:

λ ¼ D
V

ð3Þ

Pe ¼ lV
D

¼ l
λ

ð4Þ

where l is the length of the soil column.

2.4. Statistical analyses

The data were subjected to a one-way analysis of variance (ANOVA)
using SPSS 17.0 for Windows (SPSS, Chicago, IL, USA). A correlated bi-
variate analysis was also carried out, and significant effects were report-
ed at the 0.05 level. Additionally, regression analyses were performed,
and solute transport parameters were estimated using the CXTFIT com-
puter program (Parker and Van Genuchten, 1984; Toride et al., 1995).

3. Results and analysis

3.1. Soil physicochemical properties

The soil bulk density values ranged from 1.28 to 1.69 g cm−3

(Fig. 1). All 0–20 cm samples had low bulk densities, with an order
of M2 N M1 N M3 N M4. The bulk densities of samples from the
20–40 cm layer were higher than those of the other layers in the
soil profiles. Below 40 cm, the bulk densities decreased with increas-
ing depth (P b 0.05). The 20–60 cm layer always had the most
compacted soils, and other layers had looser soils.
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Table 2
Solute transport parameters estimated using CDE model with different samples.

Sample V Ts Te

(cm·h−1) (min) (min)

M1 5.72 ± 0.26 148.88 ± 12.54 302.38 ± 29.09
M2 5.79 ± 0.26 170.25 ± 14.04 307.13 ± 28.85
M3 3.91 ± 0.44 223.14 ± 13.76 649.14 ± 97.60
M4 3.05 ± 0.28 383.50 ± 42.11 984.00 ± 110.43

SSQ ≤ 2.93E−02; R2 ≥ 0.99; MSE ≤ 2.44E−03, Ts: initial penetration time; Te: entirely penetra

Table 3
Solute transport parameters estimated using CDE model with different layers.

Depth (cm) V (cm.h−1) Ts (min) Te (min)

20 5.24 ± 0.54 135.25 ± 21.08 260.75 ± 39.29
40 4.16 ± 0.52 216.50 ± 30.47 427.25 ± 59.36
60 4.53 ± 0.38 199.75 ± 32.57 372.50 ± 42.16
80 4.35 ± 0.55 277.50 ± 63.90 560.00 ± 147.22
100 4.04 ± 0.81 221.50 ± 32.55 588.00 ± 92.35
120 6.15 ± 0.87 177.25 ± 28.55 408.75 ± 112.64
140 7.40 ± 0.37 112.33 ± 4.00 210.67 ± 10.01
160 2.40 ± 0.77 554.67 ± 159.06 1343.67 ± 455.29

SSQ ≤ 2.93E−02; R2 ≥ 0.99; MSE ≤ 2.44E−03, Ts: initial penetration time; Te: entirely penetra

http
Table 1 shows that all samples had a high proportion of sand and a
low proportion of silt and clay; thus, the soil textures were character-
ized as sandy loam. Plot M4 had a high standard deviation and a coeffi-
cient of variation of 0.58. This reclaimed soil was coarse, and there was
strong spatial variability in the soil particles.

Fig. 1 shows that the soil organic matter content decreased with in-
creasing soil depth. The content of the surface layer (0–20 cm) was sig-
nificantly higher than the deep layers (P b 0.05), and there were no
significant differences in soil organic matter content between layers
below40 cm. The totalN andNO3

−-N of the soils exhibited trends similar
to the soil organic matter. Table 4 shows a significantly positive correla-
tion between soil organic matter and total N content (R2 = 0.86, P b

0.01). Thus, planting vegetation can improve soil organic matter and
total N contents, although the contents are still considered low (Liu
et al., 2011, 2013).

The trends of total P, total K, NH4
+-N and CEC did not exhibit any

notable changes related to soil depth (Fig. 1). Total P and CEC varied
significantly in different sample plots. The total phosphorus levels
were in the order of M1 N M3 N M2 N M4, and the CEC order was
M2 NM1 NM4 NM3. Therewere no significant differences in total K, ex-
cept for M3. The soil pH values were approximately 8.5, and there were
no significant differences between plots; thus, soil pHwas not shown in
Fig. 1. Because NH4

+-N primarily existed in an adsorption state, more
soil adsorption sites meant higher levels of NH4

+-N. The different soil
adsorption sites of the samples and layers meant that there was no
regularity in NH4

+-N concentrations.
The SI values (Fig. 1) of all the samples were less than 5% and

decreased with an increasing soil depth. The soils were therefore struc-
turally degraded, according to Pieri (1992). The SI values in upper
soil layers were significantly higher than the deeper layers (P b 0.05),
though all samples had low SI values. A correlation analysis showed
that SI and SOC were positively correlated (R2 = 0.58, P b 0.01), and
SI and silt and clay content were negatively correlated (R2 = 0.67,
P b 0.01), as shown in Table 3.
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3.2. Solute transport properties

Experimental results from soil columnswith different bulk densities
were selected and described in Fig. 2. Smooth breakthrough curves
were obtained for all columns (figure not shown). Our experimental
data were fitted using the deterministic equilibrium CDE model, and
D R λ Pe

(cm2·h−1) (cm)

1.34 ± 0.09 0.83 ± 0.02 0.25 ± 0.01 98.39 ± 6.58
1.16 ± 0.09 0.91 ± 0.02 0.20 ± 0.01 121.20 ± 7.26
1.35 ± 0.13 0.85 ± 0.02 0.92 ± 0.24 106.34 ± 13.32
1.45 ± 0.13 0.93 ± 0.01 0.58 ± 0.05 67.51 ± 8.95

tion time; D: diffusion coefficient; R: retardation factor.

D (cm2·h−1) R λ (cm) Pe

1.29 ± 0.28 0.78 ± 0.02 0.22 ± 0.03 121.42 ± 19.96
1.37 ± 0.18 0.86 ± 0.04 0.36 ± 0.06 73.19 ± 8.20
1.32 ± 0.28 0.87 ± 0.02 0.28 ± 0.06 137.26 ± 26.46
1.26 ± 0.22 0.95 ± 0.03 0.34 ± 0.05 88.78 ± 19.94
1.50 ± 0.21 0.85 ± 0.02 0.47 ± 0.09 59.72 ± 6.66
1.23 ± 0.16 0.95 ± 0.04 0.39 ± 0.13 124.74 ± 19.88
1.74 ± 0.33 0.99 ± 0.02 0.25 ± 0.05 100.20 ± 19.64
0.44 ± 0.04 0.84 ± 0.05 0.33 ± 0.10 105.23 ± 25.10

tion time; D: diffusion coefficient; R: retardation factor.



Ta
bl
e
4

Co
rr
el
at
io
n
co

ef
fic

ie
nt
s
be

tw
ee

n
so
il
pr
op

er
ti
es

an
d
tr
an

sp
or
t
pa

ra
m
et
er
s.

A
B

C
D

E
F

G
H

I
J

K
L

M
N

O
P

Q
R

S
T

A
1.
00

B
0.
53

⁎⁎
1.
00

C
0.
28

0.
61

⁎⁎
1.
00

D
0.
16

0.
42

⁎
0.
27

1.
00

E
0.
29

0.
26

0.
04

−
0.
17

1.
00

F
0.
85

⁎⁎
0.
19

0.
14

0.
09

0.
05

1.
00

G
−

0.
16

−
0.
41

⁎
−

0.
26

−
1.
00

⁎⁎
0.
17

−
0.
09

1.
00

H
0.
44

⁎
0.
29

0.
13

0.
13

0.
54

⁎⁎
0.
37

⁎
−

0.
13

1.
00

I
0.
21

0.
26

−
0.
36

⁎
0.
22

−
0.
01

0.
10

−
0.
22

0.
21

1.
00

J
−

0.
27

−
0.
56

⁎⁎
−

0.
12

−
0.
22

−
0.
17

−
0.
04

0.
27

−
0.
23

−
0.
35

1.
00

K
−

0.
52

⁎⁎
−

0.
92

⁎⁎
−

0.
54

⁎⁎
−

0.
46

⁎⁎
−

0.
18

−
0.
16

0.
46

⁎⁎
−

0.
21

−
0.
32

0.
57

⁎⁎
1.
00

L
0.
53

⁎⁎
0.
93

⁎⁎
0.
53

⁎⁎
0.
45

⁎
0.
18

0.
17

−
0.
45

⁎
0.
22

0.
33

−
0.
59

⁎⁎
−

1.
00

⁎⁎
1.
00

M
0.
49

⁎⁎
0.
91

⁎⁎
0.
57

⁎⁎
0.
47

⁎⁎
0.
16

0.
13

−
0.
46

⁎⁎
0.
20

0.
28

−
0.
52

⁎⁎
−

0.
99

⁎⁎
0.
99

⁎⁎
1.
00

N
−

0.
51

⁎⁎
−

0.
51

⁎⁎
−

0.
13

−
0.
47

⁎⁎
−

0.
24

−
0.
30

0.
47

⁎⁎
−

0.
22

−
0.
33

0.
35

0.
54

⁎⁎
−

0.
54

⁎⁎
−

0.
55

⁎⁎
1.
00

O
0.
20

0.
42

⁎
0.
26

0.
56

⁎⁎
0.
18

0.
07

−
0.
56

⁎⁎
−

0.
01

0.
04

−
0.
18

−
0.
42

⁎
0.
42

⁎
0.
42

⁎
−

0.
70

⁎⁎
1.
00

P
0.
56

⁎⁎
0.
58

⁎⁎
0.
37

⁎
0.
60

⁎⁎
0.
15

0.
43

⁎
−

0.
60

⁎⁎
0.
12

0.
07

−
0.
28

−
0.
54

⁎⁎
0.
55

⁎⁎
0.
52

⁎⁎
−

0.
74

⁎⁎
0.
87

⁎⁎
1.
00

Q
0.
32

0.
46

⁎⁎
0.
42

⁎
0.
06

−
0.
04

0.
16

−
0.
06

0.
20

0.
14

−
0.
23

−
0.
43

⁎
0.
43

⁎
0.
41

⁎
0.
25

−
0.
41

⁎
−

0.
10

1.
00

R
−

0.
24

−
0.
27

−
0.
14

0.
32

−
0.
27

−
0.
14

−
0.
32

−
0.
32

0.
04

0.
28

0.
26

−
0.
26

−
0.
27

0.
17

0.
20

0.
08

−
0.
15

1.
00

S
0.
85

⁎⁎
0.
45

⁎
0.
29

0.
29

0.
03

0.
77

⁎⁎
−

0.
29

0.
28

0.
14

−
0.
23

−
0.
41

⁎
0.
42

⁎
0.
38

⁎
−

0.
42

⁎
0.
14

0.
60

⁎⁎
0.
41

⁎
−

0.
18

1.
00

T
−

0.
52

⁎⁎
−

0.
78

⁎⁎
−

0.
59

⁎⁎
−

0.
25

−
0.
22

−
0.
23

0.
25

−
0.
25

−
0.
21

0.
47

⁎⁎
0.
74

⁎⁎
−

0.
74

⁎⁎
−

0.
72

⁎⁎
0.
34

−
0.
20

−
0.
41

⁎
−

0.
67

⁎⁎
0.
17

−
0.
47

⁎⁎
1.
00

n
=

31
.A

-T
:t
ot
al

ni
tr
og

en
;C

EC
;t
ot
al

po
ta
ss
iu
m
;b

ul
k
de

ns
it
y;

to
ta
lp

ho
sp

ho
ru
s;
so
il
or
ga

ni
c
m
at
te
r;
po

ro
si
ty
;n

itr
at
e
ni
tr
og

en
;a

m
m
on

iu
m

ni
tr
og

en
;P

H
;s
an

d;
si
lt
;c

la
y;

so
il
av

er
ag

e
po

re
w
at
er

ve
lo
ci
ty
;s
ta
rt
pe

ne
tr
at
io
n
ti
m
e;

en
tir

e
pe

ne
tr
at
io
n

ti
m
e;

D
;R

;λ
;P

e.
⁎

p
≤
0.
05

.
⁎⁎

P
≤
0.
01

.

407Q. Zhen et al. / Catena 133 (2015) 403–411

http
://

ir.
isw
the results exhibited an acceptable fitting effect. Through comparisons of
the various breakthrough curves, the penetration time increaseswith in-
creasingdensity, and penetration pore volume is increasedwith decreas-
ing density. When the pore volume was equal to 1, most of the columns
approached or reached full penetration.

Table 2 shows the average parameters based on the different sam-
ples. Large variations in solute transport parameters existed among
the different samples, but the differenceswere not significant. The aver-
age pore water velocity ranged from 0.054 cm h−1 to 10.26 cm h−1,
with an order of M2 N M1 N M3 N M4. The initial penetration time and
entirely penetration time ranges were 75 to 1083 min and 141 to
2884 min, respectively, with an order of M4 N M3 N M2 N M1. Table 3
shows the average parameters based on the different depths. There
was an approximate trend of increased penetration time with an in-
creasing depth, except in the 20–60 cm layer. The lowest porewater ve-
locity, which existed at the top layer of M2, may be primarily due to
compaction caused by heavy machinery. There were no significant
differences in penetration time and average pore velocity between the
upper soil layer and the lower layers; therefore, planting vegetation
did not significantly affect the solute transport parameters.

To further study the effects of factors on the solute transport process,
the BTCs were fitted well using the CDE model (SSQ ≤ 2.93E−02;
R2 ≥ 0.99; MSE ≤ 2.44E−03). In the CDE, the retardation factor (R) and
dispersivity coefficient (D) were fitted using the BTCs. From the
fitted model, the Peclet number (Pe) and the dispersivity (λ, in cm)
were determined from the values obtained for D (Tables 2 and 3).
There were no significant differences between the fitted parameters
and the samples (Table 2). The fitted results indicated that D ranged
from 0.018 to 2.82, with a mean value of 0.022 and a coefficient of var-
iation of 0.63, representing a moderate variation. The parameter R
ranged from 0.7 to 1.07, with a coefficient of variation of 0.14. The
dispersivity varied from 0.077 cm to 1.174 cm, with a coefficient of var-
iation of 1.75. The parameter Pe ranged from4.4 to 248.15. These results
indicate that the primary mode of transport was convection.

3.3. Correlation analysis of the soil properties

Table 3 shows that total N, total CEC, organic matter and soil silt and
clay content were significantly positively correlated (P b 0.01) and also
correlated with NO3

−-N (P b 0.05). Thus, nitrogen in the soil mostly
existed in an organic state and was influenced by CEC and soil texture.
Total N and sand content were significantly negatively correlated be-
cause nitrogen primarily existed as tiny particles. The CEC was signifi-
cantly positively correlated with total N, total K, and silt and clay
content but significantly negatively correlated with pH and sand con-
tent. Total K was significantly correlated with the CEC and silt and clay
content. The soil pH and texture were also significantly correlated. In
the process of mine soil reclamation, attention should be paid to im-
proving soil texture, thereby increasing the amount of silt and clay.

The soil average porewater velocitywas strongly negatively correlat-
edwith total N, CEC, bulk density, and silt and clay content (P b 0.01), and
it was positively correlated with porosity and sand content (P b 0.01).
The soil average pore water velocity was significantly influenced by
soil quality. The soil initial penetration time and entire penetration
time had similar correlations; both were positively correlated with CEC,
bulk density, and silt and clay content and negatively correlatedwith po-
rosity, sand content and soil average pore water velocity. The two times
differed in that the entire soil penetration time also had a positive corre-
lation with total N (P b 0.01), total K and organic matter (P b 0.05).

4. Discussion

4.1. Soil physicochemical properties

The soil bulk densities ranged from 1.28 to 1.69 g cm−3, with an
average of 1.45 g cm−3. The undisturbed original soil had a bulk density
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Fig. 2. BTCs for soil experiment and fitting with different bulk densities (point is test value and line is fitted value by CDE model).
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of less than 1.40 g cm−3 on the Loess Plateau (Jiao et al., 2011). The
waste dumps have been compressed by large machinery, leading to
high levels of compaction and high bulk densities, especially in the sur-
face layer. The layers at 20–60 cmhad themost compacted soils, and the
deeper layers had looser soils. The decrease in bulk density in the upper
soils could be due to root penetration, soil breakdown and an increase in
the number of pores (Asensio et al., 2013). The variations between dif-
ferent soil profiles may be due to differences in soil texture. Although
all the soils were sandy loam, significant differences were present in
the sand, silt and clay contents.
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In general, the nitrogen and organicmatter contents ofmine soils are
low, which limits vegetation establishment and sustainable productivi-
ty (Li, 2006; Zhao et al., 2013). Inmost natural ecosystems, N inputs are
minimal, and N retention and efficient cycling are critical for mainte-
nance of ecosystem productivity (Mummey et al., 2002). In our study,
the values of total N are nearly less than 0.2 g kg−1. Compared with
other studies (Keskin and Makineci, 2009; Wong and Ho, 1993), the N
content is very low; hence, the accumulation of even small amounts of
nitrogen in mine soil/spoil is very important (Sever and Makineci,
2009). There was a marked increase in both organic matter and total
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N levels in the 0–20 cm layers in the spoil. This could be attributed to
planting vegetation, which improved the organic matter and total N
contents (Asensio et al., 2013). The total N content was influenced by
soil texture; the correlation matrix showed that there was a significant
correlation between total N and distribution of soil particles. More work
should be performed to study whether plant species and reclamation
time have any effect on total N content because the 0–20 cm layer of
M2 had higher total N levels than the other plots.

Soil nitrate is a type of water-soluble nitrogen, which generally ex-
ists in the soil solution in the free state (Stevenson and Cole, 1999). In
the soil, NH4

+-N primarily exists in an adsorption state. Thus, more soil
adsorption sites results in higher levels of NH4

+-N. The irregular trend
of NH4

+-N was a result of the different soil adsorption sites between
each sample and various layers. As shown in the correlation matrix,
NO3

−-N and NH4
+-N do not exhibit a significant correlation with total

N and organic matter, which is in agreement with the results of
Mummey et al. (2002). The inorganic N concentrations vary spatially
and have a lack of significant correlation with SOM, suggesting that
the N cycle of this system is less efficient or less tightly coupled than
in an undisturbed ecosystem (DeLuca and Keeney, 1993; Smith, 1994).

The formation and accumulation of organic matter are the major
processes that determine the direction and speed of initial pedogenesis
(Evgeny and Jan, 2013; Filcheva et al., 2000). Inmining soil, the accumu-
lation of organic matter and organic carbon has been previously consid-
ered to be the key factor for the activation of biological soil processes
(Fu et al., 2010; Lorenz and Lal, 2007). In our study, the organic content
of the surface layer is significantly higher than the deeper layers,
indicating that planting vegetation improves the physical soil structure
of the degraded land.

The content of total P is mainly determined by the parent material
types and the application of phosphate fertilizer. These factors could ex-
plain the variation in the total P content. The total K values did not pres-
ent any notable trends related to soil depth, and total K was primarily
influenced by soil texture, as demonstrated by the correlation matrix,
which showed that total potassium was significantly correlated with
CEC and soil texture. The CEC varied between different plots, but there
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were no depth-related variations, except for M4. The CEC was signifi-
cantly correlated with the silt and clay content of the soils (R2 N 0.91,
P b 0.01), and the distribution of soil particles at M4 had a high standard
deviation and a coefficient of variation of 0.58, which may explain the
CEC fluctuations at M4.

4.2. Soil solute transport parameters

Previous studies used a pore volume of V/V0 b 1 when the relative
concentrations of the undisturbed soil column were C/C0 = 0.5 as evi-
dence of the existence of preferential flow (Singh and Kanwar, 1991).
If no preferred path exists, then when the pore volume value equals 1,
the outflow level is equal to the moisture content of the saturated soil
column. In other words, the volume of moisture in the soil column is
equal to the volume of the input solution. Therefore, the solution con-
centration is diluted to just 50% of the original solution concentration,
and the relative concentration is equal to 0.5. Experimental results
showed that when C/C0 was equal to 0.5, V/V0 was almost less than 1.
In our study, preferential flow existed in the solute transport in the un-
disturbed soil columns at the opencast coalmine site. Although scholars
have given different definitions of preferential flow (Beven and
Germann, 1982; Luxmoore et al., 1990; White, 1985), the existence of
preferential flow unquestionably leads to rapid solute transport,
which may cause deep pollution (Jarvis, 2007). In the study area, vege-
tation and the changes in soil texture and structure were the main fac-
tors influencing the formation of preferential soil pathways. Although
the samples exhibited high heterogeneity in penetration time, the initial
and entire penetration times were both significantly influenced by CEC,
bulk density, soil texture and average soil pore water velocity. More-
over, the entire penetration time was significantly correlated with
total N and organic matter. Soils with a fine texture appeared to have
a longer penetration time than soils with a coarse texture. According
to the study of Parker and Van Genuchten (1984), the typical character-
istic of non-reactive solute was R ≈ 1, and the typical characteristic of
reactive solute was R N 1. In the study, NO3

− was a non-reactive solute,
so R ≤ 1 (Zhou et al. (2013)).
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4.3. Effect of bulk density on solute transport parameters

The regression analyses, performed for all data, evaluated the
relationships between the soil bulk density and solute transport param-
eters. In this study, the relationship between the average soil porewater
velocity, penetration time, D and bulk density could be modeled as a
power law (Fig. 3). Among them, v decreasedwith increasing ρ, indicat-
ing a negative power function relationship. Penetration time and D in-
creased with increasing bulk density, which is in agreement with the
results of Lv et al. (2010). This relationship exists because an increase
in bulk density represents a more compacted soil and a lower pore vol-
ume. As a result, the pore space of water movement is reduced, and the
decreased flow rate results in reduced convective solute transport and
enhanced dispersion effects.

Dispersivity is an experimental parameter, and its value in coarse-
textured and homogeneous soils is often less than in fine-textured
and heterogeneous soils (Perfect et al., 2002; Vanderborght and
Vereecken, 2007). The dispersivity parameter assumes a quadratic func-
tion relationship between λ and ρ. When ρ is close to 1.4 g cm−3, the λ
value approaches its lowest value. Previous laboratory test results have
shown that λ ranges from 0.20 to 0.55 cm (Bejat et al., 2000). In this
study, the mean value of λ was 0.33 cm. When the average ρ was
1.63 g cm−3, λ is 0.812 cm. The result can be attributed to the larger ρ
and the smaller v. Pe is a dimensionless number, used to represent the
convection and diffusion ratio. As the value of Pe increases, the convec-
tive transport ratio also increases, but the diffusion transport ratio
decreases. In this study, the values of Pewere far greater than 1, indicat-
ing that convection was the primary mode of solute transport.

4.4. Effect of particles on solute transport parameters

In this study, the relationship between average soil pore water ve-
locity, penetration time, Peclet number and sand content could be
modeled as a power law (Fig. 4). Among them, penetration time de-
creased with increasing sand content, showing a negative power func-
tion relationship. Pe and v increased with increasing sand content. D
decreased with increasing sand content when the value was larger
than 60%. Clearly, soil texture is one of themost important factors affect-
ing solute transport. The soil porosity, water holding capacity and
physical–mechanical properties featured significant differences due
to the differences in the soil textures. In the fine-textured soils,
with more clay and less sand, the transport ions are strongly
adsorbed by the clay, which possesses a much larger specific surface
area than sand. As clay content increases, the capillary action caused
by the soil pore radius is reduced. As a result, the average velocity of
solution transport in capillaries is reduced. Therefore, the
transported ions do not easily penetrate the soil (Shang et al., 2008).

5. Conclusions

This study described the results from 4 plots, with 160-cm soil pro-
files and different vegetation, on reclaimed opencast coal mine waste
dumps on the Loess Plateau in northwest China. The land was severely
structurally degraded, and the addition of vegetation was shown to im-
prove the soil properties. In areas with vegetation, the surface layer had
a lower bulk density and higher contents of total nitrogen and soil or-
ganicmatter comparedwith the deeper layers. The vertical undisturbed
soil column solute transport experiment showed that preferential flow
was ubiquitous in the reclaimed soils. The CDE equation model fitted
the solute transport processes well. The experimental data and fitted
parameters indicated that increased bulk density and increased silt
and clay content could reduce the average soil pore water velocity and
dispersivity coefficient, thus extending the solute penetration time.
Due to the effect of plant roots, the penetration time for the topsoil
was shorter. Therefore, during the process of soil remediation, fine tex-
tures and appropriate densities should be given more consideration,
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and planting vegetation is a useful way to improve the properties of
reclaimed soil.
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