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Abstract 
This study investigated the effect of rock fragments on tracer transport in 
broadleaved and coniferous forest soils from the 0 - 100 cm depth of Gongga 
Mountain in eastern margin of Qinghai Tibetan Plateau. Using repacked soil 
columns (20 cm in height and 10 cm in diameter) with different rock frag-
ments contents (0%, 5%, and 15% in v/v), breakthrough curves of bromide 
(as non-reactive tracer) were obtained under saturated condition. A two-re- 
gion model was applied and the parameters were estimated by inverse mod-
eling. Results show that with increasing rock fragment content the dispersivi-
ty (λ) generally increased while the mobile-immobile partition coefficient (β) 
and the mass transfer coefficient (ω) decreased. The presence of rock frag-
ments led to an increase in the fraction of immobile domain as well as soil 
tortuosity. A plausible explanation is that the soil beneath the rock fragments 
behaved as immobile domain and soil-rock interfaces could serve as prefe-
rential flow paths. 
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1. Introduction 

Transport evaluation of contaminants through porous media is essential to de-
termine accurately the contamination in soils and aquifers. The movement of 
water and solutes in vadose zone can be restricted by preferential flow and affect 
flow patterns in soil [1] [2]. In forest stony soil, preferential flow and transport 
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can be impacted by several influencing factors, which include physical and 
chemical properties of soil, structure development of soil, rock fragments (gra-
vel, stones, boulders, etc.), land and vegetation cover, as well as hillslope gradient 
[3]. Besides, Zhang et al. [4] reviewed the network of macropores created by rock 
fragments and plant roots, and its significant impact on vertical water movement 
in soil profile. Though contribution of macropores is a small fraction to total soil 
porosity, it plays an essential role in preferential flow in vadose zone [5] [6]. Due 
to the mixture of soil and rock fragments, preferential flow paths exert influ-
ences on soil hydrological processes [7].  

Torri et al. [8] defined rock fragments content as a percentage, either by vo-
lume or by mass. Around the world, soils containing high rock fragment are 
widespread [9]. For example, in Western Europe, rock fragment content occu-
pies for about 30% of the land area [9]. According to Poesen and Lavee1 [10] 
and Cousin et al. [11], land area of Mediterranean zone accounting more than 
60% of rock fragments content. As stated by several studies, rocky soils are pre-
valent also in mountainous areas of China. For instance, mountain meadows 
around Beijing, rock fragments content accounts for more than 22% on the sur-
face of the coarse brown soil [12]. Additionally, content of rock fragments at soil 
depth of 0 to 30 cm in the Gongga mountain of Sichuan province is higher than 
18.22% [13]. 

According to several authors, it was revealed that rock fragments had influ-
ence on physical and hydraulic properties of soil. For instance, rock fragments 
increase the soil aggregate stability and reinforce the surrounding soil matrix 
[14]. To study the correlation between number density of macropores and the 
number of rock fragments in different forest stony soils in mountain area, upper 
soil layer of 0 - 10 cm showed significant negative correlation, however, there 
was not significant correlation in lower soil layers of 10 - 20 cm and 20 - 30 cm 
as well [15]. For rock fragments content less than 40% (w/w), Zhou et al. [16] 
found that solute transportation was more evident in soil columns containing 
rock fragments than columns without rock fragments. According to Novák and 
Hlaváčiková [17], the presence of gravels and stones in soil can affect the soil 
hydraulic conductivity by reducing the effective cross-sectional area through which 
water flows, and an increase in stoniness is codetermined in greater curvatures 
of flow paths. Additionally, the shrink-swell phenomena may create lacunar pores, 
and the effect of increasing tortuosity can be counterbalanced. In some studies, 
the effect of rock fragments on soil hydraulic properties showed conflicting re-
sults. For instance; according to Beckers et al. [18], soil preferential flow in-
creasing with rock fragment content, but differently to this, Novák et al. [19] re-
ported negative correlation of saturated hydraulic conductivity with rock frag-
ment content. In forest soil, Schulin et al. [20] investigated the solute transport 
by using different rock fragments contents and could get smooth breakthrough 
curves. In addition to the content, Zhang et al. [3] reviewed the impact of sizes, 
positions and shapes of rock fragments on soil hydraulic processes. 

Many researchers studied solute transport, solute mass flows, and water flow 
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in soil, so that they investigated hydrological processes along rock-soil interfaces 
by using different experimental methods such as laboratory experiments [21] 
[22] [23], modeling [24]-[31], tracer experiments [32] [33] [34] [35] [36], radar 
tomography [37] and numerical simulation [38] [39] [40] [41] [42]. 

Bromide tracer is commonly used to investigate the water moving or solute 
transported in soil column because of its mass conservation. From invasion si-
mulation, essential solute transport parameters can be calculated such as the diffu-
sion coefficient, the mobile water fraction and mass transfer in the soil column. 
Furthermore, Cl− is also used as a non-reactive tracer in some columns studies to 
explore the impact of rock fragments [16] [43]. But, Br− is advantageous because 
it is not involved in the hydro-geochemical and bio-chemical processes of the 
soil, so that, these behaviors enable it to trace the transport processes at a low 
concentration [44]. In general, Br− and Cl− tracers behave similarly, but Cl− is 
ubiquitous in the environments. 

Two region-model is common model used in tracer transport prediction in 
soil containing rock fragments. For example, Zhou et al. [16] and Zhou et al. 
[43] used both equilibrium and non equilibrium Convection Dispersion Equa-
tion (Two-region) models to predict solute transport in columns containing dif-
ferent contents and sizes of gravels to obtain dispersivity, fraction of mobile wa-
ter and diffusive mass transfer coefficient. According to van Genuchten and 
Wierenga [45], the-two region model supposes the liquid portion to be divided 
into two regions including a mobile region, in which movement of water can be 
restricted, and an immobile region in which water movement cannot be oc-
curred. A simple model is often found to be inadequate to simulate the break-
through curves because uncertainty in parameter estimates can be large, while 
the observations are adequately matched by more complex model [46]. 

Even though stony soils occur in many forested areas, the influence of the 
rock fragments presence on hydraulic properties of soils is still often neglected 
[17]. The evaluation of hydrological responses of stony soils has been hampered 
by difficulties related with the mechanisms of soil preferential flow. For stony 
forest soils, rock fragments content estimation remains complicated in situ. Even 
though the mass of rock fragments in forest soil is moderately easy to measure, it 
is difficult and challenging to determine accurately the volume of rock frag-
ments. Forest soil layers under broad-leaved and coniferous trees on Gongga 
Mountain are composed of mineral soil, rock fragments, water, and amount of 
plant roots systems. Particularly, the relation of rock fragments to preferential 
flow and transport tends to be more complicated in forest soils containing ab-
undant large plant roots systems. Rock fragments parameters; particularly con-
tent and size, have increased interests in forest ecosystems because of their role 
in affecting the soil water flow and solute transport. Repacking columns with 
sieved soil afford homogeneous physical soil conditions. Therefore, by using re-
packed soils, the sole-impact of rock fragments content on tracer transport in 
forest soil can be investigated accurately. 
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To date, little has been known about the impact of rock fragments on solute 
transport in forest soils. The high concentration of pollutants (such as; pesti-
cides, soluble fertilizers, land-applied municipal wastes) in groundwater is closely 
related to the preferential flow and transport. Given the known relations be-
tween hydrological processes and the groundwater pollution, this study explores 
the influence of rock fragments in soils under broadleaved and coniferous forests 
of Mountain Gongga. The purpose of this study was to investigate the effects of 
rock fragments content on solute transport in forest soil. 

2. Material and Methods 
2.1. Study Site 

The field study was carried out on the eastern slopes of Mountain Gongga under 
broadleaved (29˚59'47''N, 102˚04'83''E) and coniferous forests (29˚57'12''N, 101˚ 
99'23''E) which are located in eastern margin of Qinghai-Tibetan plateau, China. 
Broad-leaved forest (2259 a.s.l) and coniferous forest (3067 m a.s.l), as two typi-
cal forests ecosystems were selected [Figure 1]. The dominate tree species in 
broad-leaved forest are Hippophaerha., Betula utilis, T. chinen., B. albo., L. gla-
bra, and P. chinensis, and they are R. villosam, Q. aquifol, A. squam., A. forre., 
A. georgei, P. balfo., Picea libian, Pinus densata, and Rh. Faberi in coniferous 
forest. 
 

 
Figure 1. Location of the study area. 
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The main climatic characteristics of the Gongga mountain are an average an-
nual temperature and mean annual precipitation of 12.7˚C and 1050.3 mm at 
1600 m a.s.l. (from 1992 to 2010) and 4.2˚C and 1947.4 mm at 3000 m a.s.l. 
(from 1988 to 2010), respectively [47]. According to Wu et al. [48], the wet sea-
son of Mountain Gongga is from May to October, in which the total annual pre-
cipitation accounts for 86.9% at 1600 m and 79.7% at 3000. 

2.2. Soil Sampling and Analysis 

Soil samples were collected at the two forest types (coniferous and broad- 
leaved). A trench with 50 cm in width, 50 cm in length and100 cm in depth was 
excavated. Triplicate plots (20 m × 20 m each) were chosen for each of selected 
forest community. In each plot, soil samples were taken at five different loca-
tions. Soil samples were collected from two depths of 0 - 20 cm and 20 - 100 cm 
at each site. The excavated soils including rock fragments were collected, packed 
in the bag using shovel and then transported to the laboratory. Soil core samples 
(5 cm in height and 5 cm in diameter) were collected at each depth as well for 
soil hydraulic property and bulk density measurement. 

In laboratory, loose soil was air-dried and sieved by 2 mm mesh for soil ba-
sic analysis and column experiment. To explore the soil physical and chemical 
properties from our study area, the wet combustion method of Walkley and 
Black [49] was used to determine soil organic matter (SOM) content. Soil texture 
was determined by the pipette method [50]. pH was determined by a standard 
pH meter at a 1:5 soil/water ratio [51]. Soil saturated hydraulic conductivity 
(Ksat) was measured by falling head method [52] after soil saturated and the re-
sult of Ksat was showed as at 10˚C. Saturated soil water content (θs) was meas-
ured by the same soil core. After measurement of θs, soil core was oven-dried 
and weighted, and the volume and weight of gravels (>2 mm in diameter) was 
measured, thus soil bulk density (ρb) in this study was calculated by subtracting 
out gravels. Table 1 shows physical and chemical properties of soils from study 
area. 

2.3. Columns Transport Experiment 

The glass cylindrical columns (20 cm in height and 10 cm in diameter) were re-
packed with soils and gravels at different ratios (0%, 5% and 15%). Gravels used 
in this study were in diameter of 1 to 3 cm, which were collected from field. The 
soils and gravels were weighed and mixed in a plastic container, and filled into 
the columns. Packing was carried out layer by layer of 3 cm column height to 
make sure that rock fragments were uniformly distributed in the column. The 
air dried soils were shaken to fill up some gaps between rock fragments. 3 cm 
layer of quartz sands (particle size between 0.5 and 1.0 mm) was layed both 
above and below of the soil in column as filter layer. Soil columns containing 5% 
and 15% of rock fragments by volume was prepared for the two soil layers (0 - 
20 and 20 - 100 cm) of broadleaved and coniferous forests. 
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Table 1. Physical-chemical properties of the soils. 

Forest Depth Clay Silt Sand SOM ρb pH Ksat 

  (<0.002 mm) (0.002 - 0.05 mm) (0.05 - 2 mm)     

 cm % % % g·Kg−1 g·cm−3  mm/min 

B.F 
0 - 20 4.08 6.22 89.70 39.87 0.71 7.25 47.83 

20 - 100 1.70 5.10 93.20 13.50 1.38 6.91 17.75 

C.F 
0 - 20 1.78 7.92 90.31 26.22 0.98 6.72 27.75 

20 - 100 1.61 6.01 92.38 15.22 1.11 6.87 11.82 

B.F: broadleaved forest; C.F: coniferous forest. 
 

The transport experiment was started by saturating soil columns from the 
bottom to the top with distilled water. After soil saturation, flow injection direc-
tion was changed from the top of the column to the bottom and preferential flow 
was driven by gravity [Figure 2]. Soil was preconditioned by applying 3 PV 
(Pore volume) of distilled water, then one pore volume of KBr (100 mg-Br−/L 
as nonreactive tracer). The steady state flow rate was set to be close to the 
overall saturated hydraulic conductivity (Ksat) of each column determined in 
advance, and controlled by a peristaltic pump. After preconditioning, four pore 
volumes of KBr were injected. After that, the inflow solution was switched back 
to distilled water until there was no Br− in the outflow. The column effluent was 
periodically collected and then analysed for Br−concentration by ion meter 
(Bante931-Br Benchtop Bromide Ion Meter, Bante Instrument Co. Ltd). The 
breakthrough curves (BTCs), expressed as the Br− relative concentration (C/C0) 
versus pore volumes (PV) were obtained. 

Porosity of the soil in column was calculated as: 

( ) Bulk density1
Partic

Por
le density

osity =Ω −                  (1) 

where; 
Particle density (ρp) = 2.65 g/cm3 

2.4. Model Theory 

The two-region model described accurately the bromide transport process in the 
soil columns containing either homogeneous soil or soil-rock fragments mix-
tures. An iteration technique was applied, and lowest residual value for the sum 
of squares was used. Thus, by using STANMOD software, CXTFIT 2 [53] as 
code for estimating transport parameters from laboratory experiment produced 
a relatively realistic fit for all soil columns. 

The two-region model assumes the liquid phase to be divided into a mobile 
and an immobile region [43], and the solute could exchange between those two 
regions [53]. Bromide concentrations were modeled by using the following ex-
pression: 

2

2
m im m m

m im m m m
C C C C

D v
t t xx

θ
θ θ θ θ

∂ ∂ ∂
+ = −

∂ ∂ ∂∂
             (2) 
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Figure 2. Schematic diagram of the soil column experiment. 

 

( )m
im m im

C
C C

t
θ α

∂
= −

∂
                    (3) 

m imθ θ θ= +                          (4) 

where: 
θm = the volumetric water content in the mobile region (cm3/cm3) 
θim = the volumetric water content in the immobile region (cm3/cm3) 
Cm = the concentration in the mobile region (mg/L) 
Cim = the concentration in the immobile region (mg/L) 
vm = the pore-water velocity in the mobile region (cm/h) 
α = the first-order mass transfer coefficient (h−1)  

We assumed that; 

0C =  or 0mC = , While 0 1x< < , 0t =                (5) 

0C
x

∂
=

∂
 or 0mC

x
∂

=
∂

; 1x = , 0t >                  (6)  

The dispersivity, λ (cm), for each column was calculated from dispersion coef-
ficient, D (cm2/h), and pore water velocity, v (cm/h), could be written as; 

D
v

λ =                                (7) 

The pore water velocity (v) was calculated from darcy velocity, q (cm/h), and 
porosity, Ω, as; 

qv =
Ω

                               (8) 

Qq
A

=                                (9) 

where; 
Q = the constant discharge rate of the step input (cm3/h) 
A = the input surface area of the soil column (cm2). 
The fraction of mobile soil solution, φ, was calculated, and the formular can be 

written as; 

https://doi.org/10.4236/jwarp.2021.133012


P. Nsengumuremyi et al. 
 

 

DOI: 10.4236/jwarp.2021.133012 205 Journal of Water Resource and Protection 
 

( )1m R f R
θ

φ β
θ

= = − −                      (10) 

where; 
f = the fraction of adsorption sites 
θ = the total volumetric soil water content  
β = the mobile–immobile partition coefficient  
R = the retardation factor.  
According to Nkedi-Kizza et al. [54], we approximated, and assumed that φ = 

f, then we knew the value of the fraction of adsorption sites in the mobile region, 
thus Equation (10) shows that: 

φ β=                            (11) 

And mθβ
θ

=                           (12) 

The absolute mass transfer coefficient, α, was calculated by using this formu-
lar 

αω =
l

q
                         (13)  

3. Results and Discussion 
3.1. Breakthrough Curves 

The Breakthrough curves for bromide transport in soil and soil-rock fragments 
mixtures are shown by Figure 3 and Figure 4. Tracer transport processes were 
firstly investigated by analyzing the breakthrough curves for all columns. To 
make physical evaluation and comparison of nonlinear least squares estimates, 
we firstly plotted the observed with predicted data to visibly assess the match. 

For all columns, the average bromide recoveries were generally above 93%. 
The shapes of bromide breakthrough curves were similar for both homogeneous 
soil columns and soil-rock fragments columns of either 5% or 15% content, from 
the same soil depth. These results agree with other several researchers such as 
Russo [55] studying on a soil containing 50% to 70% (w/w) rock fragments; be-
sides, Zhou et al. [16] and Zhou et al. [43] investigated the soil columns conta-
minating 10% to 60% (w/w) of gravels, observed similarities of the tracer trans-
port processes between stony soils and their corresponding soils without rock 
fragments. 

According to the data and Figure 3(a), Figure 3(b), and Figure 4(b), it is 
shown that, at the time which outflow concentration reached the full initial con-
centration, the number of pore volumes eluted was lower for the soil columns 
containing 15% RFc than the other columns, indicating fast solute transport in 
the soil containing higher content of rock fragments. Top soil of 0 - 20 cm in 
broadleaved forest [Figure 3(a)] demonstrates that bromide concentrations in 
the effluent of homogeneous, stainless soil column did not get to the initial con-
centration even after leaching of three pore volumes, however increased conti-
nually over the whole pulse input period. The difference made by rock fragments 
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addition in top soil of broadleaved is clear, as the soils containing rock fragments 
show the maximum bromide concentration before 1 pore volume, and then be-
come constant until 4 PV. The rock fragments may increase immobile region in 
soil for the reason that their relative permeability is very low. Solute transport 
may be influenced by soil-rock interface pathways. The subsoil (20 - 100 cm) 
from broadleaved soil columns of 15% shows that concentration of bromide 
reached the maximum earlier than 0% and 5% rock content, besides, initial 
breakthrough curves of soil-rock is less than soil without rocks with regard to 
number of pore volumes. 

For coniferous forest soil columns, the top soil shows the higher initial break-
through for 15% rock than other rock contents. It implies that bromide was de-
tected later in effluent due to rock fragments. The rock fragments may increase 
the tortuosity, and can enlarge the distance travelled by tracer, and affect the 
time of leaching. Contrastingly, there was no difference between 5% rock-soil 
and stainless soils columns in terms of first bromide detection time, since bro-
mide was detected at 0.0556 PV. The sub soil column shows that bromide in 
15% rock-soil was detected earlier, and BTC shows that bromide reach maxi-
mum concentration before other columns of lower contents of rocks. These ob-
served differences highlighted the role of rock fragments in soil. 

 

 
 

 
Figure 3. Observed and simulated BTCs of Br in broadleaved forest. 
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Figure 4. Observed and simulated BTCs of Br− in coniferous forest soil. 

 
BTCs of broad-leaved forest [Figure 3] soil tended to be slightly different 

when compared to those for coniferous forest soil [Figure 4] with the same rock 
fragments content and same depth, however, all BTCs displayed symmetry. 
Since BTCs at Figure 3 showed little extensive tailing compared to Figure 4, it 
implies fast transport of tracer in soils from coniferous forest, but the difference 
is not significant. 

3.2. Solute Transport Parameters 

For the identification of multiple processes governing water flow and solute 
transport in forest soil, it is crucial to quantify reliably the transport parameters 
from the soil columns experiment. The conceptual processes that underlay the 
models were verified by the agreement between estimated data and observed da-
ta. Furthermore, verification of these processes was validated. The root mean 
square for error (RMSE) and the square of correlation coefficient (R2) were cal-
culated to obtain a realistic match of data. Performance of the model for all 
columns showed that R2 was higher than 0.97 and MSE less than 0.002. 

All two-region model parameters were estimated independently of the BTC 
simulated data. We used measured data such as the average pore water veloci-
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ty, the retardation factor, solute concentration, and pore volumes. By using 
STANMOD program, the fitted transport parameters with the CXTFIT 2 were 
obtained. Table 2 lists the various dispersion coefficients (D), mobile-immobile 
partition coefficient (β) and the mass transfer coefficient (ω) obtained by fitting 
the two-region model. Most parameters varied a lot with increasing in rock 
fragments contents.  

DISPERSIVITY (λ) 
According to fitted results with two-region model [Table 2], for broadleaved 

forest soil, the dispersivity values from 0 - 20 cm soil layer were 1.57, 1.67 and 
2.33 cm for 0%, 5%, and 15% rock fragments contents, respectively, while, 20 - 
100 layer accounted the dispersivity values of 1.66, 1.58 and 2.2 cm, for 0%, 5%, 
and 15% rock fragments contents, respectively. For coniferous forest, soil from 0 
- 20 cm layer showed the dispersivity values of 1.43, 2.17 and 1.4 cm, whereas 20 
- 100 layer showed 1.57, 1 and 2.18 cm for 0%, 5%, and 15% rock fragments 
contents, respectively. As indicated by results, using the same soil depth and 
content of rock fragments, the dispersivity parameter values of broad-leaved soil 
columns were distinctly different from those of coniferous soil columns. 

The dispersivity values in both soil layers of broad-leaved forest and subsoil of 
coniferous forest show that dispersivity increased due to 15% rock fragments 
content in soil columns, however it is different in the column containing topsoil 
from coniferous forest. In addition, despite the fact that 5% content of rock 
fragments in soil column is low, it essentially increased the dispersivity in 0 - 20 
cm soil layers of both forests, as shown in Table 2. For the columns of 20 - 100 
soil layers of both broadleaved and coniferous, the dispersivity values decreased 
firstly, then increased because of further addition of rock fragments. 

 
Table 2. Estimated transport parameters of Br−. 

Forest Depth RFc V D λ β ω R2 

 (cm) (%) (cm/h) (cm2/h) (cm) (−) (−)  

Broadleaved 

0 - 20 

0 1.36 2.14 1.57 0.79 0.33 0.98 

5 1.36 2.28 1.67 0.66 0.025 0.99 

15 1.36 3.18 2.33 0.62 0.019 0.99 

20 - 100 

0 2.08 3.46 1.66 0.61 0.015 0.99 

5 2.08 3.3 1.58 0.58 0.014 0.97 

15 2.08 4.58 2.2 0.42 0.011 0.98 

Coniferous 

0 - 20 

0 1.59 2.28 1.43 0.66 0.025 0.98 

5 1.59 3.46 2.17 0.61 0.015 0.99 

15 1.59 2.23 1.4 0.39 0.038 0.99 

20 - 100 

0 1.71 2.7 1.57 0.87 0.032 0.98 

5 1.71 1.71 1 0.68 0.041 0.99 

15 1.71 3.73 2.18 0.63 0.015 0.99 

RFc: rock fragments content. 
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This increasing of dispesivity values due to rock fragments addition in most 
columns may prove that the solute transport paths in rock-soil mixture columns 
are much higher torturous than other column. Even though the fact that 5 or 
15% content of rock fragments in soil columns are low, they may essentially en-
hance the tortuosity of the solute transport since the solute is only transported 
in region containing mineral soils. Volumetric content of soils that is straightly 
below the rock fragments might be component of the immobile domain. For 
that reason, the dispersivity values increased. Besides, we can conclude long 
flow-path lengths or heterogeneity in pore system for soils containing 15% rock 
fragments. Relatively lower dispersivity values were estimated for the soil col-
umns without rock fragments, therefore, demonstrating a relatively homogene-
ous porous medium. 

MOBILE-IMMOBILE PARTITION COEFFICIENT (β) 
In case of two-region model, Schulin et al. [20] explained the mobile-immo- 

bile partition coefficient (β) parameter as representation of the solute portion 
present in the mobile region under equilibrium conditions. In our study, the 
mobile-immobile partition coefficient (β) parameter was obtained by inversion 
simulation using two-region model, and the values for all columns are given in 
Table 2. β of broadleaved forest soil columns equals to 0.79, 0.66, and 0.62 cm2/h 
in top soil layer (0 - 20 cm), and 0.61, 0.58, and 0.42 cm2/h in subsoil (20 - 100 
cm) for rock fragments content of 0%, 5%, and 15%, respectively, which is 
slightly different for that of coniferous forest soil columns which accounts 0.66, 
0.61, and 0.39 cm2/h in upper layer, and 0.87, 0.68, and 0.63 cm2/h in subsoil for 
0%, 5%, and 15%, rock fragments content, respectively. From these results, it is 
clear that the mobile-immobile partition coefficients values decreased with in-
creasing volumetric content of rock fragments in most columns. The findings 
are directly in line with previous findings which found a decrease of β with in-
creased rock fragment content in soil [16] [43]. 

The possible reason is while the rock fragments occupying 5% or 15% of col-
umn volumes, they promote immobile regions due to their physical properties, 
and the fraction of solute present in the mobile region decreased, consequently, 
β parameter values decreased. In the columns of soil-rock fragments mixture, 
the rock fragments represented immobile regions due to the lack of relative 
permeability. Consequently, the solute tended to concentrate in flow through the 
pore spaces between the rock fragments. The lower β value means the increase of 
non-equilibrium [44], which indicates that the tracer movement is higher inten-
sive and non-equilibrium in soil columns containing rock fragments. For that 
reason, we can conclude the presence of preferential flow in all broad-leaved and 
coniferous soil columns containing rock fragments, and the preferential flow is 
much more in the soil columns of huge content. 

MASS TRANSFER (ω) 
The mass transfer coefficient, ω, parameter is considered to describe the ex-

change of solute between mobile and immobile regions. Saturated column trans-
port experiments were performed using an applied KBr pulse at constant pore 
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water velocity through packed soils. Column mass transfer coefficients were de-
termined from BTCs using CXTFIT 2 at rock fragments contents of 0%, 5%, and 
15%. All the ω values for either upper or lower depth of both broad-leaved and 
coniferous forest soils were fitted as shown in Table 2. For a given rock frag-
ments content, the mass transfer coefficient values show the evident dependence. 
Generally, the values decreased when rock content increased. As demonstrated 
in Table 2, based on broadleaved forest, mass transfer coefficients of upper layer 
were 0.33, 0.025 and 0.019, then 0.015, 0.014 and 0.011 for lower soil layer for 
columns of rock fragment content of 0%, 5% and 15%, respectively. On the side 
of coniferous forest soil, the mass transfer varied with increasing content of rock 
fragments in the column experiments yielding values of 0.025, 0.015, and 0.038 
in upper layer soil, and 0.032, 0.041 and 0.015 In lower layer soil (at rock frag-
ments content of 0%, 5% and 15%, respectively). 

In the two-region model, transport processes play a crucial role for Br- 
movement. For instance, bromide transport was assumed to happen by convec-
tion and dispersion processes in the mobile water phase [56], while first-order 
process leads this tracer to enter and quit the immobile domain. Jiang et al. [57] 
demonstrated that ω can depend on the molecular diffusion coefficient, moreo-
ver, the distance and the cross-sectional area involved during diffusion. The 
mass transfer of bromide tracer between the mobile and immobile phases is 
controlled by diffusion process within the immobile water [56]. Due to decrease 
of macropores, immobile portion increases in soil-rock fragments mixture. The 
immobile water tortuosity is probably larger in soil containing rock fragments; 
hence diffusion and mass transfer are slower. 

4. Conclusions 

We investigated the effect of rock fragments content in forest soil when a bro-
mide racer leaching through packed soil columns. The bromide breakthrough 
curves were fitted by two-region model. The results obtained from simulation 
showed that the values of dispersivity in soil containing rock fragments were 
higher than those derived from homogeneous soil in most columns. These re-
sults proved the influence of rock fragments on soil tortuosity and the distance 
traveled by the solute in soil columns. The mobile-immobile partition coefficient 
values tended to decrease with increasing any volumetric content of rock frag-
ments (from 5% to 15%). Furthermore, in many columns, mass transfer values 
declined. 

Generally, the observed data showed that, even for homogeneous soil columns 
or heterogeneous soil-rock fragments mixture, breakthrough curves could be 
symmetrical and smooth. The two-region model demonstrated to be sufficiently 
accurate for solute transport simulation in the forest soil containing rock frag-
ments. The tracer transport experiment proved that the addition of rock frag-
ments can increase the transportation of solute in both broadleaved and con-
iferous forest soil columns. 
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Rock fragments played a critical role on preferential transport of solute in for-
est soils, possibly through preferential flow pathways created by interfaces be-
tween soil and rock fragments. These results improve our understanding of the 
effects of rock fragments on solute leaching in forest soils. However, future stu-
dies need more detailed and systematic investigations since sizes and morphol-
ogy of rock fragments in forest ecosystems is more complicated. Large contents 
and sizes of rock fragments should be considered for the reason that the Gongga 
Mountain and other most mountainous forest soils of China contain various 
rock fragments sizes such as gravels, medium stone, large stone, as well as bould-
ers. 
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