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Marls are the most talented geological formation of erosion and produce large amount of sediments
that annihilate fertile soil and deduct the capacity of dams. Erosion in marls depends on external
factors such as distribution of rainfall and internal factors which include soil physical and mineralogical
properties. Therefore, the objective of this research was to determine the changes of physical and
mineralogical properties of marls because of erosion variations in arid regions of Guilan Province
(Gilevan region) of Northern Iran. The concerned soil physical properties of Marlylands were percentage
of saturation, surface gravels, sands, silts, clays, fine sands, fine clays, and the level of bulk density,
mean weight diameter (MWD) of soil aggregates (dry sieve), liquid limit, plastic limit, activity and ratio of
fine clay to total clay. In addition, four samples from Marly soils and one sample from parent material
were prepared for X-ray diffraction analysis. Comparing the average of physical factors with different
type of erosion by means of Duncan multiple range test showed that the percentage of clays, fine clays,
saturation, and the level of MWD, liquid limit and activity showed significant changes (p < 0.05) in some
types of erosion, whereas other measured parameters had no significant effect on the form and type of
erosion. Furthermore, results of X-ray diffraction showed the presence of smectitic group, double-layer
clay minerals that are dispersive (2:1 clays), in badland and gully areas, while these types of clay
minerals were not found in areas with rill and sheet erosion. Hence, with respect to the results of this
research, it can be concluded that mineralogical properties as well as some soil physical
characteristics are the main factors controlling the shape and form of erosion in Marlylands of Northern
Iran.
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INTRODUCTION

Soil erosion is a serious and widespread land degrada-
tion problem throughout the world. Steep slopes of
Marlylands are so vulnerable to water erosion. Transport
of eroded material from these lands has received signifi-
cant attention, as sediment is both a pollutant and an
effective vector for contaminant transport (Roswell,
2002). Other aspects of adverse damages of soil erosion
and its hazards originated from Marlylands. Different fea-
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tures of natural resources have been discussed by many
researchers (Mashhadi, 2001; Rey and Berger, 2006;
Ries and Hirt, 2007; Lesschen et al., 2007). Earlier
research on Marly landscapes showed that these
formations were affected differently by mass-wasting
processes and by rill erosion. Mass-wasting was often
found to be prevalent in more cohesive soils because of
their higher retention capacity, whereas gully erosion is
commonly observed on more silty soils (Maquaire et al.,
2003). However, some aspects of mineralogical proper-
ties as well as physical properties of Marlylands have
received considerable attention in literature but there has
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been much less research on the behavior of these soils.
Imeson et al. (1982) believe that in areas in which phy-
sical and mineralogical properties of Marlylands are the
main factors controlling the shape and form of erosion,
the hydrological variables have lower importance in
erosion processes. It has long been recognized that the
local Mediterranean climate, tectonics and human impact
interact to determine the gross morphology and surface
conditions of highly eroded lands (Piccarreta et al., 2006).
Revisiting early interpretations by Alexander (1982),
attention has recently been given to the explanatory role
of lithology, in particular sediment size and clay mineralo-
gy, in explaining the different forms of erosion, especially
the badlands erosion. For instance, on biancane sites,
Battaglia et al. (2002) found clay fractions to be over
65%, significantly higher than on the calanchi sites;
whereas the latter were coarser with sand fractions
between 6 and 18%. Both sites have been reported to
possess clay minerals in the smectitic group. Smectitic
(2:1 clays) swells on wetting, sometimes sealing the
surface, and encouraging overland flow and rill erosion. It
was found that the percentage presence of the swelling
clays in the overall material mass is very important.
Where clay percentages are high, the material mass is
rendered impermeable on swelling, encouraging surface
wash erosion and reducing infiltration. Where clay per-
centages are low, the deflocculation of the clay fraction
merely destructures a material already lacking in other
sources of cohesion, encouraging subsurface erosion
(Piccarreta et al., 2006). Smaeil Zade (2002) studied the
influence of silt, sand and clay fractions on formation of
different shapes of erosion. He reported that there was
no logical relationship between these soil physical
properties and shape of erosion. Wakindiki and Ben-hur
(2002) believe that increasing of clay particles will
enhance the aggregates stability. They expressed that in
soils containing more than 20% clay, the clay particles
act as a cementing agent and will increase aggregate
stability against rain drops impact and decrease surface
sealing. They also pointed out that soils having
montmorillonite are more susceptible to water erosion
than those containing kaolinite. Similarly, Ramarao and
Smart (1990) reported that all of the dispersive soils
having expansive behavior probably are containing
quantitative amounts of montmorillonite minerals. They
also expressed that in this types of soils the level of
moisture in shrinkage limit is very less than saturation
percentage. Therefore, decreasing soil moisture in these
kinds of soils leads to their less volume and occurrence
of more cracks on soil surface. Bouma and Imeson
(2000) believed that the main factor in formation of
unstable badlands in Marly soils is the presence of
expandable clay minerals including smectite group like
montmorillonite. Also, Ouhadi and Yong (2003) mention-
ed the role of two other clay minerals such as
palygorskite and sepiolite in instability of calcareous Marly
soils. Mbagwu (2003) introduced the sand ratio to clay as
the main soil physical factor controlling the aggregate stabi-

lity against erosion. Ezochi (2000) reported that increase
in sand content in soils will decrease their susceptibility to
gully erosion. He also pointed out that heavy soils
containing large amounts of clay and silt particles due to
increase in the saturation water and water holding
capacity, the formation of gully erosion and their fre-
quency are more expected. Seed et al. (1988) suggested
that increase in soil activity level leads to its more
swelling. Gromko (1974) found that the liquid limits are
more than 30% and they cause lots of difficulties in
respect to its swelling.

Marl parent materials develop the most erodible surfac-
es in arid environments including arid regions of Northern
Iran and produce more sediment yield compared to the
other parent materials. Also, in Marly soils the volumes of
initial runoff and runoff coefficient is completely high and
the infiltration rate is so negligible (Cerda, 2002). More-
over, erosional processes in relation to marls are very
intensive, so that different figures of erosion particularly;
badlands are the obvious characteristics at Marlylands
(Thornes, 1980). Therefore, with proper recognition of
some characteristics of Marlylands such as their physical
and mineralogical soil properties, we are able to fight
against the harms received by erosion from these vulne-
rable lands. The present study was, therefore, carried out
with objective to investigate the changes of some
physical and mineralogical soil properties of marls on
erosion processes in arid regions of Northern Iran. These
changes may affect the rate and severeness of erosion
and may create different forms of erosion in this region.

MATERIALS AND METHODS
Study area

The study area is located between 49°, 26' and 49°, 31' E longitude
and 36° 25' and 36° 46' N latitude in South of Guilan Province
(Gilevan Region) of Iran (Figure 1). The climate of the region is arid
with the mean annual precipitation of 245.18 mm. The mean annual
temperature is also 17.4°C. The soil moisture and temperature
regimes of the region by means of Newhall software are aridic and
thermic, respectively. These lands produce large amount of sedi-
ments that enter the Sefidrood Dam. The soil profiles in the Marly
regolith materials are poorly developed. The maximum local relief of
the badland area is about 90 m. This area shows various degrees
of sheet, rill, gully erosion and mass movements. Soil surface
processes are dominated by rill erosion, the effect of swelling and
shrinking, and the development of shallow bridge piping. Shallow
slips are a secondary process caused by soil surface develop-
ments. The regolith materials in this study are named marls, which
show a different surface morphology and colors. In some regions,
because of severe erosion, Marlylands have state of plain. More-
over, the studied marls had a variety of colors. These Marlylands
especially in badlands were chromatic. On the surface of some
Marly hillslopes, especially in gullies and badlands, accumulations
of salts are considerable. These areas which were more affected by
soluble salts, due to having property of high absorption of humidity,
were darker than other areas (Figure 2). In general in the study
area as a reason of high salinity and sodicity, distribution of
different vegetation types are very low and only special species of
plants such as Salsola, Gypsophylla viygata, Stipa and Ayuga
chemeosituis are worthlessly scattered.
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Figure 1. Study area in Guilan province of northern Iran
(Gilevan region).

Figure 2. Study area showing different erosional forms.

Soil physico-chemical and mineralogical analysis

After preliminary studies of geological (1:100000, 1:250000) and
topographic maps, and identification of Marlylands, using GPS, stu-
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dying locations were appointed. Then, in some dominant Marly land
forms (with uniform shape, direction and slope) 12 soil samples
were taken from surface layer (0 - 30 cm) of sheet, rill, gully and
badland erosion (total of 48 samples) and from underlying layer of
gullies and badlands (total of 24 samples). Sampling from parent
material was done contemporaneously, too. Parent material sam-
ples were air dried, then ground, sifted (2 mm sieve) and prepared
for physico-chemical and mineralogical experiments.

Particle-size distribution was determined after dissolution of
CaCO; with 2 N HCI and decomposition of organic matter with 30%
H-O.. After repeated washing to remove salts, samples were
dispersed using sodium hexametaphosphate for determination of
sand, silt and clay fractions by the pipette method (Day, 1965). The
total clay content and fine clay were determined by Kittrick and
Hope (1963). The ratio of fine clay to total clay and bulk density
were measured by excavation and cylinder methods; the percen-
tages of fine sand, soil gravel and surface gravel, by volumetric
method; the percentage of saturation water, by gravimetric method;
and mean weight diameter of soil aggregates, by dry sieving
method (Klute, 1986). Other soil characteristics such as Atterburg
limitations and soil colour in wet and dry conditions were deter-
mined with respect to standard methods (Klute, 1986). Organic
carbon (OC) was determined by Walkley-Black method (Nelson and
Sommers, 1982); carbonate and bicarbonate were determined by
Bernard’s calcimetric method; pH in aqueous suspensions and 1 M
KCI (Peech, 1965), cation exchange capacity (CEC) by the method
of Chapman (1965); electrical conductivity (EC) of the saturated
extract by the Bower and Wilcox (1965) method. Also, soluble and
exchangeable basic cations (Na*, K*, Ca®*, Mg?*, CaCOs, gypsum,
sodium adsorption ratio (SAR) and exchangeable sodium percen-
tage (ESP)) were measured by standard methods (Page, 1986).

Four soil samples from surface layer (0 - 30 cm) of sheet, rill,
gully and badland erosion and one sample from parent material of
gully erosion for mineralogical experiments were selected. Chemi-
cal cementing agents were removed and clay fractions separated
according to Mehra and Jackson (1960), Kittrick and Hope (1963)
and Jackson (1975). Iron-free samples were centrifuged at 750 rpm
for 5.4 min to separate total clay (< 2 pm) and at 2700 rpm for 40
min to separate fine clay (< 0.2 um) (Kittrick and Hope, 1963). The
fine and coarse-clay fractions were analyzed mineralogically by X-
ray diffractometry (Mehra and Jackson, 1960). The same concen-
tration of clay suspensions was used for all samples to give reliable
comparisons between relative peak intensities. Two drops of the
prepared suspension were used on each glass slide. The (001)
reflections were obtained following Mg saturation, ethylene glycol
solvation and K saturation. The K-saturated samples were studied
both after drying and after being heated at 330 and 550°C for 4 h.
Clay minerals were estimated semiquantitatively from the relative X-
ray peak areas of glycol-treated samples (Johns and Grim, 1954).

Soil samplings were collected randomly from sheet, rill, gully and
badland erosion as a completely randomized design. Comparison
of means were done using Duncan multiple range test by SAS
software. The correlation coefficients were also measured using
SPSS software in the way of step by step. For comparison of topsoil
and subsoil in gullies and badlands, Student’s t-test was also used.

RESULTS AND DISCUSSION
Characterization of the type of erosion in study area

Sheet erosion: The dominant form of erosion in this area
is sheet erosion. This type of erosion is observable from
bareness of shrub’s roots and sparseness of vegetation
cover. Chemical analysis of soil under sheet erosion
shows that the amount of calcium carbonate is 7.4%,
gypsum is 19.3%, OC is 2.1%, pH in 1:1 extract (with
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water) is 7.7, SAR is 11.1, and finally soluble sodium is
more than 20.0 meq I”'. The ratio of sodium absorption
and total concentration of cations in soil extracts on the
basis of Sherard diagram (Sherard et al., 1976) showed
that the marls under the effect of sheet erosion are often
located at undiffused region in Sherard diagram. These
results showed that sheet erosion had low diffusive
property of marl’s particles. Hence, the marls under the
effect of sheet erosion can be found as marls whose con-
centration of solved sodium ion or SAR in them is rather
low. Moreover, the level of solved salts in them is
moderate.

Rill erosion: The surface horizon of the soil under the
effect of rill erosion has fine texture with micro and
macroscopic rills. The rate of OC is 1.8%, CaCoz is 7.0%,
gypsum is 19.8%, pH is 7.8, SAR is 41.8 and sodium
concentration is 10.1 meq I"". These results indicated that
the area under the effect of rill erosion was located at
diffused region in Sherard diagram (Sherard et al., 1976).

Gully and badland erosion: Fine granular texture,
impermeable and condensed ditches (gullies) were the
most important characteristics of badlands. In these
areas the amount of gypsum is 18.6%, CaCos is 83.1%,
OC is 1.1%, pH is 8.2 and SAR is 123.4, while the
proportion of clays, silts and sands in comparison to the
samples of sheet, rill and gully erosion did not show
much change. With regards to the rate of absorbable
sodium and total concentration of solved cations, the
diffusion index at the field condition under the effect of
badlands were located at diffused region in Sherard dia-
gram (Sherard et al., 1976) that implies the hollowness of
marls. This subject conforms to Benito theory, which
believes, badlands take place in high levels of solved
sodium, SAR more than 40 and mediate rate of salts
(Benito et al., 1991).

Qualitative estimation of erosion using bureau of
land management (BLM) method

After filling out the BLM forms in barren region at the
moment of sampling, the distinction of surface soil
according to the total seven scores was calculated. On
the basis of this kind of evaluation, sheet and rill erosion
having mean scores of 49.0 and 60.0 were located in
areas with average erosion. Also, gullies and badlands
with mean scores of 75.0 and 96.0 were located in areas
having intense and very intense erosion, respectively.
Consequently in the study area low and partial classes of
erosion were not found and therefore, all of the types of
erosion were situated at the ranges of medium and very
intense erosion classes. Also, by means of calculated
marks that were related to soil surface feature or agent
(S.S.F), the actual (present) condition of erosion in the
study area was determined for different forms of erosion
using the equation below:

Actual condition of erosion = 0.25 (S.S.F) (1)

Hence, the actual conditions of erosion for areas having
sheet, rill, gully and badland erosion were 12.2, 15.0,
18.7 and 24.2, respectively. In average this score for arid
regions of Northern Iran was 17.6, which can be used in
evaluation of erosion for these areas by the PSIAC
method.

Analysis of variance (ANOVA) for physical properties

Among all of the studied physical factors, some proper-
ties including sand, clay, fine clay, saturation water, liquid
limit, soil activity, MWD and the ratio of fine clay to total
clay showed significant difference (p < 0.05) between
various erosional forms using Duncan multiple range test
(Table 1). The mean of each soil physical property for
different forms of erosion was also measured (Figure 3).

Particle size distribution

In sheet erosion measuring of soil texture showed that
30.0, 20.0 and 10.0% of the soil samples had the clay,
sandy clay loam and loam clay silt texture, respectively,
while in rill erosion 16.0, 50.0 and 4.0% of the samples
had the clay, clay loam and sandy clay loam texture,
respectively. So that in rill erosion, each of the soll
textures including loam, sandy loam and silty clay loam
comprises the 10.0% of samples. Moreover, in gully
erosion 40.0, 40.0 and 16.0% of samples had the clay,
clay loam and loam texture, respectively and also, 4.0%
of samples had the silty clay texture. In addition, in
badland 60.0 and 40.0% of samples had the clay and
clay loam texture, respectively. Ghadimi Aroosmahale
(1998), with consideration between soil properties and
percentage of clay, silt and sand in creating erosion
forms, did not find any logical relationship between soil
texture and different erosion forms. Piccarreta et al.
(2006) reported that the samples of both investigated
sites in badlands of Southern Italy were clayey silts with a
sandy fraction < 3%. Their analysis showed that (a) the
percentage of the fraction smaller than 32 ym is about
90%; (b) more than 50% of particles are smaller than 8
um; (c) the clay fraction < 2 ym represents about the 20%
of the total. Martinez-Mena et al. (2002) believe that due
to the rapid surface crusting on the tertiary Marly soil of
semiarid Mediterranean area of Spain, there were no
differences in the main erosion processes or in the
particle size distribution of sediments.

Clay content: The mean values of clay content in sheet,
rill, gully and badland erosions were 32.0, 34.1, 37.8 and
41.4%, respectively. So that, the least amount was
related to rill erosion (18.0%) and the most value was
related to badlands (48.0%) (Table 2), and there was a
significant difference (p < 0.05) between sheet and
badland erosion (Figure 3a). Clay particles have an
important role in soil aggregating. If clay content is over
40.0%, small aggregates form and erode easily. This
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Table 1. The results of ANOVA for some physical properties of studied soils.

S.0.V. Treatment  Error Total
df. 3.0 44.0 47.0
Mean square 364.87 68.25
Sand
an F 5.35*
Silt Mean square 73.15 49.22
F 1.49ns
Mean square 208.7 24.8
Clay F 8.41*
Fine cla Mean square 117.6 3.3
y F 35.5*
. Mean square 0.029 0.002
Fine clay/total clay F 14.54%
. Mean square 4.2 5.16
Fine sand F 0.81ns
Mean square 0.21 0.007
MWD F 30"
e Mean square 2.67 1.48
Plastic limit F 181ns
e Mean square 414.2 27.79
Liquid limit F 14.9*
. - Mean square 0.013 0.004
Soil activity F 3,05+
. Mean square 0.008 0.0042
Bulk density F 1.9ns
Gravel Mean square 0.115 0.114
F 1.0ns
. Mean square 0.017 0.062
Saturation water F 9.33*

*: Significant at 5% and ns: non significant.

content (clay > 40.0%) was present in some samples with
gully erosion and especially in badlands. In soils with clay
contents of less than 10.0%, soil structure can not be
formed, approximately, has a little adhesiveness and can
be destroyed when exposed to rainfall. Moreover, the
type of clays will probably have effect on form and
severeness of erosion, too. In gully and badlands,
expansible 2:1 clay minerals were presented. These
expandable minerals adsorb more water and cause more

erosion and runoff compared with the soils without these
minerals (Emami and Ghazavi, 2002). Also, the infiltration
rate has a negative correlation with increase of clay
content in soils and hence leads to more erosion and run-
off production (Descroix et al., 2001). Vandekerckhove et
al. (2000) reported the minimum and maximum values of
clay content in gullies of Southeast Spain between 0.6 to
36.9%, respectively. Also, the mean of clay content in
these areas was measured as 15.6%. They showed that
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Figure 3. The mean values of studied soil physical properties for different forms of
erosion (means, with similar letters are not significantly different at the 5% probability
level using Duncan multiple range test).



Ramezanpour et al. 371

Table 2. Maximum and minimum values of some soil physical properties in different forms of erosion.

Variables Sheet erosion Rill erosion Gully erosion Badland erosion
Min Max Min Max Min Max Min Max
Sand (%) 14.0 57.0 15.0 53.0 14.0 32.0 20.0 32.0
Silt (%) 17.0 44.0 15.0 45.5 30.2 44.0 26.0 41.3
Clay (%) 26.0 42.0 18.0 43.5 26.0 46.0 38.0 48.0
Fine clay (%) 3.3 11.76 5.4 13.1 9.6 15.8 13.3 16.9
Fine clay/total clay 0.11 0.36 0.23 0.35 0.32 0.4 0.3 0.43
Fine sand (%) 42.0 60.0 40.0 53.0 35.6 421 32.3 43.0
MWD (mm) 0.39 0.65 0.21 0.56 0.13 0.34 0.12 0.31
Plastic limit (%) 9.7 13.5 10.5 14.6 10.1 16.5 12.5 16.5
Liquid limit (%) 32.0 39.0 32.0 49.0 42.2 54.0 46.5 57.0
Soil activity 0.6 0.79 0.57 0.88 0.79 1.1 0.94 1.2
Bulk density (g cm™®) 14.32 1.5 1.29 1.6 1.39 1.58 1.43 1.5
Gravel (%) 10.0 12.5 10.0 11.5 8.0 11.0 9.2 11.1
Saturation water (%) 29.1 37.3 29.1 46.5 40.1 51.5 43.1 55.0

most studied bank gullies were characterized by a fine
earth texture belonging to the silt, silt loam, silty clay
loam, loam and sandy loam class.

Fine clay content: The mean values of fine clay content
in the studied soils were 15.3, 13.2, 9.9, and 8.3% for the
badland, gully, rill, and sheet erosion, respectively. Also,
all of the erosional forms had the significant differences
(p < 0.05) except rill and sheet erosion (Figure 3b).

Ratio of fine clay to total clay: The ratio of fine clay to
total clay from badland to sheet erosion was 0.37, 0.35,
0.29 and 0.26, respectively and had a descending trend
from badland to sheet erosion. These findings probably
confirm the increasing of expansible clay minerals in
areas with gully and badland erosion. In addition,
statistical analysis identified a significant difference (p <
0.05) between gully and badland with rill and sheet ero-
sion, while these differences were not significant between
badland with gully erosion and also between rill with
sheet erosion (Figure 3c). The fine clay minerals due to
having smaller diameter are more mobile than other
minerals and can be translocated by the runoff as
suspension form (Amiri, 2001).

Silt content: The gully erosion had the highest mean of
silt content (36.5%) between all of the erosional forms.
After gully erosion, the badland, rill and sheet erosion
were in subsequent orders in respect to their silt content,
respectively. However, statistical analysis did not show
any significant differences between all of the erosional
forms in respect to their silt content (Figure 3d). With
increase in silt content within the soils, their erodibility
increases. Also, soils having 40 - 60% silt contents are
the most vulnerable soils against erosion (Refahi, 2000).
Furthermore, the relationship between soil silt content
and soil erodibility is influenced by the level of organic
matter and clay content. Vandekerckhove et al. (2000)
measured the minimum and maximum values of silt
content in gullies of Southeast Spain between 17.3 to

88.4%, respectively. The mean of silt content in these
areas was measured as 65.5%. They pointed out to the
important role of silt content in controlling gully develop-
ment in these areas. According to Martin-Penela (1994),
the most decisive factors for piping and gulling are the
presence of poorly indurated silty-clayey materials con-
taining cracks, fractures or other discontinuities, such as
(gypsum-filled) joints and faults. According to these
findings, it can be concluded that due to the level of silt in
average in all of the studied erosional forms, they were
less than 40.0% hence, there were not any significant
differences between forms of erosion.

Sand content: The mean of sand content in badland,
gully, rill and sheet erosion were 25.4, 25.6, 32.0 and
36.8%, respectively. Statistical analysis also showed that
just the sheet erosion had significant difference (p < 0.05)
with badland and gully erosion (Figure 3e). Also the
measurements revealed that the highest value of sand
(57.0%) was related to sheet erosion and the lowest
(14.0%) was associated with sheet and gully erosion
(Table 2). In general, with increase of sand content in
soils their erodibility will decrease. This behavior is
probably because of increasing of infiltration rate and
decreasing of runoff at the presence of sand particles in
soils. Similarly in the present study, the badland and gully
erosions, with the most erosion rates, had the lowest
content of sand particles compared with the rill and sheet
erosions. Li (2003) believes that use of gravel-sand
mulch changes the hydrological process and improves
soil productivity, which is effective in reducing evapora-
tion and runoff; thereby improving infiltration and soil
temperature, checking wind and water erosion as well as
enhancing biological activity and soil fertility.
Vandekerckhove et al. (2000) measured the minimum
and maximum values of sand content in gullies of
southeast Spain between 2.6 to 63.1%, respectively.
Also, the mean of sand content in these areas was mea-
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Table 3. Correlation coefficients between some soil physico-
chemical properties with MWD.

OC (%) Clay (%) Silt + Fine sand (%)
0.505** -0.310* - 0.485**

* and **: Significant at 5% and 1%, respectively.

ESP (%)
- 0.689**

sured about 18.9%. Also, their physical analysis showed
that piping occurred in soil layers with a higher silt and
lower sand content.

Fine sand: The most level (52.9%) of fine sand (0.05 -
0.1 mm) in average was related to badland erosion. But,
statistical analysis did not show any significant differ-
rences between all of the erosional forms regarding fine
sand (Figure 3f). Fine sand particles have the behavior
similar to the silt particles and hence, the changes of fine
sand content in studied soils were similar to the variation
of silt particles, which were discussed above.

Gravel percentage

The highest gravel content (12.5%) was related to sheet
erosion, while the lowest gravel content (8.0%) was
related to gully erosion (Table 2). In relation with the soil
loss, especially the interrill erosion, the washing of the
fine soil particles occurs. This process may cause an
increase in the rock fragment cover presence at the
surface of the soils especially in areas having rill and
sheet erosion (Menéndez et al., 2008). For example,
Vandekerckhove et al. (2000) reported that the rock
fragment content in 91% of the gullies in Southeast Spain
were lower than 7%. Only 5 sites had a higher rock frag-
ment content ranging between 20 and 57%. Moreover, in
sheet erosion, with particles washed out selectively, the
accumulation of gravel on soil surface will increase. But
in the present study, there was not any significant differ-
rence between different forms of erosion in respect to the
mean of gravel percentage (Figure 3g).

Surface stone and rock fragments

The level of surface stone and rock fragments were
estimated between ranges of 10.0 - 12.0% in the study
area. There was not any difference between none of the
erosional forms regarding this parameter. However, all of
the shapes of erosion were different in the case of
settlement style of stone and rock fragments on the soil
surface. So that, in gully and badland areas, stones and
rock fragments were embedded into the soil surface,
while in sheet and rill erosion, most of the stone covers
were simply placed on the soil surface (had the free
style). Okoba and Sterk (2006) use the term of ‘surface
stoniness’ in reference to the presence of loose stones
lying on soil surface and they use this feature as a soil

erosion indicator. Descroix et al. (2001) explained that
the free type of stoniness enhances roughness and
reduces therefore runoff and soil losses. It absorbs
kinetic energy of raindrops and dissipates the overland
flow one. Hence, the erosion rate in gullies and badland
was more notable than sheet and rill erosion due to the
lower content of this style of stoniness in present study.

Bulk density

Statistical analysis did not show any significant
differences between all of the erosional forms and bulk
density. However, this property had an increasing trend
from sheet to badland erosion (Figure 3h).

Mean weight diameter (MWD)

The MWD values for badland, gully, rill and sheet ero-
sions were 0.23, 0.25, 0.33 and 0.52 mm, respectively.
Also, all of the erosional forms had significant difference
(p < 0.05) with respect to MWD, except gully with badland
erosion (Figure 3i). The high levels of MWD in soils is a
sign of the presence of high stable aggregates which are
resistant to breakdown and therefore, the percentage of
resistant aggregates naturally is high in these kinds of
soils. Also, as MWD increases, resistance against wind
and water erosion will increase (Refahi, 2000). Moreover,
correlation coefficient between some soil properties and
MWD showed that the percentage of silt + fine sand, clay,
OC and ESP had significant effect on MWD (Table 3).
Also, the relationship between these soil physico-
chemical parameters and MWD is given by equation
below:

MWD = 0.041 OC - 0.003 clay - 0.004 (silt + fine sand) - 0.006 ESP + 0.88 R®=0.68

()

With regard to the above equation, it is obvious that with
increase in OC content the level of MWD will also
increase, which shows the formation of larger aggre-
gates. Organic carbon is one of the most important
factors in aggregate stability and protects soil structure
against raindrop impact or runoff (Le Bissonais, 1996).
So that, Liu et al. (2003) believe that organic matter
content plays the greatest role in aggregate stability.
Therefore organic matter content is negatively correlated
with runoff and soil losses (Descroix et al., 2001). Also,
equation 2 demonstrates the negative effect of clay, silt +
fine sand and ESP on MWD. In general, the main soil
properties influencing aggregate stability are soil texture,
clay mineralogy, organic matter content, type and con-
centration of cations, sesquioxide content and CaCO;
content (Le Bissonais, 1996). So that, Mbagwu (2003)
believes that with increase in sand contents (because of
the large size of sand particles), detachment of aggre-
gates occurs more easily compared with the other soil



particles, especially fine sands that behave like silt
particles. The presence of sodium in soils along with
expansible clay minerals will enhance the negative
correlation between clay particles and MWD, especially in
badlands (Mclintyre, 2000; Shinberg et al., 2000). The
negative effect of ESP in aggregate stability has been
discussed by many researchers. For example, Piccarreta
et al. (2006) found that all the aggregates which were
taken from badlands of Basilicata of Southern Italy had
organic matter contents below the critical threshold of 20
g kg and SAR values, exceeding the threshold of 15 g
kg'. They reported that as a consequence they suffer
physico-chemical breakdown on contact with water. Similar
results were observed by Robinson and Phillips (2001).

Saturation water

The lowest (29.1%) and highest (55.0%) values of
saturation water were related to sheet and badland ero-
sion, respectively (Table 2). The comparison of mean for
various types of erosion identified that there was a
significant (p < 0.05) difference between gully and bad-
land erosion with sheet and rill erosion (Figure 3j). The
high levels of saturation percentage in gully and badland
erosion is probably due to the presence of plentiful
expansible (2:1) clay minerals having high tendency for
moisture absorption (Williams et al., 1983).

Atterberg limits

Although the Atterberg limits do not provide a means of
identifying potentially dispersive soils, the higher the
values of plastic limit, liquid limit and plasticity index, the
higher is the resistance to dispersion. They are a mea-
sure of how much water needs to enter the material
before it attains liquid properties, especially in situations
in which the exposure to water is of limited duration. This
may be an important factor, since the ingress of water
takes a certain amount of time. This is even more
important as materials with a high plasticity index tend to
be clayey (smectitic) and thus have low infiltration rates.
Hence, a high requirement for water gives the material a
certain degree of stability in certain situations (Rienks et al.,
2000).

Plastic limit

The mean values of plastic limit for sheet, rill, gully and
badland erosions were 11.4, 13.0, 13.5 and 14.0, mm
respectively. Also, the comparison of mean for the
various types of erosion indicated that there was not
significant difference (p < 0.05) between them with
respect to their plastic limit (Figure 3k). However, the
maximum and minimum levels of plastic limit were related
to badlands and rills, respectively (Table 2). Rienks et al.
(2000) showed that the plasticity index in a gully in
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Southern Africa ranged from 0 to 0.23. Also, Jegede
(2000) showed that soils which were sensitive to failure
on steep slopes their plastic limits were ranged between
14.32 to 20%.

Liquid limit

The lowest (32.0%) and highest (57.0%) values of liquid
limit were related to rill and badland erosion, respectively
(Table 2). The comparison of mean also showed that all
of the erosional forms had significant difference (p < 0.05)
with each others, except sheet with rill erosion (Figure 3I).
Therefore, the variations of liquid limit in studied soils
were more than plastic limit. Results also showed that the
increasing trend of liquid limit was in harmony with
increase of clay content. However, the increasing of liquid
limit was not proportional to the clay type in studied soils.
Because, the X-ray analysis con-firmed the occurrence of
lots of smectitic clay minerals in badlands, while sheet
and rill erosion did not contain these clay minerals. With
regard to this issue specific surfaces of montmorilonite
are at least 40-fold more than kaolinite hence, this
difference in moisture of liquid limit must be more than
that observed in this study. But the moisture of liquid limit
in badlands is lower than two fold of liquid limit of sheet
erosion. Hence, liquid limit can not be considered as a
simple function of moisture on the clay surfaces. Jegede
(2000) introduced the soils with liquid limit between 43 -
60.5%, just as sensitive to failure on steep slopes.
Soil activity: Soil activity can be defined as the ratio of
plastic index to clay percentage. Plastic index can be
derived by taking the difference between liquid limit and
plastic limit. The maximum and minimum levels of soil
activity were related to badlands and rills (Table 2). The
comparison of means also revealed that there was only a
significant difference (p < 0.05) between gully and other
types of erosion (Figure 3m). With regard to these results
the soil activity in all of the studied soil will remain in
medium group and consequently, illite minerals are
probably the prevalent clay minerals in the studied soils.
The X-ray diffraction results also confirmed the presence
of illite in the studied soils. With increasing activity, the
swelling potential in soils will increase (Seed et al., 1988).
The correlation between liquid limit, plastic limit and
plastic index with some soil physico-chemical properties
are given in Table 4. Also, relationship between Atterberg
limits with percentages of clay and saturation (SP) and
CEC level for all of the studied soils are estimated
through the following equations:

LL = 0.824 clay + 0.028 CEC + 0.261 SP + 7.18;

R = 0.869 (3)
PL = 0.04 clay + 0.007 CEC + 0.127 SP + 5.5; R%.q =
0.654 (4)
Pl = 0.864 clay + 0.035 CEC + 0.125 SP - 1.4; R%q =
0.630 (5)
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Table 4. Correlation coefficients between some soil physico-chemical properties with Atterberg limits.

Atterberg limits Clay (%) CaCO; (%) OC (%) CEC (meq 100g™" soil) SP (%)
liquid limit (LL) 0.923** -0.151 0.361 0.307* 0.783**
plastic limit (PL) 0.291* -0.146 0.253 0.299* 0.493*
plastic index (PI) 0.932* -0.03 0.332 0.293* 0.749*

* and **: Significant at 5% and 1%, respectively.

All of these three functions (Equations 3, 4 and 5) are
significant at 5% probability level. Also, according to the
above equations clay, CEC and SP are three important
factors influencing of Atterberg limits. Between clay, CEC
and SP, the clay content can be the most effective factor
because, the CEC and water retention are so dependent
on the amount and types of clays. Moreover, the
comparison of measured correlation coefficients shows
that the increasing of clay content in soils (reduction in
particle size distribution) will increase both the liquid limit
and plastic limits. However, this enhancement in liquid
limit is more notable than plastic limit and consequently,
the increasing trend of liquid limit with clay rise is more
than plastic limit (Table 4). With regard to the important
role of clay content in SP, the same procedure was
observed between the correlation of SP with liquid and
plastic limits. Also, the positive correlation between CEC
with liquid and plastic limits shows the effect of clay
content and clay type through CEC on these limits (Table
4). Also, the correlation between Atterberg limits with OC
and CaCOj; was not significant (Table 4). According to
the work done by of Rienks et al. (2000), the OC content
has a positive correlation with Atterberg limits. Because
with increase of OC in soils the CEC level will increase
and hence, increasing of CEC leads to more water
absorption and water retention (Refahi, 2000). In the
present study the levels of OC in eroded soils were very
low and especially in some forms of erosion such as gully
and badlands OC was nondetectable. Consequently, OC
had no significant effect on CEC, water retention and
Atterburg limits. Also according to the results, the CaCO;
content showed negative correlation with Atterberg limits
(Table 4). Similar to the OC, low level of CaCOs; in
studied soils was not able to improve soil structure,
produce stable aggregates and increase soil porosity and
therefore, CaCOj; did not decrease Atterberg limits.

Comparison of topsoil and subsoil in gullies and
badlands

Due to the fact that the subsoil and topsoil of gullies and
badlands are affected by the erosion processes, some
physical characteristics of subsoil of study area also were
investigated. In gullies and badlands percentage of clays,
fine clays, and the level of liquid limit, plastic limit, plastic
index, bulk density, and ratio of fine clay to total clay had
an increasing procedure (without any significance) from

Table 5. The results of ANOVA for mean values of some
soil physico-chemical properties of topsoil and subsoil in
badlands and gullies using Student’s t-test.

Variables Gully (t) Badland (t)
Sand 1.0 ns 1.0 ns
Silt 0.5ns 0.6 ns
Clay 1.6 ns 1.3 ns
Fine clay 0.6 ns 0.6 ns
Fine clay/total clay 0.03 ns 0.03 ns
Fine sand 0.7 ns 1.2ns
MWD 0.06 ns 0.04 ns
Plastic limit 0.1ns 0.0ns
Liquid limit 1.4 ns 0.08 ns
Plastic index 0.3ns 0.3ns
Soil activity 0.0ns 0.02 ns
Bulk density 0.3ns 0.03 ns
SAR 1.6 ns 2.0*

*: Significant at 5% and ns: non significant.

topsoil to subsoil, whereas percentages of sands, silts,
fine sands, and the level of MWD had a decreasing
procedure (without any significance) from topsoil to
subsoil. However, the mean of physical factors for topsoil
and subsoil in badlands and gullies did not show any
significant difference (Table 5). But, the results showed
that the level of SAR in subsoil of badlands was signi-
ficantly (p < 0.05) more than topsoil (Table 5). Therefore,
sodium had a dispersive effect on soil structure in subsoil
of badlands compared with the overlying horizon. Bork et
al., (2001) recognized two main reasons of gully forma-
tion in saline areas due to development of pits in subsoil
horizons. The first was dispersion of clay particles in
presence of sodium and the second was formation of an
impermeable layer in the depth of gullies because of
occurrence of lots of clay minerals.

Mineralogical results

Sheet erosion: The dominant minerals were a mixture of
chlorite-vermiculite and illite-vermiculite, and quartz. The
basal reflection (peak) at 9.9 A in the diffraction pattern of
Mg treatment and its consistency in all of the treatments
confirmed the presence of some illite minerals in the
surface parts of soils that were related to sheet erosion.



The non-existence of conjunction in Mg and K treatments
shows the transformation of some of the mica to
vermiculite minerals. The consistency of some of the
parts of reflection at 14.6 A in the heating of 550°C (K-
550 treatment) was related to chlorite. However, the
presence of reflection at 12 A for the treatments of K-330
and K-550 showed a mixture of chlorite-vermiculite.
Almost certainly, the peaks of 3.3 and 3.5 A were mainly
related to the quartz and cholorite. Also, the removing of
7.0 A peak in the heating of 550°C probably was related
to the kaolinite (Figure 4a).

Rill erosion: The dominant minerals were chlorite, mica,
quartz and also, the mixed minerals such as mica-vermi-
culite and chlorite-vermiculite. There is the occurrence of
a peak at 10.0 A in Mg treatment after K treatment +
heating at 550°C (K-550 treatment), thus confirming the
presence of illite. The existence of a well-defined peak at
14.5 A in K treatmentafter K treatment + heating at 550°C
confirmed that chlorite was the dominant mineral phase.
However, the gradual increase of the peak of 10.0 A and
reduction of the peak of 14.5 A in the heating of 330 °C
(K-330 treatment) showed the presence of a partial
amount of vermiculite in the mineral phase. Also, the
removing of 7.1 A peak in the heating of 550 ‘C was
related to the kaolinite and the reflection at 3.3 A was
related to quartz. Moreover, the lack of conjunction for
the peaks of 10.0 and 14.0 A in Mg treatment showed a
mixture of illite-vermiculite and chlorite-vermiculite (Figure
4b).

Gully erosion: Smectitic group, chlorite (having less
quantity), mixed minerals such as chlorite-smectite and
illite-smectite (illite having less quantity) and quartz were
the dominant mineral phase. Intense diffraction lines at
14.0 A in Mg saturated specimens, which shifted to 17.0
A after glycol salvation confirmed the presence of domi-
nant expansible 2:1 clay mineral (smectite) in gullies.
However, the occurrence of shoulder in both right and left
sides of the peak of 14.0 A and its lack of conjunction and
the appearance of a wide reflection (peak) at 10.0 to 14.0
A in K treatments were related to the mixtures of chlorite-
smectite and illite-smectite. Also, the presence of a weak
and wide reflection at 10.0 A in Mg treatment and
consistency of some of the parts of 14.0 A peak in K-550
treatment confirmed the existence of the mixtures of
chlorite-smectite and illite-smectite. But the amount of
illite was so partial and its value was significantly less
than chlorite. Consequently, probably the majority parts
of ilite are transformed to smectite. Furthermore, the
reflections of 3.3 and 7.0 A were related to quartz and
kaolinite, respectively (Figure 4c).

Badland erosion: The dominant clay minerals were
smectite, chlorite and mica, but the mixed minerals such
as illite-smectite and chlorite-smectite were probably
presented in these areas. Intense diffraction lines at 14.4
A in Mg saturated specimens, which shifted to 16.5 A
after glycol salvation confirmed the presence of some
dominant expansible 2:1 clay minerals (smectite) in
badlands. However, presence of a shoulder at the side of
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lower degree (left side) of 14.4 A in Mg saturated
specimens and the lack of conjunction of peaks of 10.0
and 16.5 A in Mg and Mg-ethylene glycol solvation
treatments were related to some of the smectites that
were mixed with other minerals such as chlorite and mica
(chlorite-smectite or mica-smectite). A well-defined
reflection at 10.0 A and its consistency in all of the
treatments showed the presence of mica (illite) as a
dominant mineral phase. Moreover, because of the
intense peak at 14.4 A in Mg treatment left after K-550
treatment, chlorite was the dominant mineral phase. In
addition, the reflection at 7.0 A in Mg treatment was
related to kaolinite and also the reflection at 3.3 A in all of
the treatments showed the presence of quartz as the
dominant mineral in this sample (Figure 4d).

Parent material: In this sample mica, quartz, calcite,
feldspar and halite were identified. The reflections at 2.8,
2.0 and 1.6 A were related to halite (Figure 5). Hence,
some salts such as gypsum and CaCOj; which were so
abundant in Marly lands of northern Iran had probably the
pedogenesis origin. The levels of gypsum and CaCOj; in
this stone were about 15.5 and 7.5%, respectively.
Piccarreta et al., (2006) reported that phyllosilicates were
dominated in badlands of Basilicata, of Southern Italy,
followed in order of abundance by quartz, calcite,
feldspars and dolomite. Traces of gypsum and hematite
were present only in some samples in their study area.
Also, they believe that clay mineralogy is dominated by
illite and kaolinite, followed by chlorite and expandable
clays.

Conclusion

1. Results showed that the percentage of saturation,
clays, fine clays, and the level of MWD, activity and liquid
limit had significant (p < 0.05) changes in some types of
erosion, whereas other physical parameters had no
significant effect on the form and type of erosion. Also,
the correlations between liquid limit, plastic limit and
plastic index with some soil physico-chemical properties
indicated that clay content, CEC level and percentage of
saturation were three important factors for estimating of
Atterberg limits.

2. Comparison of surface and underlying (near the
bedrock) layers in gullies and badlands indicated that the
percentage of clay, fine clay, and the level of liquid limit,
plastic limit, plastic index, bulk density, and ratio of fine
clay to total clay had an increasing procedure (without
any significance) from topsoil to subsoil, whereas
percentages of sand, silt, fine sand, and the level of
MWD had a decreasing procedure (without any
significance) from topsoil to subsoil. However, the mean
of physical factors of topsoil and subsoil in badlands and
gullies did not show any significant difference. But, the
results showed that the level of SAR in subsoil of
badlands was significantly (p < 0.05) more than topsoil.

3. The X-ray diffraction patterns of the clay fraction from
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Figure 4. X-ray diffractogram of clay fraction (< 2 um) from surface layers of: (a) sheet, (b) rill, (c) gully, and (d) badland
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Figure 5. X-ray diffractogram of clay fraction (< 2 um) from parent material of badland erosion.




surface layers showed an intense diffraction lines at 14.0
Ain Mg saturated specimens, which shifted to 17.0 A and
16.5 A after glycol solvation and confirmed the presence
of dominant expansible 2:1 clay mineral (smectite) in
gullies and badlands, whereas the expandable clay
minerals were not identified in rills. Since, the smectitic
group minerals have high potential for more shrinkage,
swelling and mobility which present dominantly in fine
clay fraction; so, it can be concluded that with increasing
the ratio of fine clay to total clay, retention of moisture
increases and infiltration of water decreases which in
turn, enhances the soil erodibility. Also with respect to the
X-ray diffractogram of parent material of badland erosion,
the salts of these areas had probably pedogenesis origin.
Also, sodium ions which are able to increase the
thickness of diffuse double layer of clay fraction bring
about the condition for more soil dispersing, intensifying
soil erosion.
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