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Abstract 

Water induced soil erosion, relating to improper land management, is a serious land degradation problem in 
Ultisols that results in rill and gully erosion. The extent of land degradation depends largely on the severity of 
erosion, which modifies the soil’s physical and chemical properties. A detailed understanding of eroded soil 
properties is essential for assessment of future land management and soil-water conservation. The aim of this 
research is to evaluate the changes in physico-chemical and mineralogical properties of ultisols associated with 
gully erosion in East Tennessee. The study area is located in the southern Appalachian Valley and Ridge province, 
where a thick sequence of red colored clay rich soil (soil series is the Collegedale-Etowah complex) is found on 
dolomite and limestone bedrock. Four one-meter long soil cores and fifty-two bulk samples were collected from 
sites of active gully erosion (two cores) and from adjacent non-gullied soil (two cores). The physico-chemical 
properties assessed for each sample included clay mineralogy using X-ray diffraction (XRD), scanning electron 
microscopy (SEM) with energy-dispersive X-ray (EDX) methods, pH, cation exchange capacity (CEC), nitrogen, 
potassium, and phosphorus, particle size distribution (PSD), Atterburg limits, bulk density, moisture content, 
porosity, saturated hydraulic conductivity (Ks), soil erodibility factor, and swelling potential. According to the 
USDA, soil texture was classified as silty clay loam and silty clay. Significant differences (p<0.05) existed 
between eroding and non-eroding soils for the following factors: clay and silt content; porosity Ks, K; Atterberg 
limits, and swelling potential. Statistically significant correlations were established between clay content and 
Atterberg limits, bulk density, Ks, and swelling potential. Furthermore, results of X-ray diffraction indicated the 
presence of quartz, chlorite, illite, kaolinite, kaolinite - smectite expansive clay, hematite and ferrihydrite. Relic 
crystals of calcite were found in the saprolite horizon. Overall result indicated that selected physico-chemical 
properties can be used as an indicator of gully erosion in southern Appalachian Ultisols.  

Keywords: gully erosion, physico-chemical properties, clay minerals, atterberg limit, swelling potential, XRD, 
SEM, ultisol  

1. Introducation 

Water induced soil erosion reduces soil’s productivity in terms of plant nutrient, water-holding capacity and 
hydraulic conductivity. In more severe cases erosion involves the removal of sediments from civil structures like 
roads, culverts, ponds, lakes and other surface water bodies, disruption of aquatic ecosystems and contamination 
of drinking water supplies (O’Geen & Schwankl, 2006). In the United States, approximately 2.4 billion tons of 
soil/year are deposited in the surface water bodies (Pimentel, 2000), resulting in 6,142 waterbodies (streams, 
lakes or reservoirs) listed as impaired due to the presence of sediment nationwide, including 5,953 miles of 
sediment-impaired streams in Tennessee alone (Tennessee Water Quality Assessment Report, 2012). There are 
three types of water induced soil erosion: sheet, rill and gully erosion (O’Geen & Schwankl, 2006). Among them, 
gully erosion poses the great challenge to geologists, soil scientists, forest conservationists and engineers, and 
afforestation can fail to restore the landscape (Lal, 2001). Gully erosion begins when runoff concentrates into 
channels, and results in the development of rills that enlarge into deep trenches in the land surface over time.  

Gully formation and morphology are frequently correlated with physiographic, climatic and anthropogenic 
factors such as topography, precipitation, vegetation and land use (Lal, 2001; Cerda A, 2002). Assessment of 
gully erosion is often based on soil erodibility, an estimate of the soil’s ability to resist erosion based on the 
integrated effect of rainfall, runoff, and infiltration (Lal, 2001). Models and indices used to estimate soil 
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erodibility include the soil erodibility factor (Zhang et al., 2003; Liu, 2003), the universal soil loss equation 
(USLE) (Cauley, 1986), revised USLE (Fistikoglu & Harmancioglu, 2002), and modified USLE (Nearing et al., 
2005), soil loss estimation models (Smith et al., 2000), and other measures to assess aggregate stability (Oades & 
Waters, 1991; Amézketa, 1999; Rienks et al., 2000). Erosion reduces soil stability and nutrient efficiency by 
altering the soil’s physical, chemical, and biological properties (Lal, 2001; Lobo et al., 2005; Santis et al., 2010), 
which are important factors in badland gully erosion, especially in clay-rich soils(Bryan & Yair, 1982; Imeson et 
al., 1982; Ingles & Aitchson,1969; Okagbue et al., 1988; Santis et al., 2010). 

The correlation of gully erosion severity with soil intrinsic physico-chemical factors is asserted in the literature 
(Nordström, 1988; Lal, 2001, Battaglia, et al., 2002; Summa et al., 2007, Rienks et al., 2000; Piccarreta, 2006; 
Singh & Prakash, 2000). Further, the state of soil dispersion and erodibility in erosion prone areas has been 
related to the exchangeable sodium percentage (ESP), the sodium adsorption ratio (SAR), the sodium percentage 
(PS) and the total amount of dissolved salts (TDS) of the surface soils (Faulkner, 2006; Piccarreta et al., 2006; 
Torri et al., 1994), although gullying occurs in soils that do not exceed the erosion threshold for these parameters 
(Rienks, 2000).  

While studies that assess the relationship between soil properties and erosion are widespread, few have 
quantified these relationships. Rienks (2000) examined soil physico-chemical properties and gully erosion in 
South Africa, concluding that erodibility was related to dispersion rather than lateral subsurface flow and piping. 
Igwe and Ejiofor (2005) related the structural stability of gully walls to soil physical properties, and found that 
low Atterberg limits were related to slumping of gully walls. Others assert that severely eroded soils tend to have 
more clay, less organic matter, and a lower moisture content than non-eroded soils (Nizeyimana & Olson, 1988; 
Rhoton & Tyler, 1990). A characterization of the change in soil properties resulting from a gradual erosion of 
surface and subsurface soil is needed, because a thorough understanding of erosion induced changes in soil 
properties is essential for effective planning, land management and conservation (Van-Zijl, 2010). In this regard, 
this study investigates the properties of eroding and non-eroding Ultisols in the Southern Appalachian Valley and 
Ridge physiographic province. The study involves soil analysis from subsurface soil horizons, by comparing 
their physical and chemical behavior from deep active eroding sites and adjacent non-eroding sites. The results 
of this study may be used to better understand how vegetation, soil chemistry, soil structure and erosion are 
related and lead to better gully management practices in similar soil.  

2. Study Area and Method 

2.1 Study Area 

Carbonate (limestone and dolostone) derived Ultisols comprise approximately 20%, of the total land area of the 
contiguous United States (including Tennessee, Georgia, Montana, and Florida) (Stiles & Stensvold, 2007). 
Generally distributed on slopes of undulating karst landforms, Ultisols support agriculture and pasture land uses, 
and they are encountered as earth materials in both land reclamation and civil engineering projects. Soil erosion 
is a serious land degradation problem in this soil, and is often associated with improper land management 
practices (Boero, 1989). Erosion in Ultisols commonly takes the form of rill and gully erosion which is typical 
for fine grained silty and clayey soils (Zhang et al., 2003).  

A 0.58 square km (144 acre) plot of land located in Washington County, Tennessee, surrounding the East 
Tennessee State University Valleybrook research facility (+36° 25' 36.77", -82° 32' 10.63") (Figure 1a), was 
chosen as a case study area. The facility comprises forest and pasture land, surrounded by agricultural and 
residential property. A study of historical aerial photographs from 1956, 1976, 1984, 1988, 1992, 1997, and 2006 
indicates mix of forest and pasture land cover existed at least from 1956 through the present. In 1983 the land 
was acquired as a research facility for animal nutrient supplements and from 1986 through 2010, land use in the 
study site was primarily cattle grazing and hay pasture with land cover of pasture grass interspersed with patches 
of brush and small trees (S & ME, 2010). Evidence of erosion appears first in the 1988 photograph, identified by 
an increase in albedo associated with loss of vegetative cover and surface soil exposure that typically precedes 
erosion. Based on the evidence from the aerial photographs, we conclude that the site has experienced at least 
twenty four years of undisturbed erosional history unmodified by any efforts to correct or halt the erosion. Hence, 
the undisturbed active gully areas in the facility are ideal candidates for the present study (Figure 2).  

The geomorphology of the Valleybrook facility is dominated by fluviokarst topography developed in soluble 
carbonate bedrock known as the Knox Limestone and Honaker Dolomite group. The rock is 762 m to 1,067 m 
(2,500 to 3,500 ft) thick, Ordovician to Cambrian aged, siliceous dolomite and magnesian limestone sequence 
(Moore, 1976), with isolated blocks of calcareous shale (Sevier Shale formation) which were transported from 
the ridges of the slopes by gravity. The rock is folded and faulted into a long northeast-southwest trending 
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pattern. Through differential erosion, the Knox, Honaker and Sevier formations have developed into the Valley 
and Ridge topography, and weathering of carbonate rock has produced the residual clay-rich Ultisols of the 
Collegedale-Etowah complex (CeD3) (USDA Web Soil Survey, 2011) (Figure 1b). Soil thickness varies from a 
few cm to as thick as 2.0 m (78.74 inches). Collegedale-Etowah is characterized by silty clay loam and silty clay 
textures (USDA Web Soil Survey, 2011). Generally, this soil is found at moderately high elevations, ranging 
from 189 m to 365.7 m (620 ft to 1,200 ft) above sea level. During periods of excessive precipitation the 
Collegedale-Etowah soil unit is moderately sensitive to weathering and erosion leading to gully formation. Field 
reconnaissance supports the soil unit description in the USDA Soil Survey report indicating this area is prone to 
severe erosion and unsuitable for agriculture and road construction (USDA Web Soil Survey, 2011). The reported 
average erosion factor for CeD3 is 0.28 indicating the soil is susceptible rill and gully erosion by water (USDA 
Web Soil Survey, 2011). 

East Tennessee has a Humid Subtropical climate (Cfa Köppen climate classification), characterized by hot 
summers, mild winters and year round precipitation. The average temperature ranges from 1.1°C (34°F) in 
January to 23.3°C (74°F) in July. The average monthly rainfall is 8.6 cm (3.4 inches), with annual totals ranging 
from 91.4 cm to 116.8 cm (36 to 46 inches). Currently the study area lies fallow, and evidence of past grazing is 
visible with sparse vegetation adjacent to patches of tall grass and briars. Approximately 10% of the site is 
deciduous forest, and soils are well drained with no evidence of obvious fragipans. Evidences of subsurface 
tunnel erosion were observed in the site, where roof of the tunnels collapse and accelerate gully erosion. 

 

 

Figure 1. Location map (a), sample locations for non-eroding site are 1 and 2, sampling locations for eroding 
sites are 3, and 4 and soil map of the area (b) 

 

East Tennessee has a Humid Subtropical climate (Cfa Köppen climate classification), characterized by hot 
summers, mild winters and year round precipitation. The average temperature ranges from 1.1°C (34°F) in 
January to 23.3°C (74°F) in July. The average monthly rainfall is 8.6 cm (3.4 inches), with annual totals ranging 
from 91.4 cm to 116.8 cm (36 to 46 inches). Currently the study area lies fallow, and evidence of past grazing is 
visible with sparse vegetation adjacent to patches of tall grass and briars. Approximately 10% of the site is 
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deciduous forest, and soils are well drained with no evidence of obvious fragipans. Evidences of subsurface 
tunnel erosion were observed in the site, where roof of the tunnels collapse and accelerate gully erosion.  

2.2 Sampling Procedures 

The sampling site comprises two severely gullied and two non-gullied locations in the Collegedale-Etowah soil 
series. A preliminary soil observation was performed in the field to identify Munsell soil color, soil structure, pH, 
and carbonate content test. Four soil cores and a series of bulk samples were collected from the area. Among the 
four 1 m (3.3 ft) long soil cores, two were extracted from exposed active gully areas (eroding sites), and two 
from the adjacent soil which showed no evidence of past gully erosion (non-eroding sites). Each core was 5 cm 
(2 inch) in diameter and was portioned into thirteen 7.5 cm (3 inch) long intervals (starting from 0 cm, 7.5 cm, 
15 cm, 22.5 cm, 30 cm, 37.5 cm, 45 cm, 52.5 cm, 60 cm, 67.5 cm, 75 cm, 82.5 cm, and up to 100 cm), yielding a 
total of fifty-two core samples. A check for compaction was made for each core before removing the sampler 
from the soil by removing the sampler’s handle and inspecting the relative height of soil inside and outside the 
sampler. The soil cores were sealed immediately in the field and were transferred to the laboratory for analysis. 
Fifty-two additional bulk samples were collected at the coring sites, at depths matching the core sample depths. 
The additional bulk samples were necessary to provide a sufficiently large volume of soil to complete the 
laboratory tests. Of the fifty two bulk samples, twenty-six were collected from the eroding gully complex, and 
twenty-six were collected from the non-eroding vicinity. The bulk samples were collected in sterile polythene 
bags and transported to the laboratory for processing.  
 

 
Figure 2. Gully erosion looking upslope (a), and looking downslope (b) in the study area 

 
2.3 Sample Preparation and Physico-chemical Analysis Methods 

In the laboratory, the core samples were analyzed to determine the following physico-chemical characteristics: 
pH; cation-exchange capacity (CEC); Nitrogen (N), Potassium (K), and Phosphorus (P) content; bulk density; 
moisture content; porosity; saturated hydraulic conductivity (Ks); and swelling potential, because these tests are 
sensitive to soil disturbance from bulk sampling procedure. The bulk samples were air-dried and clay mineralogy 
was determined using X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy-dispersive 
X-ray (EDX) methods. The bulk samples were also used to determine particle size distribution (PSD) and 
Atterberg limits. A 3% to 9% soil compaction was noticed in the soil cores, an unavoidable result of friction 
between the soil and corer. Compaction may affect bulk density, porosity and Ks, however it is assumed that 
uniform compaction throughout the coring process does not affect the general trend of the results. 

Particle size distribution analysis (PSD) was performed using sieve and hydrometer analysis to determine the 
gradation (distribution of soil particles, by size) within a given sample. PSD analysis was performed following 
USDA 3A1 method (Soil Survey Investigations Report No. 42, Soil Survey Laboratory Methods Manual, 
Version 4.0, November 2004, USDA, NRCS) and the result was plotted using a USDA Soil Texture Triangle. 
Atterberg limits (liquid limit (LL), plastic Limit (PL) and plasticity index (PI)) were measured on the portion of 
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the sample that passed through a 425-μm (No. 40) sieve using the ASTM D4318 method (ASTM, 1996). Bulk 
density was calculated as the ratio of the weight of each core sample to its volume (7.5 cm long, and 5 cm in 
diameter) (Blake, 1986). Moisture content was measured using the ASTM D 4643 method (ASTM, 1996). 
Differential swell tests were performed on the samples using water and kerosene as solvents for the clay minerals. 
The degree of swelling was the difference between the initial and final volume of the soil after a period of 24 
hours (IS: 2720, 1997). Total porosity was calculated in undisturbed core samples using Danielson’s method 
(Danielson, 1986). The Ks was measured using a constant head permeameter according to the ASTM D 2434 
method (ASTM, 1996). The soil erodibility factor commonly used in the Universal Soil Loss Equation (USLE) 
was determined using the nomograph of Wischmeier and Smith (1978), which estimates K from five soil and 
soil-profile parameters: percent modified silt (0.002-0.1 mm), percent sand (0.1-2 mm), percent organic matter 
(OM), soil structure class (s) and soil permeability class (p). The structure and permeability classes and groups of 
classes were taken from the Soil Survey Manual (USDA, 1951).  

Mineralogical analyses were carried out on the clay fraction of powdered soil samples. The clay fraction was 
separated by means of fractioned sedimentation in accordance with Stokes' law. Samples were analyzed on a 
Shimadzu XRD 6000 diffractometer run at 40.0 kV and 30.0 mA. Data were collected over a 2 range of 5°- 45° 
with a continuous scan of 2.0°/min and 0.02° sampling pitch. XRD peaks (reported as 2°) were converted to 
d-spacings (in Å) using Bragg’s Law. Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) 
microanalysis, completed on an FEI Quanta ESEM, complemented the XRD studies. Spot scans and whole 
sample scans were performed using the dispersive X-ray (EDX) system for elemental analysis. The SEM-EDX 
analysis was used to (1) determine the elemental composition, and (2) confirm the presence of various minerals 
in the bulk samples.  

In accordance with methods outlined in the Soil Survey Laboratory Methods Manual (USDA, 2004), soil pH was 
determined in the field using pH meter, and also tested in the laboratory using indicator dye. Cation Exchange 
Capacity (CEC) was estimated through correlation with clay content (Weil, 2005). Nitrogen, Phosphorus and 
Potassium content were estimated using indicator dyes. The physical, chemical and mineralogical properties of 
the soil samples with respect to various soil horizons are summarized in Tables 1 and 2. To compare eroding 
versus non-eroding soils for the variables of interest, a Univariate Analysis of Variance was conducted in SPSS, 
using depth and eroding status as factors and the cores as replicates. Depth was included as a factor because the 
variables tended to be correlated with depth. Spearman’s correlation coefficients were calculated to quantify the 
relationship between variables (Table 3). 

3. Results and Discussion 

3.1 Soil Profile 

Throughout the study area, the bedrock/soil interface was irregular due to pinnacles of rock protruding into the 
soil, and occasionally exposed at the surface (Moore, 1976). The field analysis revealed that the soil profiles had 
obvious soil layers, and four soil horizons were identified. In the non-eroding site, the surface horizon (O) was 
very thin, present only to a depth of 2 cm (0.78 in). The underlying A horizon, from a depth of 2 - 19 cm (0.78 - 
7.48 in) consisted of a dark orange to reddish brown fine to coarse grained, granular, loose sand. The B horizon, 
located at a depth of 19 - 80 cm (7.48 in - 31.5 in), was characterized by illuviated fine grained massive clay. 
Below the B horizon, a probable saprolite zone (C horizon) consisting of partially altered carbonate rocks was 
present, which graded into the parent carbonate bedrock. The thickness of the saprolite zone could not be 
established, because the C horizon extended beyond the sampling depth.  

The soil horizons in the eroding site were less well defined, because the soil was profoundly disturbed by 
slumping along the gully walls. The O horizon was non-existent due to active erosion, and therefore the A 
horizon extended from 0-50 cm (0-19.7 in) in depth, and was dominated by granular, non-cohesive, reddish 
brown colored sand. An abrupt change in grain size distribution from sand-dominated to clay-dominated soil 
marked the upper boundary of the B horizon which extended from 50- 80 cm (19.7-31.5 in) in depth, and graded 
into the C horizon.  

3.2 Soil Texture, Color and Atterberg Limits 

Soil texture is an important factor in soil erodibility because soil texture determines the consistence, cohesion, and 
mobility of the soil. PSD analysis to determine soil texture (Figure 3a and b) indicates variation between eroding 
and non-eroding sites. The soil samples from the non-eroding sites were sandy loam to clay loam, and silty clay 
loam while samples from the eroding sites consisted of sandy loam to loam soil. In both the eroding and 
non-eroding sites, sand content decreased gradually with depth as the proportion of finer particles increased, 
partially due to illuviation and argillation in the B and C horizons (Brady & Weil, 2008). Silt content was higher 
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in the eroding sites (43.3%) than in the non-eroding sites (37.7%) (p<0.000). The clay content of a soil plays a 
significant role in soil erosion; a clay content ranging from 10% to 40% helps in soil aggregation and reinforces 
soil stability, while a clay content of less than 10% interferes with cohesion and formation of soil aggregates, 
making the soil more vulnerable to raindrop impact (Ramezanpour et al., 2010). The average clay content of the 
eroding sites (15.4%) was significantly lower than the clay content of the non-eroding sites (26.3%) (p<0.000). 
Examining the clay content by horizon, the clay fraction in the A horizon for the eroding sites was less than the 
10% recommended (by Ramezanpour et al., 2010) for cohesion and the development of aggregates. For lower 
clay content potential for erosion may accelerate. The mechanism by which the clay is removed is not clear 
although evidence of eluviation/illuviation/argillation is there, obvious from increase in clay content with core 
depth. In addition to clay content, a soil’s organic content enhances the stability of soil aggregates. Results 
indicate a very low organic content in the soil samples, which is expected in Ultisols with no vegetative cover. 
Inadequate organic matter damages soil structure, reduces water and nutrient holding capacity, and lessens the 
supply of plant nutrients such as nitrogen, phosphorus, potassium and sulfur.   

 

Table 1. Physical properties of the core samples from non-eroding and eroding sites 
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O 0 to 2 65.00 30.00 5.00 35.00 25.14 9.86 1.22 20.00 38.00 7.89 1.05 0.29

A 2 to 18 58.00 35.00 7.00 26.50 15.30 11.20 1.29 22.12 39.00 8.54 5.20 0.31

B 18 to 76 50.38 40.13 9.50 34.25 23.20 11.05 1.23 18.50 49.50 15.70 22.66 0.33

C 76 to 100 22.00 38.00 40.00 28.56 10.92 17.64 1.48 27.10 35.00 5.41 18.23 0.24

O 0 to 1 62.00 33.00 5.00 30.12 25.16 4.96 1.25 22.50 40.00 8.73 2.50 0.30

A 1 to 19 50.40 35.80 13.80 30.20 20.15 10.05 1.31 23.20 40.00 9.87 9.57 0.29

B 19 to 80 47.29 39.14 15.57 41.00 19.11 21.89 1.45 24.86 40.29 7.68 21.02 0.26

C 80 to 100 29.00 35.00 36.00 25.06 12.50 12.56 1.50 26.00 40.00 8.50 13.20 0.26
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A 0 to 48 50.38 40.13 9.50 34.25 23.20 11.05 1.26 18.80 49.50 9.32 7.66 0.33

B 48 to 80 28.50 45.00 26.50 38.07 21.30 16.77 1.25 25.00 41.75 8.20 15.98 0.33

C 80 to 100 35.00 40.00 25.00 22.55 10.97 11.58 1.35 25.00 42.00 8.60 14.31 0.31

A 0 to 50 48.75 41.88 9.38 34.73 24.18 10.55 1.16 18.88 51.00 18.5 9.05 0.34

B 50 to 77 27.50 47.25 25.25 37.60 21.56 16.05 1.28 24.00 42.25 6.80 17.75 0.34

C 77 to 100 37.00 39.00 24.00 23.73 14.04 9.69 1.32 25.00 40.00 8.20 16.80 0.32
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Table 2. Mineralogical composition of the soil horizons 

Soil Horizon Minerals 
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O/A Quartz, Hematite, Ferrihydrite 

B Quartz, Hematite, Kaolinite, Chlorite, Illite, Smectite 

C Quartz, Hematite, Kaolinite, Chlorite, Calcite 
E
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 s
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A Quartz, Hematite, Ferrihydrite 

B Quartz, Hematite, Kaolinite, Chlorite 

C Quartz, Hematite, Kaolinite, Chlorite, Calcite

The color ranged from dark orange to brown to reddish brown, and the Munsell hue ranged from 7.5 YR to 2.5 
YR indicating the presence of hematite and ferrihydrite (Torrent et al., 1983; Barron & Torrent, 1986; 
Schwertmann, 1988; Boero & Schwertmann, 1989). Munsell value ranged from 5 to 7 confirming the absence of 
significant organic matter in the soil. Munsell chroma represents the spectral strength of the color, and the soil in 
the study area had a bright chroma, indicating well oxidized and well drained soil, however, thin layers of gleyed 
patches were observed at the interface between the A and B horizons in the cores extracted from eroding sites, 
which is indicative of poor drainage or seasonally water-logged conditions.  

 

 
Figure 3. Grain size distribution plot of non-eroded (a) and eroded (b) sites with respect to depth 

 

Atterberg limits does not directly help to identify erosive soils, but studies indicated that high values for Atterberg 
limits (PL, LL, and PI), are associated with lower soil dispesion and erodibility (Okagbue & Ezechi, 1988; Igwe & 
Ejiofor, 2005). As water content increases in soil, clay and silt become softer, shifting from a solid to a plastic 
state, and eventually to a liquid state once the soil fails to retain its shape (Yalcin, 2007). Atterberg limits 
therefore, measure the quantity of water that must enter the soil before it loses coherence, which is an important 
distinction for hillslope soils that are wetted by infiltration of precipitation, especially when these soils have low 
infiltration rates associated with the presence of clays. A higher Atterberg limit contributes to soil stability under 
these conditions (Rienks et al., 2000). The mean plastic limit (PL) values for finer soil in non-eroding and 
eroding sites were 19.3% and 22.6%, respectively. The slightly higher average PL observed in this study may be 
due to the presence of different clay minerals. The liquid limit (LL) and plasticity index (PI) values of 
non-eroding sites were 35.8% and 16.4% respectively, and the LL and PI values of eroding sites were 34.8% and 
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12.2% respectively. Examination of the plotted LL and PI values on a Casagrande plasticity chart (Figure 4) 
classified the non-eroding soils as low to medium plasticity clay. About one-third of the soils from eroding sites 
were plotted below the A-line with a PI of less than 50, indicating the presence of low plasticity silt. The remaining 
samples were classified as low to medium plasticity clay, described as loose, non-cohesive and prone to erosion by 
raindrop impact. The Atterburg limits are a function of the distribution of fine grained clays and the clay 
mineralogy, reflecting the increasing trend of PI with increasing LL, which correlates with increasing clay 
content in the soil profiles for both eroding (r=0.601, p=0.001) and non-eroding (r=0.600, p=0.001) soils. The 
samples from both non-eroding and eroding sites are plotted in the kaolinite and illite field in the plasticity chart, 
confirming the results of the XRD analysis (Figure 4).  

3.3 Soil Bulk Density and Moisture Content 

Due to compaction of the soil cores observed during extraction, a slight overestimation of bulk density was 
expected in the samples. The bulk density values of non-eroding Ultisols ranged from 1.22g/cc to 1.50g/cc and 
were significantly greater than bulk densities of the eroding soil (1.16g/cc to 1.35g/cc) (p<0.000). The bulk 
density of the non-eroding soil gradually increased with depth, while in comparison, the bulk density of the 
eroding soil was nearly constant to a depth of 50 cm (19.68 in), at which point it increased abruptly (Figure 5a 
and b). This change correlated positively with changes in soil clay content (r=0.777, p<0.000) and negatively 
with Ks (r=-0.774, p<0.000).  

Although moisture content is a highly variable parameter, both spatially and temporally, soil moisture has a 
significant impact on surface runoff and erosion, whether by runoff due to saturation or by runoff associated with 
rainfall rates exceeding infiltration rates (Wei, 2007). Gullying is a consequence of severe water erosion (Brooks 
et al., 1997), and as a result, soil moisture content is an important parameter to consider in sites where erosion is 
present, because moisture content is one factor governing surface runoff. Internal cohesion of soil is reduced by 
lack of moisture, and dry aggregates are broken down by raindrop impact into fines that seal surface pores, 
reduce infiltration and increase runoff (Wei, 2007). In this manner, the soil becomes vulnerable to water erosion 
(Zhang et al., 2011). While we recognize that soil moisture is a variable parameter in both space and time, 
because all four cores were extracted in a two-hour time window, diurnal variations in soil moisture are not a 
factor. Differences in soil moisture between the eroding and non-eroding sites can provide clues to the 
connection between antecedent moisture conditions and erosion at this site. On average, soil samples from the 
eroding sites had slightly lower moisture content than soil samples from the non-eroding sites (22% and 24.54%, 
respectively). Moisture content varied with depth for both the eroding (r=0.829, p<0.000) and non eroding 
(r=0.783, p<0.000) sites; the soil moisture in the topsoil horizons was significantly higher than the soil moisture 
in the lower horizons for both the eroding (p=0.005) and non-eroding (p<0.000) soils (Figure 6a and b). With 
depth, the moisture content decreased slightly, and then gradually increased in the B horizons. This increase 
correlated with the percent clay in the soil (r=0.770, p<0.000).  
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Figure 4. Atterberg limits of soils from non-eroded and eroded sites. Figure indicates the field of clay minerals 

 

3.4 Porosity, Hydraulic Conductivity, Swelling and Erodibility Factor 

Soil porosity can be an indication of soil aggregation, because soil aggregates provide pore space for the storage 
and exchange of water and air. The larger the aggregate, the higher the porosity, and the easier it is for water to 
infiltrate and percolate through the soil horizons. The stability of the soil aggregates is paramount, because 
raindrop impact can dislodge soil particles in poorly aggregated soil. If the dislodged particles are fine enough 
they are transported through eluviation to lower horizons, and accumulate in an illuviation zone associated with 
the B horizon. Larger dislodged particles may clog soil pores near the surface, forming a low permeability crust 
that reduces infiltration and impedes water movement through the soil (Wei, 2007). Average soil porosity was 
higher for the eroding site (47.5%) than for the non-eroding site (40.7%) (p<0.000). For the eroding site, soil 
porosity was correlated with depth over all horizons (r=0.703, p<0.000). Specifically, porosity in the topsoil, 
where the majority of the soil erosion was occurring, was significantly higher (45% to 56%) than soil porosity in 
the B and C horizons (p<0.000). The field observation indicated that soil samples from both sites had a granular 
structure, and macroporosity associated with a well-structured soil was lacking.  

A soil generally has 50% of its pores filled with air and the other 50% with water (Brady & Weil, 2008), and the 
soil in the non-eroding sites demonstrated the relationship (Figure 6a) with moisture content approximately equal 
to half of porosity. This relationship does not hold true in the eroded soil, especially in the A horizon, where high 
porosity was correlated to reduced soil moisture content (r=-0.827, p<0.000), possibly because increased 
porosity resulted in increased drainage, which led to drier conditions in the A horizon (Figure 6b). Low moisture 
content in the A horizon can be linked to the low clay and organic content of the soils, because the presence of 
clays and organic material tends to increase soil moisture content (Brady & Weil, 2008). Low clay content, low 
organic content, and low moisture content conditions are not conducive to favorable vegetation and biological 
activity, and as the situation persists, the site will become even more susceptible to gully erosion.  

Ks is a measure of how well water can move through the soil; a useful parameter for land management. In the 
non-eroding site, Ks ranged from 5.41 to 15.7 m/day (17.7 to 51.5 ft/day), with an average of 8.50 m/day (27.8 
ft/day). Cores from the non-eroding site did not show significant fluctuation in Ks with depth (p=0.13). In 
contrast, Ks for samples from the eroding site was correlated with depth (r=0.780, p<0.000). In the A horizon, Ks 
ranged from 9.32 to 18.5 m/day (30.57 to 60.7 ft/day), related to the high porosity and high erosion rate 
consistent with this horizon. In the B horizon Ks dropped to 6.8 to 8.2 m/day (22.3 to 26.9 ft/day) (Figure 5a and 
b). This abrupt vertical change in Ks has been linked to gully erosion, because high Ks coupled with high 
porosity gives rise to high infiltration rate and flow velocity in the A horizon (Lin et al., 1999; Blanco-Canqui et 
al., 2002; Igwe & Ejiofor, 2005; Kutίlek et al., 2006), however when percolating water reaches the B horizon, an 
abruptly lower Ks halts the downward movement of water and builds up an upward pore pressure, favoring 
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internal erosion and piping (Rooyani, 1985; Yaalon, 1987). An obvious, negative correlation was observed 
between bulk density and Ks (r=-0.774, p<0.000) (Figure 5a and b).  

 

 
Figure 5. Change in bulk density and Ks of soils in non-eroded (a) and eroded (b) sites with depth 

 

 
Figure 6. Change in moisture content and porosity of soils in non-eroded (a) and eroded (b) sites with depth 
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A soil’s clay content plays an important factor in the formation of soil aggregates, and reinforces soil stability, 
however, clays with a high swelling potential can have the opposite effect on soil stability. If expansive clays are 
present, these minerals will swell in the presence of water, and will shrink in dry conditions. Repeated 
shrink-swell cycles may destroy the clay aggregation and lead to further erosion (Chappell et al., 1999; Emami & 
Ghazavi, 2002; Bronick & Lal, 2004). Further, in dry conditions, clay can shrink, producing internal cracks 
which may facilitate tunnel or piping erosion. When heavy rainfall occurs, runoff enters the cracks and erodes 
the soil from within. The tunnels or pipes eventually develop into gullies when the tunnel roof collapses (Crouch 

et al., 1986; Rienks, et al., 2000). Field observations of the site indicated headward erosion of existing gullies 
through collapse of tunnels or pipes as subsurface runoff emerged spring-like at the head of a gully, similar to 
channel-head retreat observed in eroding tropical Ultisols (Chappell et al., 1999).  

The swelling potential in eroding sites was low with an average of 12.18%. In the non-eroding sites, noticeable 
swelling was observed within the depth of 30 to 60 cm (11.8 to 23.6 in), which ranged from 25.3 to 35.8 % 
(Figure 7a and b). The swelling property of soil was significantly correlated to the clay content (r=0.770, 
p<0.000) hence the eroded soil with lower clay content had correspondingly lower swelling potential. The clay 
mineralogy is also important as some mixed layer kaolinite-smectite was found in the B horizon of the 
non-eroding soil.  

 

 
Figure 7. Change in % swelling of soils in non-eroded (a) and eroded (b) sites with depth 

 

The soil erodibility factor was estimated using soil texture, organic matter, soil structure and Ks of the soil. In the 
study area the average soil erodibility factor for the non-eroding site was 0.27, and for the eroding site was 0.33, 
where a higher value for soil erodibility factor indicates a higher susceptibility to erosion. These values are 
consistent with the reported average value of 0.28 for Collegedale-Etowah series. The higher erodibility factor in 
the eroding site indicates that once erosion has begun, the soil become less resistant to future erosion. For the 
non-eroding sites, K decreased noticeably below the B horizon, whereas for the eroding sites soil erodibility 
factor was constant except for a small increase in the upper portion of the B horizon. This increase can be due to 
a combined effect of increased silt content and reduced Ks in the samples.  

3.5 Soil Mineralogy and Geochemistry 

Mineralogical differences between the non-eroding and eroding soils using XRD analysis were trivial. Quartz 
was prevalent in all soil horizons, and at both eroding and non-eroding sites, the soil contained silicate clay such 
as chlorite, illite, and kaolinite. Chemical weathering of carbonate minerals yields a non-carbonate fraction, 
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including silicate minerals (derived from allogenic materials like loess, colluvium, and alluvium, or present as 
impurities within the carbonate bedrock). This non-carbonate fraction produces a thick clay-rich soil cover, and 
the type of clay minerals present has an impact on the severity of the gully erosion (Boero, 1989). Following 
glycolation, the clays from the B horizon of the non-eroding sites contained a mixed kaolinite-smectite layer, 
indicating expansive properties, however expanding clays were absent in the eroding sites. This absence can be 
explained by the removal of fine-grained sediment by raindrop impact, stormwater runoff and gully wall 
slumping. The saprolite-dominated C horizon from both eroding and non-eroding sites had a similar mineral 
assemblage with the additional presence of relic carbonate from the underlying bedrock. The XRD result was 
confirmed with Atterberg limit plot (Figure 4), where the soils plotted in the illite and kaolinite field of the 
plasticity chart (Casagrande, 1948). XRD analysis indicated the presence of hematite in the clay fraction, and 
broadening of the diagnostic hematite XRD peaks indicates a low degree of crystallinity. The presence of 
sparingly soluble iron oxides like hematite and ferrihydrite in Ultisols, gives the soil its characteristic bright red 
color (Boero & Schwertmann, 1989). Ferrihydrite, however, was not detected by XRD, probably due to its 
amorphous crystal structure. The presence of kaolinite and iron oxide are indicators of ongoing weathering 
consistent with lateralization that decreases soil stability (Constantini et al., 2002).  

The XRD studies were complemented by scanning electron microscopy (SEM) augmented with 
energy-dispersive X-ray (EDX) microanalysis. EDX results indicate that elements such as O, Si, Al, Ca, Fe, and 
Mg are prolific in the soil samples. The analysis was performed on several samples from eroding and 
non-eroding sites, and two representative spot analysis results are presented. B horizon samples from both the 
eroding and non-eroding sites contain kaolinite clay minerals, identified from their crystalline structure and 
elemental composition. The EDX analysis established that the kaolinite and illite crystals were coated with 
granular hematite, resulting in the destruction of the clay minerals’ crystalline structure when iron oxide bonded 
to the colloids, producing granular micro-aggregates (Figure 8). SEM results from the saprolite layer (C horizon) 
in Figure 9 indicate the presence of relic rhombohedral calcite crystals surrounded by iron-coated clay minerals. 
This observation was confirmed by the EDX elemental analysis.  

3.6 Soil pH and Macronutrients 

Soil pH has not been shown to directly affect gully erosion, however, a correlation between a change in soil pH 
and erosion processes has been observed (Gachene et al., 1997). Soil acidification is related to a loss of soil 
quality; when vegetation is unable to flourish in acidic soil, it may die, its roots will no longer retains the soil, 
and soil erosion will commence. A low pH in the range of 4.5 - 6.0 in the A horizon was found in both eroding 
and non-eroding sites. The pH increased slightly with depth at the interface of B and C horizons, and in the C 
horizon. This was due to the natural liming effect of the limestone bedrock. The average CEC of the eroding site 
samples was significantly lower (12.30 cmol/kg) than the soils in the non eroding sites (21.04 cmol/kg) 
(p<0.000). Low CEC in the eroding sites can be explained by erosion-induced changes in organic matter and 
clay content of the A horizon. The depth profile distribution of CEC was characterized by a slightly increased 
trend with soil depth due to change in soil texture and clay concentration in both eroding and non-eroding soil.  

Ultisols in the study site were non-fertile with relatively low concentrations of essential plant nutrients. The 
major macronutrients (Nitrogen, Phosphorous, and Potassium) were low in both sites, and Nitrogen and 
Potassium were significantly lower in the eroded soil in comparison to the non-eroded soil (p<0.000 for both). 
This is a direct result of the soil texture; nutrients did not adhere to the coarse soil grains and were washed away 
with the finer clay colloidal particles in the gully area. With the exception of the surface horizon of the 
non-eroding site, Nitrogen concentration was low throughout the profile. This slightly increased Nitrogen 
concentration at the surface was most likely due to the site’s previous use as pasture and grazing land. Likewise, 
Potassium and Phosphorous concentrations were increased at the transition between the A and B horizons, 
because the finer clay in the B horizon assists in nutrient retention.  
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Figure 8. The SEM image and EDX analysis indicate presence of crystalline kaolinite clay in B horizon of one 
non-eroding site soil sample (a). Presence of granular hematite was confirmed from iron peak which coated the 

kaolinite and illite crystals (b) 

 

 
Figure 9. The SEM image and EDX analysis from saprolite layer (C horizon) indicate the presence of relic 

rhombohedral calcite crystal (a) surrounded by iron-coated clay minerals (b) 

 

4. Conclusion 

The physico-chemical properties of Ultisols derived from Ordovician to Cambrian aged, siliceous dolomite and 
magnesian limestone were investigated to evaluate the interaction of gully erosion and soil properties. Soils from 
eroding and non-eroding sites were sampled, and the following physico-chemical properties were measured: clay 
mineralogy, pH, CEC, macronutrients (Nitrogen, Potassium, and Phosphorus), PSD, Atterburg limits, bulk 
density, moisture content, porosity, Ks, soil erodibility factor, and swelling potential.  
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The field analysis of the soil profiles indicated obvious soil horizons, and four soil horizons were identified. The 
soil texture ranged from sandy loam, loam to clay loam and silty clay loam. Differences in the physico-chemical 
properties of soil profiles in the eroding verses non-eroding sites were related to gully erosion. The average clay 
and silt content, porosity, moisture content, Ks, soil erodibility factor, Atterberg limit values, and swelling 
potential had significant differences between eroded and non-eroded sites (p<0.05). In contrast, erosion status 
was not significantly correlated to sand content, bulk density, soil color, pH, CEC, nor macronutrient content. 
Statistically significant correlations were identified between clay content and Atterberg limits, bulk density, Ks, 
and swelling potential.  

Because there are differences in soil physico-chemical properties between the non-eroding and the eroding site, 
land management strategies to restore the land and halt the erosion should consider these differences when 
selecting appropriate restoration methods. Seedlings that thrive in the non-eroding soils may not become 
established in the eroding soils due to active erosion and differences in porosity, particle size distribution, Ks, 
moisture content, and soil fertility. Hard mitigation measures such as construction of berms to redirect runoff 
away from eroding sites, construction of detention ponds to reduce surface runoff, and soil upgrading and back 
sloping to reduce slumping on steep slopes have the potential to reduce future gully erosion. Soft mitigation 
measures such as seeding and mulching after applying fertilizer can help to improve soil stability and fertility 
and restore eroded areas. The applicability of the various hard and soft mitigation strategies for protection and 
restoration of the gullied area needs further evaluation. Also needing further evaluation is the role of topography, 
rate of change of slope, presence of exposed bedrock or transported boulders, local drainage patterns, soil 
thickness, and rainfall intensity on soil properties and erosion. 
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