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INTRODUCTION
Soil in the tropics is fragile. It can be easily degraded (Fearnside, 2006), which is 
defined as the process of decreasing soil quality in relation to plant productivity 
(Lal, 1986). An important factor that contributes to the soil degradation process 
is a rapid decline in soil organic matter due to continuously high temperatures in 
the tropics, soil cultivation which favours rapid organic matter oxidation, surface 
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ABSTRACT
A degraded area in Forest Research and Education (FRE) Wanagama 1 was 
successfully rehabilitated with Gliricidia sepium, a fast growing pioneer species 
capable of producing a great amount of organic matter, and which facilitates the 
development of a shallow clay soil. Since rehabilitation, this area has received 
minimal human disturbances, and is thus a suitable area for studying soils 
developed on/or in association with limestone parent material. Such studies, which 
are rather limited, contribute to knowledge on soil development in the tropics. 
Soil samples from six plots representing two different stand ages (44 and 28 
years old) of G. sepium, three slope positions, and soil depths were collected and 
analysed for selected physical, chemical and mineralogical properties. Results of 
this study showed that the soil is dark brown to very dark grey in color, contains a 
high amount of organic matter, is pH neutral to alkaline and is dominated by clay 
particles which mainly consist of smectite; the soil can  therefore be classified 
as Vertisols. The smectite-dominated soil is developed from dissolution and 
subsequent precipitation of limestone parent materials. Soil forming factors, 
namely monsoonal climate, dense vegetation which causes builtup of soil organic 
matter content, and terracing were responsible for the formation processes.
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run-off and erosion which are induced by the opening of forest canopy (Lal 1986; 
Smiley and Kroschel, 2008; Laganiere et al., 2013). 

There is growing concern on rehabilitation of tropical forest area and its 
soil conditions. Forest rehabilitation can improve soil conditions but different 
tree species may affect soil development differently. Fisher and Binkley (2000) 
suggest eight mechanisms by which vegetation may vary in their effects on soil, 
including quantity and quality of carbon compound addition, nitrogen input, soil 
organisms, mineral weathering, pedogenesis, physical properties, water loss and 
atmospheric deposition. Several researchers have reported an improvement in 
soil organic carbon and nutrient content status following forest rehabilitation, 
for example, Macedo et al. (2008) in Rio de Janeiro and Deng et al. (2013) in 
China.  However, there is no information on mineralogical components of soil 
that develops subsequent to forest rehabilitation, especially on calcareous rock 
(limestone) parent material. Sedov et al. (2008) gathered  information from 
various studies on tropical ecosystem and found several types and descriptions 
of soils developed on calcareous parent rock material. They were widely diverse 
and ranged from shallow profile soils with low weathering status and mollic 
epipedon (found in South-eastern China), to young Entisols and Mollisols,  more 
developed soils like Alfisols and Ultisols (in the tropical islands of the Pacific 
and Caribbean), even deeply weathered ‘Red Ferrallitic’ soils rich in kaolinite (in 
Cuba) and Oxisols (in Jamaica). Soils in the humid tropics and the monsoonal 
region of Indonesia have been reviewed by Tan (2008) who described that soils 
developed on or from calcareous material can vary from Vertisols (previously 
named Grumusols), lowland Alfisols (previously named red Mediterranean soil), 
and in some cases upland Ultisols (red-yellow Podzolic soils). Mella and Mermut 
(2010) describe the genesis and mineralogy of reddish Alfisols and black Mollisols 
developed in an uplifted coral reef in West Timor, Indonesia. Indeed, tropical soils 
are very diverse even within small areas because the soil forming factors vary 
within small localities (Fisher and Binkley, 2000; Tan, 2008). 

MATERIALS AND METHODS
In this paper, young clayey soils developed on calcareous (limestone) parent 
material at an ex-degraded forest area rehabilitated with Gliricidia sepium are 
assessed. Prior to rehabilitation, the forest area was characterised by scarce and 
scattered soil patches between rocks. Rehabilitation of the degraded forest area 
was started in 1969 using a biological approach involving pioneer vegetation 
(Acacia vilosa, Leucaena leucocepala and Gliricidia sepium) and terrace 
establishment which was conducted by arranging the rocks in the terrace edge. 
The initial rehabilitation program was conducted in compartment 5 in 1969 and 
extended to compartment 6 in 1985 (Suseno, 2004). At present, these areas are 
mostly occupied by G. sepium with the stand age being approximately 44 and 28 
years, respectively. Supriyo (2004) classified the soil that developed in these areas 
as Entisols (Lithosol) on the basis that it has shallow soil depth (< 20 cm).

Nurjanto et al.
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Study Site
This study was performed in Forest Research and Education (FRE) of Wanagama 
1, Gunung Kidul District, Yogyakarta Province, approximately 35 km south-east 
of the city of Yogyakarta, Indonesia. The topography is hilly with the altitude 
being about 115 – 205 m above sea level. The climate is monsoonal, characterised 
by a distinct dry season with dry months (rainfall < 60 mm/month)  and more 
than 6 months with an annual rainfall of 1,500 - 1,900 mm year-1 (Supriyo, 2004).  
After rehabilitation with G. sepium, the area had minimal exposure to human 
disturbance, making the area a good site for studying tropical pedogenesis on 
calcareous parent materials. 

Six plots representing two different ages of G. sepium, 44 and 28 years old, 
and threee slope positions were established in compartments 5 and 6, respectively. 
Both compartments are adjacent to each other and are separated by the Oya river. 
Topography of both compartments is similar with the slope averaging from 20 
to 40 % downward to the river, thus they have an opposite sloping direction. 
The 44- and 28-year old G. sepium have a stand density of 1208 – 1550 ha-1 and 
2341 – 4650 ha-1, respectively, with an annual litter production of 5.04 ton ha-1 

and 6.16 ton ha-1, respectively. As comparison, a control plot was established in a 
bare area without vegetation except for several stands of Melaleuca cajuputi and 
Santalum album. Grasses grew to cover the control plot soil due to the availability 
of sufficient sunlight. This was in contrast to soils under G. sepium stands which 
were devoid of grass cover.

Sample Collection and Analysis
Soil samples were taken from each plot at three positions (two diagonals and 
centre) at depths of 0-10 cm, 10-20 cm and 20-30 cm soil. At the Laboratory of 
Plant Physiology and Forest Soil, Faculty of Forestry, Universitas Gadjah Mada, 
soil samples from similar depths were mixed and used as sample composite. The 
samples were air dried and passed through a 2-mm pore sieve. These samples 
were used for determining pH using a mixture of soil sample and distilled water 
(1:2.5, w/v) with a glass electrode (McLean, 1982) Hanna Instrument HI 8314 
and soil organic carbon contents using Walkey and Black wet combustion method 
(Nelson and Sommers, 1982); the samples were then converted to soil organic 
matter content by multiplying the value by 1.724 (Supriyo, 1992). Another set of 
samples was taken for determining soil bulk density. This was carried out using 
clod method, where undisturbed soil clods were taken, trimmed with a sharp knife 
to make nearly spherical clods (approximate diameter 4 – 5 cm) and coated with 
a Parafilm®. The volume was then determined by displacement and sample mass 
by weighing (Blake and Hartge, 1986). Soil colour of moist soils was determined 
by reference to Munsell Soil Colour Charts.

The air dried and sieved soil samples were quantitatively separated into sand 
(2−0.05 mm), silt (0.05−0.002 mm) and clay (< 0.002mm) fractions after micro-
aggregate destruction following the method by Kunze and Dixon (1986) with 
little modification. This was carried out by treating the samples with 1 N hydrogen 
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chloride solution, instead of 0.5 M Na-acetate buffer, to remove carbonates and 
with 30% hydrogen peroxide to remove organic matter. Prior to treatments, the 
samples were suspended in distilled water and agitated using a shaker; the organic 
debris that floated were carefully collected, oven dried and weighed. Samples free 
of carbonates and organic matter were separated into sand fraction using a sieve 
while silt and clay by gravity sedimentation. Soil samples at each stage were 
oven dried and weighed to obtain weight of calcium carbonate, organic matter 
and inorganic particles and expressed as a percentage of total soils. Soil particle 
fractions (sand, silt and clay) were expressed as percentage of the fraction of total 
soil minerals. 

Clay mineralogical analysis was carried out using the facilities of Laboratory 
of Applied Chemistry for Environmental Industry, Faculty of Agriculture, Ehime 
University, Japan. Clay samples for this analysis were prepared using the method 
described above except that carbonate removal was achieved using 0.5 M Na-
acetate buffer adjusted to pH 5 with acetic acid. Rigaku X-Ray Diffractometer 
was used to obtain X-ray diffraction (XRD) pattern of the clay samples mounted 
on a glass (oriented aggregate) and treated with the following treatments: (1) Mg 
saturated, air dried sample; (2) Mg saturated, glycerol solvated; (3) K saturated, 
air dried sample; (4) K saturated, heated to 100o C; (5) K saturated, heated to 350o 

C; and (6) K saturated, heated to 550o C. Identification of the clay mineral was 
then carried out using several references, such as Brown and Brindley (1980) 
and Whittig and Allardice (1986). Basically, it is obtained by detecting X-ray 
diffraction spacing produced by a certain mineral with peak height of the XRD 
pattern indicating the relative proportion of the mineral (Whittig and  Allardice, 
1986). 

RESULTS AND DISCUSSION

Soil Colour, Organic Matter Content, pH and Soil Bulk Density
An important and easily recognised characteristic of soil is soil colour; it is therefore  
used to differentiate soil horizons and classification (Fisher and Binkley, 2000; 
Buol et al., 2003). The colour of soil depends on parent material and pedogenic 
processes by which the soil is developed. Mineral soils generally have light 
colour while a dark colour is usually associated with organic matter, manganese 
compound and reduced (poor aeration) conditions (Fisher and Binkley, 2000). 
The colour of the soils in the studied area was dark brown (10YR 3/3) to very 
dark grey (10YR 3/1) as shown in Table 1. The colour of the soils from different 
plots was not different and generally the upper layer soils were somewhat darker 
than the soil at lower depths. The dark colour indicates that the soils contain a high 
proportion of organic matter, as shown in Table 2. 
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TABLE 1
Colour of soils under 44- and 28-year old G. sepium in FRE Wanagama 1 

Soil organic carbon at 0 – 10 cm depth was very high (5.04 - 6.98 %) and generally 
significantly greater than that found at lower depths (2.73 - 3.63 %  for 10 – 
20 cm and 2.06 – 3.47 % for 20 – 30 cm). This rate is  very high compared to 
other studies, for instance the study carried out in Brazil (Macedo et al., 2008) 
where a degraded area rehabilitated with several leguminous tree species was 
found to contain 1.5 – 1.85 % soil organic carbon at 0 – 10 cm and 1.35 % at 
10 – 20 cm after 13 years; another study by Deng et al. (2013) observed  that 
soil organic carbon in Loess Plateau China at 0 – 20 cm was as much as 2 – 2.4 
%. Various factors may have contributed to  the markedly higher soil organic 
carbon content in this study compared to other studies.  The most important 
factor controlling soil organic matter in this area is probably capability of soil to 
retain and accumulate organic matter which is determined by soil types and the 
absence of soil cultivation/tillage. Soils in this area are dominated by clay and 
the capability of clay soils to retain organic matter has been reported previously 
(Hassink et al., 1997; Koutika et al., 1999; Mikutta et al., 2006; Laganiere et 
al., 2013). Soil tillage can substantially reduce soil organic matter by favouring 

Table 1. Color of soils under 44 and 28 year old G.sepium in FRE Wanagama 1  

Slope Depth (cm) Color  
44 year old G. sepium 

Upper 
0 – 10 10YR 2/2 Very Dark Brown to 10YR 3/1 Very Dark Grey 

10 – 20 10YR 3/3 Dark Brown to 10YR 3/1 Very Dark Grey 
20 – 30 10YR 3/3 Dark Brown to 10YR 2/2 Very Dark Brown 

Middle  
0 – 10 10YR 2/2 Very Dark Brown to 10YR 3/1 Very Dark Grey 

10 – 20 10YR 3/2 Very Dark Grayish Brown to 10YR 3/1 Very Dark Grey 
20 – 30 10YR 2/2 Very Dark Brown 

Lower 
0 – 10 10YR 3/1 Very Dark Grey 

10 – 20 10YR 3/2 Very Dark Grayish Brown to 10YR 3/1 Very Dark Grey 
20 – 30 10YR 3/3 Dark Brown to 10YR 3/2 Very Dark Grayish Brown 

28 year old G. sepium  

Upper 
0 – 10 10YR 2/2 Very Dark Brown to 10YR 3/1 Very Dark Grey 

10 – 20 10YR 2/2 Very Dark Brown to 10YR 3/1 Very Dark Grey 
20 – 30 10YR 3/1 Very Dark Grey 

Middle   
0 – 10 10YR 2/2 Very Dark Brown to 10YR 3/1 Very Dark Grey 

10 – 20 10YR 2/2 Very Dark Brown to 10YR 3/1 Very Dark Grey 
20 – 30 10YR 3/2 Very Dark Grayish Brown 

Lower 
0 – 10 10YR 4/2 Dark Grayish Brown to 10YR 3/1 Very Dark Grey 

10 – 20 10YR 4/2 Dark Grayish Brown to 10YR 3/1 Very Dark Grey 
20 – 30 10YR 3/2 Very Dark Grayish Brown to 10YR 3/1 Very Dark Grey 

Control (Plot without G. sepium)* 

 
0 – 10 10YR 2/2 Very Dark Brown to 10YR 4/2 Dark Grayish Brown  

  10 – 20 10YR 3/2 Very Dark Grayish Brown to 10 YR 5/2 Grayish Brown 
Note: * The depth of soils in control plots are < 20 cm  
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oxidation and leaching (Machado and Silva, 2001; Bayer et al., 2002; Smiley 
and Kroschel, 2008). Soil depth affects accumulation of soil organic matter by 
affecting its allocation in the soil. Organic matter is produced by vegetation and 
accumulated in the upper part of the soil. With time, further production of organic 
matter may affect soil organic matter content in the lower soil layer.  A study by 
Deng et al. (2013) showed that soil organic carbon in 0 – 20 cm was significantly 
higher than in 20 – 40 cm and 40 – 60 cm soil layer only at the early (< 50 year) 
succession stage while at the later stage (>50 year), soil organic carbon in both 
layers were not different but significantly higher than in 40 – 60 cm layer. The 
lower soil organic carbon reported by Macedo et al. (2008) probably was due to 
the shorter period of reforestation where the soil was  dominated by sand and the 
steep sloping topography.  A study by Supriyo et al. (2013)  in compartment 17 
of Wanagama 1 which have Alfisols soil (clay fraction is dominated by kaolinite) 
and deeper (up to 90 cm) soil depth (Supriyo, 1992) found soil organic carbon 
content in 0 –10 cm layer under various forest stands to vary from 1.3 to 2.8 %.

The study by Deng et al. (2013) also clearly shows that period of rehabilitation 
of an area also affects soil organic matter content. In compartments 5 and 6 of 
FRE Wanagama 1 which had been reforested for 44 and 28 years, there was, 
however, no difference in soil organic matter content between stand ages. This is 
probably due to the characteristics of G. sepium, which is a fast growing pioneer 
tree species; it produces a great amount of litter which decomposes rapidly with 
the organic matter being distributed in the shallow soil depth (both compartments 
have soil depth varying from only 20 to 30 cm).

Soil pH was alkaline (> 7), indicating the effects of the monsoonal climate 
and limestone. In the long dry season of the monsoon season,  water movement 
can be in an upward direction causing some calcification (Tan, 2008) which can 
increase pH. Bulk density of the soils varied from 0.94 – 1.08 g cm-3 at the upper 
(0–10 cm) layer and was generally lower than at the 10–20 cm layer which had 
a bulk density of 1.04 – 1.13 g cm-3, thus reflecting the contents of soil organic 
matter. Hossain et al. (2015) states that bulk density of forest soils are positively 
correlated with soil organic carbon content. Result of this research is also in 
agreement with McLaren and Cameron (2005) and Deng et al. (2013). A volcanic 
ash soil in New Zealand which typically contains 15 – 20 % organic matter would 
have a bulk density of 0.66 g cm-3 in the upper layer and 0.73 g cm-3 in the lower 
layer (McLaren and Cameron, 2005). Similarly, forest soils at 0 – 20 cm layer 
which have 2.2 – 2.3 %  soil organic carbon have a bulk density of 1.1 g cm-3, 
lower than at 40 – 60 cm layer where the  soil organic carbon is 1.4 – 1.5 % and  
a bulk density of 1.2 – 1.27 g cm-3 (Deng et al. 2013).   

Soil Fraction 
Results of this study (Table 3) showed that the soil contained a high proportion of 
calcium carbonate and the deepest soil layer contained higher calcium carbonate, 
confirming that the soils were developed from limestone parent materials. Soils 
with a high proportion of calcium carbonate  and which originated from weathering 
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of limestone parent materials have been  previously reported in uplifted coral reef 
forests in tropical Taiwan (Liao et al. 2006). 

TABLE 2
Soil organic matter, pH and bulk density of soils under 44- and 28- year old G. sepium

in FRE Wanagama 1 

The soils also contained a high proportion of soil organic matter which was 
present as organic debris and other forms (Table 3). Tropical forest soils with high 
organic matter content have also been reported, for example, in Brazil (Machado 
and Silva, 2001; Macedo et al., 2008) and in an uplifted coral reef of tropical 
Taiwan (Liao et al. 2006). These reports support the observation by Fisher and 
Binkley (2000) that many tropical soils contain high amounts of organic matter 
and nutrients. 
  

Table 2. Soil organic matter, pH and bulk density of soils under 44 and 28 year old 
G. sepium in FRE Wanagama 1  

 

Slope Depth 
(cm)  

Soil organic  
carbon (%) pH Bulk density 

(g cm-3) 
44 year old G. sepium stand 

     
Upper 

0 – 10 6.51 + 0.92a 7.47 + 0.21 1.02 + 0.01 
10 – 20 3.08 + 0.39b 7.46 + 0.36 1.12 + 0.04 
20 – 30 2.90 + nd b 6.60** 

   
Middle 

0 – 10 5.04 + 1.08a 7.50 + 0.32 1.05 + 0.08 
10 – 20 2.73 + 0.56b 7.42 + 0.88 1.06 + 0.07 
20 – 30 3.47 + nd b 6.41** 

   
Lower 

0 – 10 6.98 + 1.16a 7.26 + 0.17 1.03 + 0.09 
10 – 20 3.63 + 0.34b 7.17 + 0.25 1.11 + 0.06 
20 – 30 2.06 + 0.93b 7.23 + 0.25 

   28 year old G. sepium stand            

Upper 
0 – 10 5.45 + 0.13a 7.35 + 0.23 1.08 + 0.03 
10 – 20 3.27 + 0.55b 7.38 + 0.28 1.13 + 0.02 
20 – 30 2.69 + nd b 6.86** 

   
Middle 

0 – 10 5.51 + 1.00a 7.72 + 0.01 1.02 + 0.09 
10 – 20 3.38 + 0.65b 7.73 + 0.02 1.11 + 0.03 
20 – 30 3.14 + 0.51b  7.68 + 0.19 

   
Lower 
  

0 – 10 5.22 + 0.91a 7.29 + 0.28 0.94 + 0.14 
10 – 20 3.22 + 0.21b 7.30 + 0.34 1.04 + 0.06 
20 – 30 2.97 + 1.44b 6.62 + 0.15       

Control (Plot without G. sepium)* 

 0 – 10 5.39 + 0.15a 7.8 1.17 + 0.04 

 
10 – 20 2.08 + 0.08b 8.0 1.36 + 0.02 

Note:  *   The depth of soils in control plots are < 20 cm 
 ** Data is obtained from 1 plot, the other 2 replication plots have soil depth  
      < 20 cm 
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TABLE 3
Organic debris, CaCO3, soil organic matter and inorganic particle content of soils under 

44- and 28- year-old G.sepium in FRE Wanagama 1

Inorganic particles, as expected, constituted the highest proportion of the soil, 
varying from 82 to 86% for soils under G. sepium, markedly higher than in the 
control soils which had inorganic content of 70 to 76 % (Table 3). Separation of 
soil inorganic particles revealed that the clay fraction dominated the  inorganic 
part of the soil with only a small proportion of silt and sand fraction (Table 4) 
thus indicating that the soil textural class was heavy clay. Soils under G. sepium 
had clay content  of 87 – 90 %, markedly higher than the control soils which had 
a clay content of 79 to 82 %. This indicates that stands of G. sepium  in  the area 
facilitated formation of soil mineral particles, in particular, the clay fraction. The 
mechanism of clay formation is discussed below.

TABLE 4
Sand, silt and clay content of soils under 44- and 28-year-old G. sepium in FRE 

Wanagama 1

Table 3. Organic debris, CaCO3, soil organic matter and inorganic particle content of 
soils under 44 and 28 year old G. sepium in FRE Wanagama 1 

 

Plot Depth (cm) Organic debris 
(%) CaCO3 (%) Organic matter 

(%) 
Inorganic 

particles (%) 
44 year 
old G. 
sepium  

0 – 10 0.88 + 0.05a 9.48 + 1.02a 6.64 + 0.64a 82.99 + 0.44a 
10 – 20 0.40 + 0.11b 9.13 + 0.91a 3.85 + 1.09b 86.62 + 0.58b 
20 – 30 0.16 + 0.12c 15.47 + 5.34b 2.53 + 0.52b 81.84 + 5.66a 

28 year 
old G. 
sepium  

0 – 10 1.07 + 0.44a 9.05 + 1.29a 7.35 + 0.91a 82.53 + 0.11a 
10 – 20 0.67 + 0.28b 8.07 + 1.47a 4.59 + 0.59b 86.68 + 0.68b 
20 – 30 0.06 + 0.04c 12.98 + 5.12b 4.72 + 1.30b 82.24 + 4.70a 

Control 0 – 10 0.56 21.00 2.27 76.17 
10 – 20 0.15 27.46 1.57 70.82 

Note: Relative proportion of the soil components are estimated on the basis of 
component weight 

 
 

 

 

 

Table 4. Sand, silt and clay content of soils under 44 and 28 year old G. sepium in 
FRE Wanagama 1 

 
Plot Depth (cm) Sand (%) Silt (%) Clay (%) 

44 year old 
G. sepium  

0 – 10 6.35 + 0.86 6.68 + 1.56 86.97 + 2.14 
10 – 20 5.89 + 0.69 6.40 + 1.59 87.71 + 2.11 
20 – 30 3.68 + 0.99 8.28 + 1.19 88.04 + 0.35 

28 year old 
G. sepium 

0 – 10 3.40 + 1.31 9.06 + 4.08 87.54 + 5.38 
10 – 20 6.50 + 0.69 5.83 + 0.28 87.67 + 0.46 
20 – 30 4.68 + 0.91 4.95 + 0.70 90.36 + 0.92 

Control 0 – 10 10.85 9.74 79.41 

10 – 20 7.02 11.01 81.97 

Note: Relative proportion of the soil particles are estimated on the basis of particle 
weight 

 

 

K saturated, 20oC 

K saturated, 100oC 

K saturated, 350oC 

K saturated, 550oC 

Mg saturated, 20oC 

Mg saturated, Gly 
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Clay Mineralogy 
XRD patterns of all soil samples were similar. Figure 1A and 1B show XRD 
patterns of soil samples from the area under 44- and 28- year- old G. sepium stands 
at 0 – 10 cm soil layer after treatment with K saturation. Those A major peaks 
occurred at 12.80 Ả which resembles smectite mineral, and this was followed by 
7.17 Ả (kaolinite mineral), 6.28 Ả (second order smectite), and 3.58 Ả and 3.34 Ả 
which resembles a quartz mineral. 

Figure 1: X-Ray Diffraction (XRD) pattern of clay soil from 28- (A) and 44- (B) year-old 
G. sepium stands at 0 – 10 cm layer after the soil samples were mounted on glass slides 

and treated with K saturation and dried at room temperature (20o C).

Figure 2 is  a compilation of XRD patterns after the prepared samples were treated 
with either Mg saturated and air dried, Mg saturated and glycerol solvated, K 
saturated and air dried, heated to 100o C, 350o C or 550o C, flat background. This 
figure confirms the presence of smectite mineral following this pattern: XRD peak 
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of Mg saturated air dried clay occurred at 15.71 Ả which shifted to 18.32 Ả in Mg 
saturated glycerol solvated clay. The peak collapsed to 12.80, 12.34 and 12.20 Ả 
in K saturated air dried, K saturated heated to 100o C and K saturated heated to 
350o C clay respectively, which then contracted to 9.97 Ả in K saturated heated 
to 550o C clay. This behaviour is  in agreement with the description given by 
Supriyo (1992) for smectite mineral in Black Grumusol (Vertisol) soil found in 
a flat agricultural area in Gading Village, approximately 8 km away from the 
studied plot and in teak forests in East Java (Supriyo et al., 1992). 

Figure 2: X-Ray Diffraction (XRD) pattern of clay soils after the mounted samples 
were treated with either Mg saturated air dried, Mg saturated and glycerol solvated, K 

saturated air dried, heated to 100o C, 350o C or 550o C, flat background  

Table 5 shows that the studied soils are composed of mainly smectite (proportions 
of smectite were more than 42% with smaller proportions of kaolinite and quartz). 
Soils under G. sepium stands at 0 – 10 cm layer contained a greater proportion of 
smectite than the lower layer. Similarly, soils under 44-year- old G. sepium stand 
also had a greater smectite proportion than the 28-year-old stands. Control soils 
had equal smectite proportions to surface (0 – 10 cm) layer, however, considering 
that the control soil was composed of markedly smaller proportions of inorganic 
particles and clay fraction than surface soil, the control soil probably contained 
lesser amounts of smectite. These results support the suggestion that  the existence 
of G. sepium stands facilitated the formation of the soil through formation of the 
smectite mineral. 
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TABLE 5
Major clay mineral content of soils under 44- and 28-year-old G. sepium in FRE 

Wanagama 1

Smectite is formed in situ from dissolution of limestone parent material. 
Limestone is a sedimentary rock which is mainly composed of calcium carbonate 
and weathers relatively easily (McLaren and Cameron, 2005). Dissolution of 
carbonaceous materials (limestone) by organic acid produced by soil organisms, 
or derived from organic matter decomposition or root exudates have been shown 
by many researchers (Chang and Li, 1998; Blum et al., 2002; Rosling et al., 
2004; Bonneville et al., 2011; De la Rosa-Garcia et al., 2011; Smits et al., 2012). 
The weathering process causes various ions to be released which then become 
available for plant absorption, lost through leaching or are transformed into other 
minerals (McLaren and Cameron, 2005). Borchardt (1989) has described several 
efforts to synthesis smectite and the first effort to synthesis smectite under room 
temperature and pressure was conducted by Sedletski in 1937. It was carried out by 
reacting Na silicate and Na aluminate, washing with MgCl2 solution and distilled 
water and leaving the mixture under moist condition for 4 years (Borchardt 1989). 
In nature, smectite can be found in soils at various environmental conditions 
which support its formation and preservation, that is, in soils containing high 
amounts of Si and basic cations, especially Mg, and a poorly drained condition 
which prevents loss of those elements through leaching (Borchardt, 1989; Buol 
et al., 2003; Chittamart et al., 2010). Formation of smectite under this condition 
is termed as silicification process (Tan, 2008), as in the case of the  smectite 
formation in the studied areas. 

Limited leaching is a prerequisite for formation and preservation of smectite. 
This can be achieved in basin areas (Borchardt, 1989), in areas with an arid or 
semi-arid climate, in areas where a soil layer of slow permeability at shallow 
depth occurs and/or the soil material possesses a self-preserving property 
(slow permeability of the smectite-dominated soil) (Buol et al., 2003). Periodic 
waterlogging in paddy cultivation is an important condition for formation of 
smectite-rich vertisols in Thailand (Chittamart et al., 2010). In our study, in 

Table 5. Major clay mineral content of soils under 44 and 28 year old G. sepium in 
FRE Wanagama 1 

 
Plot Depth (cm) Smectite (%) Kaolinite (%) Quartz (%) 

44 year old 
G. sepium 

0 – 10 80.02 + 4.41a 7.40 + 2.64a 10.00 + 3.47 
10 – 20 68.64 + 5.10b 12.20 + 1.59b 16.50 + 2.24 
20 – 30 64.02 + 15.3b 15.59 + 8.75b 16.68 + 5.19 

28 year old 
G. sepium 

0 – 10 67.78 + 9.22b 15.29 + 4.90b 13.48 + 4.24 
10 – 20 52.47 + 1.81c 27.06 + 0.63c 15.59 + 0.99 
20 – 30 41.59 + 14.9c 32.67 + 11.6c 17.16 + 1.16 

Control 
0 – 10 79.99 4.00 13.21 
10 – 20 83.24 2.84 13.92 

Note: Relative proportion of the minerals are estimated on the basis of XRD peak 
height 
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compartments 5 and 6 FRE Wanagama 1, the smectite was formed in sloping 
areas with  a degree varying from 20 to 40%. High soil organic matter status 
and terracing might play a role in the formation of smectite under this condition. 
Mavris et al. (2010) stated that acidity and availability of (organic) ligands 
promote dissolution reaction of primary minerals and govern its transformation 
into secondary minerals. In the presence of humic acid and other organic acids, 
silica is easily dissolved and forms complexes or chelates causing the silica to 
remain soluble and free in water (Mavris et al., 2010). In a well-drained area, 
this favours desilification (Tan, 2008). However, when leaching is inhibited and 
water tends to flow upward, which occurs in the long dry season of an  area 
under a monsoon climate, concentration of ions in the near surface facilitates 
increased formation of smectite. Limited leaching in this area can be maintained 
because the clay soil is dominated by smectite, contains high soil organic matter 
and the area is densely vegetated. Smectite has slow permeability (Buol et al., 
2003) and contains high negative charges that can control leaching of essential 
cations (Chittamart et al., 2010). High soil organic matter content enhances this 
property (Lal, 1989). Yang et al. (2014) state that high soil organic matter content 
in the alpine grassland of China is  the dominant factor controlling high water 
retention of the soil. Two mechanisms are suggested for this condition. Firstly, 
soil organic matter affects soil bulk density and soil porosity thus increasing the 
capacity to store water. Secondly, soil organic matter influences soil absorption 
capacity. Based on these mechanisms, therefore, soils at 0 – 10 cm layer which 
have higher soil organic matter content have a higher proportion of smectite 
than the lower layers which have a lower soil organic matter content. Also root 
suction of the densely growing G. sepium also allow for greater water retention 
of the soil. Leung et al. (2015) demonstrated that in a wetting event vegetated 
soil had greater root suction by 100 to 160% compared to bare soil. Additionally, 
terrace construction and possibly the presence of parent rock material just under 
the shallow soil with slow permeability may also contribute to the formation of 
smectite.

In situ soil formation in tropical areas through dissolution of limestone parent 
material has also been  reported by Bautista et al. (2011) and Sedov et al. (2008) in 
the Yucatan Peninsula of Mexico and by Mella and Mermut (2010) in West Timor, 
Indonesia.  Soils in the Yucatan Peninsula, Mexico have shallow soil depth (lesser 
than 35 cm) and have the following characteristics:  coloured reddish dark brown 
to very dark brown; often found mixed with gravel; pH variying from mild acid to 
alkaline; high in organic matter content (up to 15%); and dominated by 2:1 type 
clay and Fe-oxide (Sedov et al., 2008). In the study by Mella and Mermut (2010) 
smectite-mica-dominated Mollisols were found in mixed-deciduous forest areas 
while kaolinite-dominated Alfisols were found in savannah areas. Soil organic 
matter content of both soils was not described but the Mollisols had lower bulk 
density than the Alfisols.

Table 5 shows that kaolinite and quartz are also found in the soils. These 
mineral are probably derived from the limestone parent material. According to 
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McLaren and Cameron (2005), the weathering processes, beside releasing soluble 
materials (ions), also release secondary minerals, such as kaolinite, and resistant 
primary minerals, such as quartz. Thus both kaolinite and quartz found in this 
study were from the soils forming sedimentary bedrocks (parent materials).  

Soils which developed under G. sepium stands in compartments 5 and 6 of 
FRE Wanagama 1, can be classified as Vertisols due to the predominant proportion 
of smectite and the expanding 2:1 clay.  This is based on the statement of Buol et 
al. (2003) who cited  the definition of Dixon and Nash (1968) that soil with a high 
content of clay (>30%) which predominantly consists of 2:1 expanding clay is 
classified as Vertisols. Similarly Tan (2008) describes Vertisols as  generally  been  
characterised by a clay fraction containing smectite or montmorillonite which 
are 2:1 layer lattice-type clays. Additionally, Tan (2008) states that Vertisols in 
Indonesia may have smectite content varying from 70 to 100% but in some cases 
can be as low as 50% (mixed with kaolinite). However, considering that these 
areas have a  slope varying in degree from 20 – 40%, Vertisols that developed 
in these areas may represent intermediate stages of soil development and can 
transform to different soil orders because in sloping areas, 2:1 type expanding 
clay can transform to 1:1 type non-expanding clay (Borchardt, 1989; Buol et 
al., 2003). Improvements in drainage which occur in sloping topography, will 
enhance the weathering process causing transformation of smectite to kaolinite 
(Borchardt 1989) through the desilicification process  in which silica is released 
from soil silicates (Tan, 2008). A study by Supriyo (1992) found that soil in 
compartment 17, approximately 2 km away from the studied compartments of 
5 and 6) was classified as Mediterranean soil (presently is termed Alfisols) and 
was composed mainly of  kaolinite with only a fair proportion of smectite. This 
area has been planted with Eucalyptus while the forest floor is used for crop 
cultivation, such as peanut and corn. Soil depth can be 110 cm deep with the 
organic matter content at the A layer (0-19 cm) can be 2.6 %. Reddish Alfisols 
are also commonly found in nearby areas with similar topographic condition but 
are intensively cultivated. In West Timor, Indonesia, both kaolinite-dominated 
Alfisols and Mollisols, dominated by smectite and mica, exist in savannah and 
mixed-deciduous forest areas, respectively, and here the  topography  is less than 
10 % (Mella and Mermut, 2010).   

This study shows that rehabilitation of degraded forest areas enables built up 
of soil organic matter and could facilitate the development of soil.  Accumulation 
of organic matter in the soil surface and activities of organisms that carry out its 
conversion are crucial for soil development processes (Sourkova et al., 2005), 
because they will significantly increase the soil organic component and affect 
the inorganic mineral of the soil through weathering of parent rock material and 
regulating transformation of the minerals (Fisher and Binkley, 2000; Buol et al. 
2003; van Breemen and Buurman, 2002).  
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CONCLUSIONS
The soil described in this study was developed after efforts at rehabilitation were 
carried out by successfully planting G. sepium and constructing terraces. The soil 
formed is dark brown to very dark grey in colur, contains high amouns of organic 
matter, is pH neutral to alkaline and is dominated by clay particles which mainly 
consist of smectite. The soil can therefore be classified as Vertisols. The smectite-
dominated clay is developed from dissolution and subsequent precipitation of 
limestone parent materials. Monsoonal climate, high soil organic matter content, 
dense vegetation and terrace construction contributed to the formation and 
preservation of the smectite mineral. 
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