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ABSTRACT

MICROBIAL COMMUNITY AND BIOGEOCHEMICAL CHARACTERISTICS IN
RECLAIMED SOILS AT PT BUKIT ASAM COAL MINE, SOUTH SUMATRA,
INDONESIA

Kyle Bryce Corcoran, M.S.
Western Carolina University (April 2018)
Co-Directors: Dr. Jerry R. Miller, Dr. John P. Gannon
Organic soil amendments such as compost, wood chips, and sewage sludge have been
reported to influence soil microbial composition, improve soil quality, and increase nutrient
concentrations in surface runoff. A potentially negative consequence of adding compost to soils
is that it may increase the solubility of metals in surface waters and groundwater. This study
investigated the effects of compost age and compost application type on metal (e.g. Al, Fe, Mn,
Ni, Pb, Zn) concentrations in subsurface waters at reclaimed areas of the PT Bukit Asam Coal
Mine, located near Tanjung Enim, South Sumatra, Indonesia. The mine relies heavily on the use
of compost to improve soil productivity of reclaimed and reforested areas. The compost is aged
for fourteen-weeks and mainly composed of materials from oil palms (Elaeis guineensis) and, to
a lesser degree, organic municipal solid waste from the local community. In an effort to
determine the most effective method for applying compost to reclaimed soil, compost was
applied in a five-centimeter-thick layer spread over the reclaimed soil surface, or mixed with the
soil placed in the hole where vegetation was planted. Soil bacterial DNA was extracted on site to
characterize the microbial communities within the various aged research plots. All 16S rDNA
sequences generated from the DNA using PCR were related to Gram negative-staining bacteria.
vii

RDP Classifier assigned four of the sequences to the phylum Proteobacteria and one to
Acidobacteria. These heterotrophic bacteria likely play a role in organic matter turnover and
utilize specific major and trace metals for metabolic processes over time, which is consistent
with lower values observed in the older plot. In addition, subsurface water metal concentrations,
total metal concentrations in soil, grain size distribution, and total percent carbon were compared
between study plots of varying ages (3 months to 120 months) and compost treatments.
Reclaimed soil without the addition of compost was also examined as a control. Total metal
concentrations in soil were all within global background values and below soil contaminant
levels. The geochemical data for total metal concentrations in surface and subsurface soil
samples showed no sign of metal depletion from the surface or accumulation at depth, which
indicates limited metal mobility through the soil profile. Field observations show that minimal
metal mobility may have occurred through soil fractures. These data are consistent with the low
metal concentrations observed in subsurface waters. Limited metal mobility to shallow
subsurface waters is likely to result, in part, from the low permeability of the soils, which was
primarily composed of silt and clay. Our results suggest that neither the type of compost
application nor age of application had a significant effect on microbial diversity, or metal
mobility within the soils, thereby limiting the potential contamination of subsurface waters
within the PTBA reforested reclamation areas.
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CHAPTER ONE: INTRODUCTION

Approximately 40 percent of global electricity is produced by burning coal (Syarif,
2014). Surface or opencast mining where large parcels of land are disturbed to extract coal, often
leads to environmental impacts, including deforestation, decreased biodiversity, degradation of
soil health, and decreased water quality (Haigh, 1980; Kilmartin, 1994; Sheoran et al., 2010;
Haigh and Kilmartin, 2015; Macdonald et al., 2015). One of the major concerns of surface
mining, particularly of coal, is the formation of acid mine drainage (AMD; Geidel et al., 2000).
Oxidation of sulfide minerals found in the coal, coal bearing strata, and overburden/interburden
material produce hydronium ions (H+) and releases metal cations into the environment (Geidel et
al., 2000; RoyChowdhury et al., 2015), resulting in ecosystem degradation (Kundu and Ghose,
1997; RoyChowdhury et al., 2015). To reduce the potential of such environmental impacts,
effective reclamation is crucial.
There are a number of different methods and technologies for successful reclamation
following mining; however, these treatments are typically site specific and should be chosen
based on the physical, chemical, and biological characteristics present (Kuter, 2013).
Nonetheless, a common approach to surface mining reclamation is the reconstruction of surface
topography, followed by revegetation of the reclaimed area. Such mine reclamation techniques,
require an adequate supply of essential nutrients in “spoil material” that allows for species
establishment, vegetation growth, and microbial processes to take place (Singh et al., 2002, Lone
et al., 2008; Kavamura and Esposito, 2010). Furthermore, revegetation of reclaimed sites can be
challenging due to severely compacted soils caused by heavy machinery, resulting in rapid storm
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runoff, low soil water storage, and a shortage in crucial nutrients required for plant growth
(Sheoran et al., 2010; Haigh and Kilmartin, 2015).
Soil is often referred to as the foundation of a natural system because it is the medium for
plant growth (Zipper et al., 2013), and is where many biogeochemical processes occur.
Therefore, it is necessary to improve degraded soils affected by mining practices, following
landscape reconstruction. The use of soil amendments for improving soil quality, vegetation
growth, and microbial activity is a common practice in contaminated sediments such as mine
tailings. A wide range of amendments (e.g. fly ash, sewage sludge, and lime) have been applied
to reclaimed soils; one of the most common is compost (decomposed organic material).
Compost, including municipal solid waste compost (MSWC), increases organic matter (OM)
within soil, aiding in soil quality (He et al., 1995; Soumare et al., 2003).
Organic matter in soil exists in various stages of decomposition (Canada Department of
Agriculture, 1972). It is a major source of nitrogen, phosphorus, potassium, sulfur, and organic
carbon, all of which are essential plant nutrients (Schnitzer and Khan, 1978; Miller and Donahue,
1990; Ellert and Bettany, 1995) and microbial activity (Sheoran et al., 2010). Soil substitutes
used in mine reclamation and made up of overburden are capable of forming soil-like properties
(e.g., OM incorporation) once they are revegetated, however these spoil materials are initially
OM deficient, providing a paucity of bioavailable nutrients (Roberts et al., 1988; Zipper et al.,
2013). The addition of sewage sludge, sawdust, hay, bark, wood chips, and MSWC have been
shown to raise OM content (Sydnor and Redente, 2002; Munshower, 1994; Hall, 1985), and
increase bacterial growth (Lindemann et al., 1984).
Nutrient cycling, and carbon cycling in particular, is important for microbial activity
because nutrients serve as an energy source that helps fuel metabolic processes that produce
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necessary nutrients for plant growth (Sheoran et al., 2010). While the volume of organic carbon
present within soil may influence microbial activity (Williamson and Johnson, 1991). Microbial
activity may also influence metal toxicity in reclaimed coal mine soils (Haigh and Kilmartin,
2015). Moreover, metal mobilization is made possible through methylation, autotrophic, and
heterotrophic leaching processes associated with microbial activity (Gadd, 2004). Reduction and
oxidation processes caused by microbial metabolism may also influence the solubility of metal
compounds (Gadd, 1993; Gharieb et al., 1999; Lovley, 2000). It is not uncommon for MSWC to
contain metals (Baldwin and Shelton, 1999), and as microorganisms play an essential role in the
decomposition of OM, as they can influence metal mobility. Restoring nutrient cycling and
microbial populations in disturbed soils is also vital for successful ecosystem restoration projects
(Sheoran et al., 2010).
In addition to metal mobility caused by microbial activity, Singh and Kalamdhad (2012)
found the addition of OM can increase metal solubility through complexation. Farrell et al.,
(2010) found that metal concentrations increased in soil solutions following the application of
MSWC. This increase in metal solubility may allow metals to migrate downward to groundwater
(Blake et al., 2007), raising water quality concerns. Furthermore, several studies found that metal
concentrations such as nickel, lead, and zinc may increase significantly in soils and water as a
result of complexation associated with the addition of organic amendments (Planquart, 1999;
Jordao et al., 2006; Smith, 2009).
It appears that the degree to which metal mobility is altered by the addition of compost
(OM) depends not only on the nature of the compost, but on site conditions. More specifically,
the amount of rainfall/infiltration, microbial OM turnover, chelation processes, and soil
composition. The latter influences metal sorption-desorption, pH, and cation exchange capacity.
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Thus, metal mobility in contaminated areas is controlled by a wide range of factors (Lucas and
Knezek, 1972; Bailey et al., 1999; Planquart, 1999; Hudson-Edwards et al., 1999; Jordao et al.,
2006; Smith, 2009; Sheoran et al., 2010; Singh and Kalamdhad, 2012). This raises questions on
whether the addition of compost to contaminated sites that is of benefit to reforestation poses a
risk to water quality by releasing metals into waters located on site.
Major and trace element analyses have been conducted in contaminated soils of Indonesia
to better understand water quality, geological chemistry, and the effects of soil amendments on
metal mobility. However, the effects of different applications of one compost on metal mobility
in subsurface waters, and reclaimed soil characteristics (i.e. OM, total metal concentrations,
grain size, and microbiology) as a function of time have not been studied. For example, major
and trace element analyses to document water quality and poor soils typically focus on the use of
different soil amendment types rather than the method of application (Beesley et al., 2014).
Therefore, examining the best method for applying compost to reclaimed soils aids in
development of best management practices for improving water and soil quality in mining
reclamation areas with limited access to various types of soil amendments.
The coal mine where my study was located is approximately 165 km west of Palembang
in South Sumatra, Indonesia and is owned by PT Bukit Asam (PTBA), an Indonesian stateowned coal company (Figure 1) (Susilawati and Ward, 2006). Various mining reclamation and
rehabilitation efforts have been implemented by PTBA. The company conducts routine
revegetation programs in reclaimed areas that use soil amendments in the form of compost
derived from palm plants (fruit) and MSWC from the local community to enhance soil fertility.
In addition, pioneer and cover crops of economic value are planted and profits are given to the
local community following project completion. In order to improve reclamation management
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practices on soil and water quality in reclaimed areas, PTBA has collaborated with multiple
universities. This study is part of a larger project focusing on improving forest production, soil
health, and in this case, water quality. Inherent in the study is an analysis of soil microbial
communities, and the potential impacts of different compost application methods on metal
mobility. Specific questions included:
1. What is the microbial diversity of reclaimed soils within PTBA reclamation areas, and
could they play a role in OM decomposition and metal mobility?
2. Are metal concentrations in subsurface water influenced by different compost treatments?
3. Are metal concentrations in subsurface water influenced by the amount of time since
compost was applied to reclaimed soils when focusing on one type of compost treatment?
4. Are there differences between percent soil organic carbon as a result of compost
treatment and the amount of time since compost was applied to reclaimed soils?
5. What are the total metal concentrations for Al, Fe, Mn, Ni, Pb, and Zn in the reclaimed
soils, and are they above the World Health Organization maximum permissible limits for
metals in soil?
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CHAPTER TWO: METHODS AND MATERIALS

2.1: Study Area
The region PTBA Coal Mine is located in exhibits a humid, tropical climate characterized
by semi-stable annual air temperatures (Gautama, 1994). Daily temperatures range from 20° to
30° C; annual precipitation ranges from 2820 mm to 3832 mm (Gautama, 1994). The climate
exhibits a distinct dry and rainy season; rainfall is highest from November to March and driest
from May to October.
The coalfields of PTBA formed in a Tertiary sedimentary basin of South Sumatra
(Gautama, 1994). Magmatic intrusions aided in the formation of semi-anthracite to subbituminous rank coal deposits within the basin. The high-grade coal partly explains why these
coalfields have been in operation since 1919. The lithology of the overburden and interburden
are primarily made up of sandstone, siltstones, claystones, and shale (Amijaya, and Littke, 2006;
de Coster, 1974; Gautama, 1994).
In order to accomplish the project goals, three study plots were selected for analysis, each
corresponding to a different reclamation plot, which vary in age. Within each plot, major and
trace metal concentrations were measured within subsurface water as a function of compost
treatment approach and time since compost application. The three study plots are referred to as
Agrotourism Tupak, Agroforestry Tupak – Blok 1, and Banko Barat 3. The Agrotourism Tupak
reclamation site was constructed three months prior to data/sample collection. Individual plots
were constructed by the PTBA reclamation management team to determine the influence of
selected compost application methods on soil health and plant growth. The first technique was
used as a control and consisted of vegetation planted in the reclaimed soil without the addition of
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compost. The second treatment involved the placement of compost into a hole where it was
mixed into the reclaimed soil and vegetation was planted soon after. The compost used in our
research plots was derived from the fruit of oil palm trees (Elaeis guineensis) and municipal
solid waste compost (MSWC) from the local community that was aged for fourteen-weeks at the
PT Bumi Sawindo Parai (PTBSP) composting facility located off site. The third way compost
was applied was, a five-centimeter-thick layer of compost over the soil surface after vegetation
was planted into the soil. Two older plots were also chosen for study; to our knowledge both
plots had a five-centimeter-thick layer of compost aged for 14 weeks applied over the soil
surface. Agroforestry Tupak – Blok 1 was started in 2016 and was approximately 12-months-old
at the start of our study, and Banko Barat 3 was created around 2005 and, thus, was roughly 120months-old.

Figure 1. PT Bukit Asam coal mine is located in South Sumatra, Indonesia.
7

2.2: Sample Collection and Well Installation
A total of 15 monitoring wells (Figure 2) were installed in holes augured to a depth of
~60 cm at a ~45° angle (Table1) Angled installation was used to increase the intersection of the
well screen with vertical soil fractures observed during soil profile characterization. These
vertical fractures are likely to enhance the migration of major and trace metals through the soils
by macropore flow (Dowdy and Volk, 1983; Sherene, 2010). Following well installation, soil
microbial samples were taken at each shallow monitoring well for DNA extraction and microbial
community characterization. Samples were taken in triplicate at ~5 cm depths within each site
for a total of 45 microbial soil samples. An additional set of sediment samples were collected at a
depth of ~5 cm in order to determine major and trace metal concentrations, soil carbon content,
and grain size distribution. Soil samples collected for trace metal, carbon, and grain size analysis
were shipped to the U.S. where they were analyzed at Western Carolina University (WCU).
Several soil pits were dug to ~60 cm depths in order to build a soil profile conceptual
model based on field observations (Figure 3). In pits where a layer of compost was spread over
the soil, there was a visible 2 cm thick layer of partially decomposed compost on the soil surface
that had a munsell color of 7.5 YR 2.5/1. These reclaimed soils were not true soils because they
were backfilled following mining activity. Backfill material was sourced from the original
topsoil that was stripped off the land surface and stockpiled during mining activity. Typical
South Sumatra soil orders are Inceptisols, Entisols, Ultisols, Oxisols, Histosols, Mollisols, and
Andisols (Shofiyati et al., 2010). In addition, rock materials were primarily made of sandstones,
siltstones, claystones, and shale (Amijaya and Littke, 2006; de Coster, 1974; Gautama, 1994),
which were also present in the stockpile sediment.
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It is important to note the heterogeneity of the backfill materials. The material is mixed,
and therefore not stratified, therefore soil horizons did not exist within the soil profile. The soil
consisted of a sticky clay material that had a coarse blocky structure with smooth surfaces along
the entire profile. In addition, visible mottels and iron precipitates from oxidation/reduction
reactions were present on the surface of clay peds with a color of 10YR 4/4. These iron
precipitates suggested that there may be flow through observed soil fractures towards the bottom
of the soil profile. There were two types of fractures observed within soil pits, (1) fractures
around peds that were 2.5 cm, and vertical fractures that were ~20 cm, which may be more
important for potential metal mobility to subsurface waters. In addition, distinct organic and/or
manganese coatings were also present on the smooth surface of clay peds with a color of 10YR
2/1 that appeared to mobilize downward by macropore flow in visible soil fractures within the
soil profile.
The shallow monitoring wells were used to collect subsurface water from approximately
5 precipitation events during the rainy season. In addition, sediment samples were collected at
the bottom of auger holes. A total of 30 sediment samples collected from the surface and at
depths of ~60 cm were analyzed for major (Al, Fe, Mn) and trace elements (Ni, Pb, Zn) at WCU.
These elements were selected based on results available from Aberystwyth University which
showed the exhibited high concentrations in mine waters (Moore, 2016).
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Figure 2. Photograph depicting monitoring wells that were installed in the Agrotourism Tupak
reclamation area and their relative locations to each other. Note: The land surface is actually
level and there is not a slope to the topography as this photograph may suggest.
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Figure 3. Conceptual model based on soil profiles observed in the field in reforested reclamation
areas. Observations were based on the different compost application techniques which include
the control – no compost treatment, compost mixed into reclaimed soil, and compost spread as a
5-cm thick layer over reclaimed soil surface. This conceptual model indicates potential
geochemical processes in relation to observed soil characteristics.
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Table 1. Naming scheme and locations of monitoring wells and samples collected at PTBA. The
first two letters of the site identification column refer to the study plot, (AT) Agrotourism Tupak,
(AF) Agroforestry Tupak – Blok 1, (BB) Banko Barat 3, followed by the well number, and
treatments used (T0) no compost treatment “control”, (T1) compost was mixed and placed into a
hole and mixed with sediment before planting vegetation, (T2) a layer of compost was spread
over the sediment, and the presence of (C) indicates compost that was matured for 14 weeks was
used
Site
Identification

Site
Age (Months)

Compost
Treatment

UTM
Zone

Easting
(X)

Northing
(Y)

AT1T0

3

Control

48M

0364973

9590892

AT2T0

3

Control

48M

0364983

9590896

AT3T0

3

Control

48M

0364982

9590897

AT4T1C

3

Mixed

48M

0365051

9590875

AT5T1C

3

Mixed

48M

0365017

9590890

AT6T1C

3

Mixed

48M

0365033

9590885

AT7T2C

3

Surface layer

48M

0365021

9590889

AT8T2C

3

Surface layer

48M

0365048

9590888

AT9T2C

3

Surface layer

48M

0365057

9590873

AF10T2C

12

Surface layer

48M

0364889

9590838

AF11T2C

12

Surface layer

48M

0364856

9590851

AF12T2C

12

Surface layer

48M

BB13T2C

120

Surface layer

48M

0364848
0370430

9590833
9583342

BB14T2C

120

Surface layer

48M

0370413

9583340

BB15T2C

120

Surface layer

48M

0370403

9583337

2.3: Soil Microbial Analysis
2.3.1: DNA Extraction
A subset of 250 mg of soil was taken from each of the 45 samples collected for DNA extraction
using the SurePrepTM Soil DNA Isolation Kit (Fisher BioReagents, Fair Lawn, NJ, USA). The
extraction procedure followed the manufacturer’s instructions. DNA was not detected in any of
my extracted samples using agarose gel electrophoresis. Therefore, we I analyzed a subset of
samples using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA)
to determine if there was quantifiable DNA present, the lower detection limit for the instrument
12

is 2 ng/uL; my results did not go above 10 ng/uL. In addition, we observed sediment samples
under a microscope and discovered microbes were present, which suggested that the DNA we
were able to obtain came from intact cells.
2.3.2: Polymerase Chain Reaction (PCR)
The initial polymerase chain reaction (PCR) analysis was conducted on a Mastercycler
Personal Thermal Cycler (Eppendorf, Westbury, NY). Nested PCR was conducted to amplify
either ~800 base pair (bp) gene fragments of the fungal 18S rRNA internal transcribed spacer
(ITS) region or ~1500 bp partial gene fragments of the bacterial 16S rRNA locus region. Fungal
analysis used primers EF4 and ITS4R (Anderson et al., 2003), whereas bacterial PCR used 27F
and 1492R (Corinaldes et al., 2005) for the first round of amplification. The second round for the
nested PCR reaction was conducted to amplify ~300 bp of the fungal 18S rRNA region using
primers ITS1F and ITS2R (Anderson et al., 2003), and ~550 bp of the 16S rRNA genes were
amplified using primers 341F and 907R (Casamayor et al., 2000). The PCR reactions for both
fungal and bacterial analysis contained 23 µL Nuclease Free Buffer Mix H2O, 25 µL 2X
Promega MasterMix (Mg2+, Taq, dNTP’s; Promega, Madison, WI ), and 0.25 µM of the forward
and reverse primers, for a total volume of 50 µL. Thermal cycler conditions for all fungal and the
first round of bacterial PCR were as follows: initial denaturation at 94°C for 3 minutes, followed
by 30 cycles for denaturation at 94°C for 1 minute, annealing at 55°C for 1 minute, elongation at
72°C for 2 minutes, and final elongation at 72°C for 10 minutes. The PCR samples were held at
4◦C until they could be analyzed using 1% agarose gel electrophoresis to determine the quantity
and integrity of the DNA. The PCR reactions for fungal analysis showed signs of contamination
in negative controls and were not further examined.
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2.3.3: DGGE and 16S rDNA Sequencing
In order to assess microbial community variations among different compost treatments
within our study plots, denaturing gradient gel electrophoresis (DGGE) was used. Approximately
550 bp partial gene fragments of the 16S rRNA region were amplified (chemistry as above) from
bacterial DNA extracted from sediment samples using universal bacterial primers 341F with a
GC clamp and 907R (Operon, Inc., Huntsville, AL; Casamayor et al., 2000). A “touchdown”
PCR was used for amplification of the first round PCR products from bacteria. The thermal
cycler conditions included initial denaturation at 94°C for 5 minutes, followed by 30 cycles of
denaturation at 94°C for 1 minute, initial annealing at 65°C for 1 minute, elongation at 72°C for
3 minutes, and final elongation at 72°C for 7 minutes. The annealing temperature was decreased
by 1°C from 65°C to 55°C every cycle in the first 12 cycles and followed by a constant
temperature of 55°C (Casamayor et al., 2000). The DGGE analyses were conducted using a
BioRad DCode apparatus (BioRad, Hercules, CA). A 15 cm by 20 cm polyacrylamide gel, with
denaturing gradients ranging from 20 to 60% urea/formamide, facilitated DNA fragment
separation into distinct bands in the gel. Samples (~20 µL PCR products and 4 µL 6X loading
buffer) were loaded into the gel vertically and DGGE was run in a 1X TAE buffer at 60°C for a
total of 4 hours at 200 V (Muyzer et al., 1993). Distinct bands of DNA were cut from DGGE gels
for sequencing to identify particular bacterial species present within treatment plots. The closest
matches to each sequence were determined by using the Ribosomal Database Project (RDP)
website tools Classifier and SeqMatch (https://rdp.cme.msu.edu).
2.4: Water Analysis
Samples were filtered into pre-cleaned sample bottles using 0.45-micron membrane
filters, followed by freezing and shipment to Aberystwyth University for analysis of major (Al,
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Fe, Mn) and trace metals concentrations (Ni, Pb, Zn). The analyses were carried out using an
Agilent 7700 Series inductively coupled plasma mass spectrometer (ICP-MS; Agilent, Santa
Clara, CA).
2.5: Soil Analysis
2.5.1: CNS Analysis
Preparation for total carbon analysis was conducted by drying sediment samples at 100°C
for ~24 hours. Sediment samples were ground to a powder, then homogenized using a mortar
and pestle. Following homogenization, ~25 mg of powdered sediment was combined with ~20 to
30 mg of WO3 (tungsten trioxide). Samples were analyzed for total carbon content using the
Vario EL III Elemental Analyzer (Elementar, Mt. Laurel, NJ) at WCU. It is important to note
that CNS analysis is unable to differentiate between carbon in shale, coal, or compost that may
be present in the soil samples.
2.5.2: Acid Digestion and ICP Analysis
Sediment samples were analyzed for major and trace metals (i.e., Al, Fe, Mn, Ni, Pb, and
Zn) using the Optima 4100DV inductively coupled plasma optical emission spectrometer (ICPOES; Perkin Elmer, Waltham, MA). Analyses were performed using a procedure modified from
that used at the Nevada Bureau of Mines and Geology in Reno, Nevada. Sediment samples were
air dried for a 24 to 48-hour period or until completely dry. Between 0.2 to 0.5 g of sediment was
subsampled for acid digestion. A mortar and pestle was used to break up aggregates before
placing the sample in a nitric acid-washed 125 mL Nalgene bottle. Subsequently, 3 mL of ~37%
hydrochloric acid and 1 mL of ~68% trace metal grade nitric acid was added to the samples, after
which the lids were placed on the bottles. The bottles were then placed in a hot water bath at a
temperature of 90°C to 95°C for one hour before being allowed to cool. After digestion, the
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sample solution was transferred to a nitric acid-washed 100 mL volumetric flask and brought to
volume using ultra-pure water. The final step required the sample to be filtered into 50 mL
conical tubes using a 0.45-micron filter, and then analyzed by ICP-OES. Accuracy and precision
were generally within +/- 5 %.
2.5.3: Grain Size Analysis
The grain size distribution of the <2 mm sediment samples was measured using a
Mastersizer 2000 particle size analyzer (Malvern Instruments, Malvern, UK). The percent silt
and clay in the sample was determined and assumed to represent the chemically active sediment
within the samples. Prior to analysis, ~5 g of sediment was combined in a 50 mL beaker with 5
mL of pyrophosphate and ~30 to 40 mL of deionized water. The mixture was stirred and left to
sit overnight.
2.6: Statistical Analysis
Principal components analysis (PCA) was used to visualize correlations on site
characteristics (metals, carbon, soil particles) and microbial communities identified following
DGGE analysis. A correlation value of ≥ 0.70 or ≤ -0.70 was used to characterize variables as
influential within PCA. A Kruskal-Wallis analysis was used to determine how plot ages and
compost treatment types correlated with (1) major and trace metal concentrations in subsurface
water samples, (2) percent carbon in the soil, and (3) percent silt and clay in the soil. Pair-wise
correlation analysis was conducted for determining the strength and relationship between metal
concentrations analyzed from subsurface water samples. Due to metal concentrations not being
normally distributed, the Spearman method was used (Zamani, A. A., Yaftian, M. R., and
Parizanganeh, A., 2012) in addition to pair-wise comparisons.
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CHAPTER THREE: RESULTS

3.1: Soil Microbial Analysis

3.1.1: Polymerase Chain Reaction (PCR)
Following PCR reactions for fungal 18S rRNA gene fragments, my negative control
showed amplification. Amplification within my negative control suggests contamination
occurred within samples or that reagents and lab artefacts contained trace fungal DNA that could
be detected using our methods and and was of similar intensity in banding patterns as the
samples. Therefore, further fungal analyses were not conducted. Bacterial PCR reactions for 16S
rRNA gene fragments resulted in amplification of 16 soil samples out of 45 total.
3.1.2: DGGE and 16S rDNA Sequencing
A total of 17 species (estimated by banding patterns) were detected via DGGE from soil
samples collected from our study area (Figure 4). The Agrotourism Tupak study plot had a
variable number of species in relation to the method of composting used. Only 1 to 2 species
were observed within control sites lacking compost with an average band number of 1.5. In plots
where compost was mixed into the soil, I only detected 1 species. I found 3 to 6 species with an
average of 5.0 species in sites where a layer of compost was spread over the surface.
Agroforestry Tupak – Blok 1 had a range of 3 to 7 species with an average of 4.5 species.
Samples from Banko Barat 3 exhibited 3 to 5 species, with an average of 4.2.
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Figure 4. Denaturing gradient gel electrophoresis (DGGE) of bacterial community banding
patterns from reclaimed soil. Letters A through P represent the microbial sample analyzed. Refer
to Table 1 for naming scheme details and site location information, (A) AF11T2C, (B)
BB13T2C, (C) AT1T0, (D) BB14T2C, (E) BB14T2C, (F) BB14T2C, (G) AF12T2C, (H)
AF12T2C, (I) AF12T2C, (J) AT7T2C, (K) AT7T2C, (L) AT7T2C, (M) AT6T1C, (N) AT3T0,
(O) BB13T2C, (P) AT9T2C. The white numbers represent the bands used in PCA, excluding
11a.

Sequenced bacterial 16S rRNA gene fragments from soil samples were related to Gramnegative bacteria including Massilia aurea, Stenotrophomonas maltophilia, Delftia spp.,
Acidobacteria spp., and Ramlibacter spp. Sequence matches were all above 89% based on the
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RDP (Tables 2 and 3) which assigns sequences derived from bacterial 16S rRNA gene fragments
to the corresponding taxonomy model used in RDP.

Table 2. Sequence matches for 16S rRNA gene fragments from DNA collected from reclaimed
soil. The Ribosomal Database Project (RDP) software program Classifier was used and produced
confidence values (in percentages) that denote the closest match to each taxonomic rank
PHYLUM

CLASS

ORDER

FAMILY

GENUS

Proteobacteria (100%)

Betaproteobacteria (100%)

Burkholderiales (100%)

Oxalobacteraceae (100%)

Massilia (100%)

Proteobacteria (100%)

Betaproteobacteria (100%)

Burkholderiales (100%)

Comamonadaceae (100%)

Delftia (97%)

Proteobacteria (100%)

Betaproteobacteria (100%)

Burkholderiales (100%)

Comamonadaceae (100%)

Ramlibacter (52%)

Proteobacteria (100%)

Gammaproteobacteria (100%)

Xanthomonadales (100%)

Xanthomonadaceae (100%)

Stenotrophomonas (100%)

Acidobacteria (100%)

Acidobacteria Gp_1 (98%)

Unknown

Unknown

Candidatus Koribacter (52%)

Table 3. Sequence matches for 16S rRNA gene fragments from DNA collected from reclaimed
soil. The Ribosomal Database Project (RDP) software program SeqMatch was used to find the
closest match to known cultured and uncultured bacteria contained in the RDP database (percent
similarity and accession numbers for each match are in parentheses)
Band

Best Match Cultured Organism

Best Match Uncultured Organism

8

Massilia aurea (97.1%; S000650723)

uncultured Oxalobacteraceae bacterium (100.0%; S002476753)

10

Delftia spp. (98.8%; S000146281; S001169258)

uncultured Delftia sp. (100.0%; S000976715 )

11a

Ramlibacter spp. (89.0%; S000388105; S000394160)

uncultured Ramlibacter sp. (89.0%; multiple records)

11

Stenotrophomonas maltophilia (95.5%; S000009493)

uncultured Stenotrophomonas sp. (98.9%; S001178092)

12

Terriglobus roseus (63.2%; S000712490)

uncultured Acidobacteria bacterium (80.3%; multiple records)

3.1.3: Principal Components Analysis (PCA)
Patterns in site characteristics in the different research plots were determined by means of
PCA (Figure 3). Physical and chemical parameters included in the analysis were median metal
concentration in subsurface waters, metal concentrations for topsoil and subsoil samples.
Bacterial banding patterns were excluded from this analysis.
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The PCA resulted in a separation between the different-aged plots (Figure 5). Dimension
1 accounted 32.3 % of the variance and dimension 2 accounted for a variance of 24.4 %. In
dimension 1 almost all median subsurface water metal concentration, excluding Fe, resulted in
highly positive component loadings (Table 4). Furthermore, percent carbon (0.89) within subsoil
resulted in a positive component loading among sites within dimension 1. Dimension 2 revealed
high correlations among sediment concentrations of manganese and zinc. Topsoil manganese
concentrations correlated at 0.70, whereas subsoil samples had a value of 0.72. Zinc had similar
component loading values to manganese with topsoil; loading of 0.78. Subsoil displayed a
component loading of 0.86. Dimension 3 did not show any correlation values above the arbitrary
0.70 threshold.

Figure 5. Principal components analysis (PCA) of sediment samples and median metal
concentration in subsurface water. The DGGE banding patterns of bacteria were excluded to
determine physical and chemical characteristics present within research plots.
Table 4. Principal components analysis (PCA) results of sediment samples and median metal
concentration in subsurface water. Bold values indicate variables that correlated at a high level in
the PCA analysis
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Table 4. Principal components analysis (PCA) correlation results of sediment samples and
median metal concentrations in subsurface waters. Bold values indicate variables that correlated
at a high level in PCA analysis
Full Site Characteristics
3 Months - 120 Months

Dimension 1

Dimension 2

Dimension 3

Median Al (ng/mL)

0.92

-0.27

0.03

Median Mn (ng/mL)

0.91

-0.15

0.03

Median Fe (ng/mL)

0.44

-0.65

0.01

Median Ni (ng/mL)

0.95

-0.24

-0.07

Median Zn (ng/mL)

0.92

-0.32

0.02

Median Pb (ng/mL)

0.93

-0.26

0.02

% Carbon - Topsoil

0.47

0.24

-0.57

% Carbon - Subsoil

0.89

0.12

-0.16

% Silt & Clay - Topsoil

-0.27

0.26

-0.50

% Silt & Clay - Subsoil

0.32

0.50

-0.06

Al - Topsoil (mg/Kg)

0.05

-0.41

0.20

Al - Subsoil (mg/Kg)

0.30

-0.42

0.74

Fe - Topsoil (mg/Kg)

0.23

-0.02

0.58

Fe - Subsoil (mg/Kg)

-0.10

-0.16

0.93

Mn - Topsoil (mg/Kg)

0.58

0.70

-0.15

Mn - Subsoil (mg/Kg)

0.38

0.72

0.13

Ni - Topsoil (mg/Kg)

0.64

0.63

0.03

Ni - Subsoil (mg/Kg)

-0.06

0.80

0.46

Pb - Topsoil (mg/Kg)

0.48

0.45

0.43

Pb - Subsoil (mg/Kg)

-0.26

0.50

0.49

Zn - Topsoil (mg/Kg)

0.25

0.78

-0.12

Zn - Subsoil (mg/Kg)

-0.06

0.86

0.20

A PCA was also conducted that included DGGE results. (Band 11a was excised and
observed only once. It was located adjacent to band 11. Band 11a could not be included in the
PCA because it was potentially obscured by band 11). Physical, chemical, and microbial
parameters included in the analysis were the presence or absence of particular species banding
patterns, % C, grain size, and total metal concentrations in topsoil. The PCA of all surface
samples collected from all research plots and species (Figure 6A) resulted in a separation
between the different-aged plots. Dimension 1 accounted for 30.2 % of the variance and
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dimension 2 accounted for 18.6 % of the variance. There was a distinct separation in dimension 2
between the younger reclaimed plots, Agrotourism Tupak, and Agroforestry Tupak – Blok 1
when compared to the older site Banko Barat 3 (Figure 6A). The results of PCA among all
treatments and aged plots in Figure 6A showed that dimension 1 was primarily driven by species
1, 2a, 3, 4a, 5, and 12 (Table 5). Zinc was also found to have a highly correlated component
loading of 0.81 in dimension 2 (Table 5).
The PCA of all surface samples collected from the different-aged plots using the compost
treatment where a layer of compost was spread over the soil was conducted to determine if age
since compost application may correlate with microbial diversity (Figure 6B). There was a
distinct age separation between plots that varied in age since compost was applied. Component
loadings (Table 6) were high in dimension 1 for total metal concentrations in topsoil for Mn (0.71) and Ni (-0.82). The only total metal concentration with a high component loading in
dimension 2 was zinc which had a value of 0.81. Species that had the highest component
loadings were 4a, 4, 6, 9 12, and 13 which were found to be most influential in dimensions 1, 2
and 3.
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Figure 6. (A) Principal components analysis (PCA) of all surface samples and denaturing
gradient gel electrophoresis (DGGE) banding patterns of bacteria. (B) Principal components
analysis (PCA) of surface samples and denaturing gradient gel electrophoresis (DGGE) banding
patterns of bacteria (excluding species 10a) collected from the different-aged plots but only
surface layer treatments were used in PCA.
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Table 5. Principal components analysis (PCA) correlation results from Figure 6A of total metal
concentrations in soils, % carbon, % silt + clay, and denaturing gradient gel electrophoresis
(DGGE) banding patterns of bacteria. Bold values indicate variables that correlated at a high
level in PCA analysis
Surface Characteristics
3 Months - 120 Months

Dimension 1

Dimension 2

Dimension 3

% Carbon - Topsoil

0.17

0.68

0.39

% Silt & Clay - Topsoil

0.35

0.05

0.52

Al - Topsoil (mg/Kg)

0.69

0.05

-0.20

Fe - Topsoil (mg/Kg)

-0.05

0.07

-0.52

Mn - Topsoil (mg/Kg)

-0.50

0.68

0.18

Ni - Topsoil (mg/Kg)

-0.54

0.63

-0.02

Pb - Topsoil (mg/Kg)

-0.27

0.50

-0.36

Zn - Topsoil (mg/Kg)

-0.18

0.81

0.23

Species 1

0.85

0.44

-0.22

Species 2

0.27

0.49

-0.10

Species 2a

0.73

0.06

0.45

Species 3

0.85

0.44

-0.22

Species 4

0.49

-0.13

-0.78

Species 4a

0.80

0.16

-0.19

Species 5

0.85

0.44

-0.22

Species 6

0.58

-0.63

-0.36

Species 7

0.60

0.34

0.52

Species 8

0.29

-0.73

0.29

Species 9

0.65

-0.29

0.60

Species 10

0.33

0.09

0.55

Species 10a

-0.23

0.16

0.11

Species 11

0.55

0.01

0.35

Species 12

0.89

-0.03

0.00

Species 13

0.39

0.19

-0.63

Species 14

0.11

-0.58

0.13
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Table 6. Principal components analysis (PCA) correlation results from Figure 6B of total metal
concentrations in soils, % carbon, and % silt + clay collected from surface layer treatments
within the different-aged plots and denaturing gradient gel electrophoresis (DGGE) banding
patterns of bacteria (excluding species 10a). Bold values indicate variables that correlated at a
high level in PCA analysis
Surface Characteristics
3 Months - 120 Months

Dimension 1

Dimension 2

Dimension 3

% Carbon - Topsoil

0.00

0.85

-0.10

% Silt & Clay - Topsoil

0.63

0.30

-0.40

Al - Topsoil (mg/Kg)

0.69

-0.13

0.21

Fe - Topsoil (mg/Kg)

-0.08

-0.56

0.75

Mn - Topsoil (mg/Kg)

-0.71

0.58

-0.13

Ni - Topsoil (mg/Kg)

-0.82

0.49

0.04

Pb - Topsoil (mg/Kg)

-0.67

0.25

0.41

Zn - Topsoil (mg/Kg)

-0.23

0.93

0.00

Species 1

0.68

0.48

0.52

Species 2

0.01

0.48

0.24

Species 2a

0.63

0.29

-0.40

Species 3

0.68

0.48

0.52

Species 4

0.40

-0.37

0.81

Species 4a

0.75

0.17

0.40

Species 5

0.68

0.48

0.52

Species 6

0.56

-0.77

0.21

Species 7

0.59

0.59

-0.29

Species 8

0.33

-0.64

-0.54

Species 9

0.70

-0.04

-0.63

Species 10

0.56

0.25

-0.49

Species 11

0.31

0.17

-0.52

Species 12

0.85

0.01

0.05

Species 13

0.01

-0.01

0.71

Species 14

-0.04

-0.59

-0.43

The PCA of younger surface samples and banding patterns of bacteria collected at
Agrotourism Tupak exhibited a strong separation based on the compost treatment used (Figure
7). The majority of variance observed was described by dimension 1 which accounted for 42.4 %
of the variance; dimension 2 accounted for 17.0 % of the variance. Component loadings below
0.70 indicated poor correlation among sediment characteristics in dimension 1 (Table 5).
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Presence of several species’ (e.g., 1, 2, 2a, 5, and 12) banding patterns was very highly correlated
with the first principal component (loading = 0.96). Furthermore, species 11 and 13 showed high
component loadings of 0.76. There were high component loadings within dimension 2 among
sediment concentrations of iron (0.76) manganese (0.70), and nickel (0.72).

Figure 7. Principal components analysis (PCA) of total metal concentrations in soils, % carbon,
% silt + clay, and denaturing gradient gel electrophoresis (DGGE) banding patterns of bacteria
collected from reclaimed soil at the Agrotourism Tupak research plot.
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Table 7. Principal components analysis (PCA) correlation results from Figure 7 of total metal
concentrations in soils, % carbon, % silt + clay, and denaturing gradient gel electrophoresis
(DGGE) banding patterns of bacteria collected from reclaimed soil at the Agrotourism Tupak
research plot. Bold values indicate variables that correlated at 0.70 or greater in PCA
Surface Characteristics
3 Months

Dimension 1

Dimension 2

Dimension 3

% Carbon - Topsoil

0.20

0.04

-0.59

% Silt & Clay - Topsoil

-0.18

0.52

-0.34

Al - Topsoil (mg/Kg)

0.30

0.45

-0.39

Fe - Topsoil (mg/Kg)

0.21

0.76

0.36

Mn - Topsoil (mg/Kg)

0.19

0.70

-0.09

Ni - Topsoil (mg/Kg)

0.55

0.72

0.34

Pb - Topsoil (mg/Kg)

0.60

0.51

0.42

Zn - Topsoil (mg/Kg)

0.54

0.52

0.11

Species 1

0.96

-0.17

-0.19

Species 2

0.96

-0.17

-0.19

Species 2a

0.96

-0.17

-0.19

Species 3

0.96

-0.17

-0.19

Species 5

0.96

-0.17

-0.19

Species 10

0.39

0.35

-0.31

Species 10a

-0.07

0.39

0.03

Species 11

0.76

-0.28

0.53

Species 12

0.96

-0.17

-0.19

Species 13

0.76

-0.28

0.53

Species 14

0.04

-0.19

0.90

3.2: Water Analysis
Several major and trace metals were significantly correlated (Table 8). Manganese had
strong correlations with nickel (r = 0.75), but was not correlated with iron. All other measures of
elements were weak to moderately correlated with each other (Table 8).
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Table 8. Correlation matrix for metal concentrations in subsurface water samples. Bold values
indicate a significance level 0.05 followed by (*) very weak correlation (**) weak correlation
(***) moderate correlation and (****) strong correlation
Al (ng/mL)
Al (ng/mL)

Mn (ng/mL)

Fe (ng/mL)

Ni (ng/mL)

Zn (ng/mL)

Pb (ng/mL)

1.00

Mn (ng/mL)

0.27*

1.00

Fe (ng/mL)

0.65***

0.20

1.00

Ni (ng/mL)

0.42**

0.75****

0.43**

1.00

Zn (ng/mL)

0.58***

0.37**

0.64***

0.46**

1.00

Pb (ng/mL)

0.44**

0.30**

0.59***

0.45**

0.69***

1.00

Neither compost treatment nor age were found to consistently differ among metal
concentrations in subsurface waters (Figure 8A-8F). Manganese and zinc showed no significant
differences among different-aged plots or the control sites when compared to compost treatments
(8C and 8F). Although, there were water samples that had manganese concentrations above
Indonesia drinking water standards (400 ng/mL), the median concentration were below these
limits. Median values ranged from 26.83 ng/mL to 210.20 ng/mL among sites (Table 9). Zinc
had lower concentrations in subsurface waters in comparison to manganese with median values
that ranged from 0.27 ng/mL to 4.80 ng/mL among sites (Table 9).
In contrast, aluminum concentrations in subsurface waters showed a significant
difference between the Agrotourism Tupak control sites and Banko Barat 3 (Figure 8A);
however, this is not consistent with the other metals measured (Figures 8B-8F). In addition, one
water sample had an aluminum concentration above the USEPA aquatic life criteria standards.
However, median concentration of aluminum grouped by compost treatment and age
combinations ranged from 1.14 ng/mL to 4.50 ng/mL (Table 9) and were below drinking water
standards for the USEPA and Indonesia (Figure 8A).
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Iron concentrations showed significant differences between Agrotourism Tupak control
sites when compared to Agroforestry Tupak – Blok 1 and Banko Barat 3. Median concentration
ranged from 2.18 ng/mL to 4.05 ng/mL for the different compost treatments and aged plots
(Table 9). In addition, iron concentrations were below Indonesia drinking water standards (300
ng/mL), maximum concentration of 67.94 ng/mL which was in water samples collected from
Agroforestry Tupak – Blok 1 (Figure 8B).
Nickel concentrations in subsurface waters were below USEPA aquatic life standards (52
ng/mL) and had median concentration that ranged from 1.09 ng/mL to 7.91 ng/mL among sites
(Table 9). Agroforestry Tupak – Blok 1 had the highest median Ni concentration of 7.91 ng/mL
(Table 9) and a maximum concentration of 36.0 ng/mL (Figure 8D). Significant differences were
observed between Agrotourism Tupak control sites and surface layer compost treatments within
Agrotourism Tupak and Banko Barat 3 research plots (Figure 8D).
Lead concentrations among the different compost treatments and age groups were more
variable in comparison to the other metals analyzed (Figure 8E). Subsurface water samples
analyzed for Pb showed median concentration that ranged from below instrument detection
limits (4.50e-08 ng/mL) to 1.26 ng/mL (Table 9). Agrotourism Tupak control sites differed
significantly from all the surface layer compost treatments among the three different-aged plots
(Figure 8E). In addition, there were several water samples that had Pb concentrations above
USEPA and Indonesia water quality standards, and a maximum concentration of 106.6 ng/mL
was observed in Agroforestry Tupak – Blok 1 (Figure 8E).
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Figure 8. Concentrations of (A) aluminum (ng/mL), (B) iron (ng/mL), (C) manganese (ng/mL),
(D) nickel (ng/mL), (E) lead (ng/mL), and (F) zinc (ng/mL) in subsurface waters collected in the
3-month old Agrotourism Tupak plot, 12-month old Agroforestry Tupak - Blok 1 plot, and 120month old Banko Barat 3 plot. Concentrations are plotted using a log10 scale. Compost
treatments were classified as (NT) no treatment, or control, (M) compost was mixed in with
reclaimed soil, and (SL) a 5-cm thick layer of compost applied over reclaimed soil. Orange
dotted lines indicate the Indonesian drinking water standards for major and trace metals, red
dotted lines indicate USEPA freshwater aquatic life chronic criteria standards of major and trace
metals; and blue dotted lines indicate USEPA drinking water standards for major and trace
metals. Treatments sharing the same letter were not significantly different in pair-wise
comparisons among different aged plots and compost treatments.
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Table 9. Metal concentrations (medians, means [standard deviations]) in subsurface water
samples grouped by compost treatment and age combinations, (AT) Agrotourism Tupak, (AF)
Agroforestry Tupak – Blok 1, (BB) Banko Barat 3

3.3: Soil Analysis
3.3.1: Total Carbon
There was a significant difference in the percent carbon (% C) within topsoil between the
Agroforestry Tupak – Blok 1 and Banko Barat 3 sites (Figure 7A, Table 10). However, subsoil
samples (Figure 7B, Table 10) did not show a statistical difference among compost application
treatments or plot age groups. Agrotourism Tupak topsoil samples collected in control sites had a
mean of 2.62% C, and subsoil samples had a mean of 1.95% C. Sites that had compost mixed
into the soil had a mean of 4.23% C within topsoil samples, and a mean of 2.45% C in subsoil
samples. Sites containing a surface layer of compost had a mean of 4.27% C within the topsoil,
and a mean of 3.88% C in subsoil samples. Agroforestry Tupak – Blok 1 had slightly higher
carbon percentages with a mean of 6.34% C in topsoil, and a mean of 6.31% C in subsoil.
Banko Barat 3 had, in general, fairly low carbon percentages with a mean of 1.77% C in topsoil
samples, and a mean of 0.62% C within subsoil samples.
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Figure 9. Percent carbon in sediment collected from (A) topsoil and (B) subsoil located in areas
where three different compost treatments were used at Agrotourism Tupak (3 months), one
compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and one compost treatment
used at Banko Barat 3 (120 months) reclamation areas. Treatments sharing the same letter were
not significantly different in pair-wise comparisons among different aged plots and compost
treatments.
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Table 10. Percent carbon (medians, means [standard deviations]) in topsoil and subsoil samples
that are grouped by compost treatment and age combinations, (AT) Agrotourism Tupak, (AF)
Agroforestry Tupak – Blok 1, (BB) Banko Barat 3
Research
Plot

Site Age
(Months)

Compost
Treatment

% Carbon
Topsoil

% Carbon
Subsoil

AT

3

Control

3.11, 2.62 [1.01]

2.39, 1.95 [0.89]

AT

3

Mixed

4.23, 4.23 [1.25]

2.19, 2.45 [1.32]

AT

3

Surface layer

4.54, 4.27 [1.41]

1.80, 3.88 [3.64]

AF

12

Surface layer

6.51, 6.34 [2.74]

5.11, 6.31 [5.31]

BB

120

Surface layer

2.04, 1.77 [0.87]

0.48, 0.62 [0.31]

3.3.2: Total Metal Concentrations in Soil
The geochemical results show no significant differences in metal concentrations among
compost treatments and age combinations within topsoil and subsoil samples collected at PTBA
(Figures 10-15, Table 11). In addition, all the metals analyzed within this study were within
range of global background soils, and below the World Health Organization’s maximum
permissible metal limits for soils, consensus-based threshold effect, and probable effect
guidelines.
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Table 11. Metal concentrations (medians, means [standard deviations]) for (A) topsoil and (B)
subsoil grouped by compost treatment and age combinations, (AT) Agrotourism Tupak, (AF)
Agroforestry Tupak – Blok 1, (BB) Banko Barat 3

Topsoil and subsoil metal concentrations for aluminum were variable among sites.
Topsoil samples had median concentration that ranged from 2669 mg/Kg to 9904 mg/Kg among
the Agrotourism Tupak and Agroforestry Tupak – Blok 1 sites. Banko Barat 3 only had one
sample available; its aluminum concentration was 1158 mg/Kg (Figure 10A). In subsoil samples,
median concentration ranged from 3207 mg/Kg to 3666 mg/Kg among the two younger plots;
the concentration within the one sample at Banko Barat 3 was 7712 mg/Kg (Figure 10B).
Iron had the highest median concentrations of all the metals analyzed within topsoil and
subsoil samples. Topsoils exhibited a median that ranged from 13,928 mg/Kg to 21,387 mg/Kg.
Subsoil medians ranged from 20,911 mg/Kg to 22,590 mg/Kg in the younger research plots.
Banko Barat 3 only had one sediment sample available in topsoil with a concentration of 29,748
mg/Kg (Figure 11A); the sites, subsoil concentration of 31,828 mg/Kg (Figure 11A).
Although there were no significant differences in metal concentrations among compost
treatments and age combinations, the lowest concentrations of Mn were observed within Banko
Barat 3 (Figure 12) where the median concentration was 155 mg/Kg for topsoil samples and
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85.68 mg/Kg for subsoil. The median concentration for Agrotourism Tupak and Agroforestry
Tupak - Blok 1 plots ranged from 422 mg/Kg to 741 mg/Kg in topsoil samples, and 792 mg/Kg
to 8667 mg/Kg in subsoil samples.
Minor variations in metal concentrations for nickel, lead, and zinc among topsoil and
subsoil samples were present; however, differences between compost treatment and age were not
significant (Figures 13-15). Median concentration for nickel ranged from 2.61 mg/Kg to 9.93
mg/Kg among compost treatments and age in topsoils, and 0.58 mg/Kg to 14.74 mg/Kg in
subsoils. Lead median concentration ranged from 12.57 mg/Kg to 20.49 mg/Kg in topsoils and
18.33 mg/Kg to 20.87 mg/Kg in subsoils. Zinc had a topsoil median concentration that ranged
between the sites from 41.33 mg/Kg to 93.54 mg/Kg, and 52.98 mg/Kg to 84.74 mg/Kg in
subsoils.
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Figure 10. Concentrations of Al (mg/Kg) in sediment collected from the (A) topsoil and (B)
subsoil located in areas where three different compost treatments were used at Agrotourism
Tupak (3 months), one compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and
one compost treatment used at Banko Barat 3 (120 months) reclamation areas.
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Figure 11. Concentrations of Fe (mg/Kg) in sediment collected from (A) topsoil and (B) subsoil
located in areas where three different compost treatments were used at Agrotourism Tupak (3
months), one compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and one
compost treatment used at Banko Barat 3 (120 months) reclamation areas.
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Figure 12. Concentrations of Mn (mg/Kg) in sediment collected from the (A) topsoil and (B)
subsoil located in areas where three different compost treatments were used at Agrotourism
Tupak (3 months), one compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and
one compost treatment used at Banko Barat 3 (120 months) reclamation areas.
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Figure 13. Concentrations of Ni (mg/Kg) in sediment collected from the (A) topsoil and (B)
subsoil located in areas where three different compost treatments were used at Agrotourism
Tupak (3 months), one compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and
one compost treatment used at Banko Barat 3 (120 months) reclamation areas.
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Figure 14. Concentrations of Pb (mg/Kg) in sediment collected from (A) topsoil and (B) subsoil
located in areas where three different compost treatments were used at Agrotourism Tupak (3
months), one compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and one
compost treatment used at Banko Barat 3 (120 months) reclamation areas.
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Figure 15. Concentrations of Zn (mg/Kg) in sediment collected from the (A) topsoil and (B)
subsoil located in areas where three different compost treatments were used at Agrotourism
Tupak (3 months), one compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and
one compost treatment used at Banko Barat 3 (120 months) reclamation areas.
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3.3.3: Grain Size Distribution
We found no significant differences in the amount of fine (silt plus clay) particles in
samples when compared to compost treatments and age combinations (Figure 16, Table 12).
Banko Barat 3 had the lowest percentage of silt and clay (the mean concentration was 71.94 % in
topsoil and 70.85 % in subsoil). Agrotourism Tupak had the highest percentage of fine-grained
material (the mean in topsoil was 81.75 %, the mean in subsoil samples was 88.64 % within
control sites). Agrotourism Tupak sites that had compost mixed into the reclaimed soil exhibited
a mean of 77.49 % fine particles in topsoil and a mean of 78.58 % in subsurface soils.
Treatments within the three different-aged plots that had a 5-cm thick layer of compost spread
over the reclaimed soil surface had means that ranged from 71.94% to 78.54% in topsoil, and
70.85% to 88.28% in subsoil samples.

Table 12. Percent silt plus clay (medians, means [standard deviations]) in topsoil and subsoil
samples that are grouped by compost treatment and age combinations, (AT) Agrotourism Tupak,
(AF) Agroforestry Tupak – Blok 1, (BB) Banko Barat 3.
Research
Plot

Site Age
(Months)

Compost
Treatment

% Silt/Clay
Topsoil

% Silt/Clay
Subsoil

AT

3

Control

79.76, 81.75 [8.10]

90.33, 88.64 [5.28]

AT

3

Mixed

71.87, 77.49 [13.48]

85.63, 78.58 [13.90]

AT

3

Surface layer

74.48, 78.54 [7.40]

83.93, 85.07 [11.27]

AF

12

Surface layer

69.82, 77.67 [19.40]

86.90, 88.28 [6.23]

BB

120

Surface layer

75.84, 71.94 [13.63]

72.43, 70.85 [4.52]
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Figure 16. Percent silt and clay in sediment collected from (A) topsoil and (B) subsoil located in
areas where three different compost treatments were used at Agrotourism Tupak (3 months), one
compost treatment used at Agroforestry Tupak – Blok 1 (12 months), and one compost treatment
used at Banko Barat 3 (120 months) reclamation areas.
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Several soil physical and biogeochemical characteristics were significantly correlated
(Table 13). Manganese was correlated with total carbon (r = 0.42) and percent fine sediment
(<63 µm) (r = 0.39), in addition to nickel (r = 0.73), lead (0.49), and zinc (0.66). Aluminum was
not correlated with any of the variables (e.g., total carbon, % silt and clay, major, and trace
metals) included within correlation analysis. Iron is correlated with nickel (r = 0.60) and lead (r =
0.63). In addition, nickel tends to be correlated with lead (r = 0.78) and zinc (r = 0.70); zinc is
correlated with lead (r = 0.57).

Table 13. Correlation matrix for metal concentrations in soil samples. Bold values indicate a
significant correlation at the 0.05 level
Carbon Silt/Clay
Al
Fe
Mn
Ni
Pb
Zn
%
%
(mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
% Carbon
% Silt/Clay
Al (mg/Kg)
Fe (mg/Kg)
Mn (mg/Kg)
Ni (mg/Kg)
Pb (mg/Kg)
Zn (mg/Kg)

1.00
0.08
0.19
-0.49
0.42
0.14
-0.02
0.37

1.00
-0.09
-0.02
0.39
0.18
-0.06
0.34

1.00
0.28
0.23
0.05
0.17
-0.03

1.00
0.23
0.60
0.63
0.23
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1.00
0.73
0.49
0.66

1.00
0.78
0.70

1.00
0.57

1.00

CHAPTER FOUR: DISCUSSION

4.1: 16S rDNA Sequence Descriptions
Soil bacteria utilize carbon, major, and trace metals such as iron, manganese, nickel, and
zinc for metabolic processes (Madigan et al., 2017). They also play an essential role in OM
decomposition, which may increase metal mobilization over time (Williamson and Johnson,
1991; Gadd, 1993; Gharieb et al., 1999; Lovley, 2000; Gadd, 2004; Sheoran et al., 2010;
Madigan, et al., 2017). Soil samples collected for this study contained the phyla Proteobacteria
and Acidobacteria (Table A1). These heterotrophic bacteria are commonly found within soil
samples and can significantly influence soil forming processes via direct/indirect breakdown of
OM (e.g., nutrient cycling) (Sheoran et al., 2010; Li et al., 2014). Therefore, carbon turnover is
likely linked with heterotrophic bacteria identified within this study.
Typical characteristics of the genus Massilia (phylum Proteobacteria) include aerobic
metabolism and nonsporeforming, motile, and rod-shaped cells (George, M. G., et al., 2005) that
produce yellow-pigmented colonies and belong to the family Oxalobacteraceae, class
Betaproteobacteria (La Scola et al., 1998; Gallego et al., 2006). Massilia was first discovered in
the blood of an immunocompromised patient (La Scola et al., 1998) but has recently been found
in a variety of environments. Isolates have been collected from drinking water (Gallego et al.,
2006), sediment samples (Wery et al., 2003; Ferrari et al., 2005; Nagy et al., 2005), and areas
with metal contamination (Cai et al., 2009; Abou-Shanab et al., 2010; Kuffner et al., 2010;
White et al., 2011) such as mine tailings (Du et al., 2012; Feng et al., 2016). Furthermore,
Massilia is commonly found in early succession and decomposition stages of soils amended with
plant residues (Pascault et al., 2010). The sample in this study was collected from the Banko
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Barat 3 research plot which is 120 months old (Table A1). In recent years Massilia was found to
be a rhizosphere and root-colonizing bacteria within soil that can also rapidly attach to
mycorrhizal fungi hyphae (Scheublin et al., 2010). They have been found to be associated with
plant growth by production of the phytohormone known as indole-3-acetic acid (IAA) (Kuffner
et al., 2010), and siderophores (Hrynkiewicz et al., 2010). Rhizosphere bacteria that produce
siderophores may promote plant growth by inhibiting colonization of harmful pathogens and
bacteria on the roots and increasing Fe availability to the plant (Alexander and Zuberer, 1991).
Species from the family Comamonadaceae (phylum Proteobacteria, class
Betaproteobacteria) have an aerobic metabolism and cells are commonly straight or slightly
curved rods. They are motile by a single polar flagellum or via polar tufts of up to five flagella;
they lack endospores, and in the presence of CO or H2 they can be chemoorganotrophic or
facultatively chemolithotrophic, or able to use inorganics as an energy source (Willems et al.,
1991). Furthermore, the genus Delftia which also belong to the family Comamonadaceae, has
been isolated from a variety of environmental and clinical samples including freshwaters, soils,
rhizospheres, activated sludge, and immunocompromised individuals (Wen et al., 1999; Bilgin et
al., 2015). Recently it has been discovered that Delftia species can show resistance to Zn (II) and
Pb (II) contaminated soils, and are capable of detoxifying Cr-contaminated soils (Morel et al.,
2011; Ubalde et al., 2012). In addition, they encourage plant growth activity by phosphate
solubilization (Chen, et al., 2006), nitrogen fixation (Ahemad, 2015), production of siderophores,
IAA, and aid in increased root development (Morel et al., 2015) which enhances nutrient
absorption (Ahemad, 2015) in a number of plant species known for hyperaccumulation of metals
(Morel et al., 2011; Ubalde et al., 2012; Morel et al., 2015). Many members of Comamonadaceae
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are commonly isolated during ecological studies due to their widespread geographic distribution
(Willems et al., 1991).
The genus Stenotrophomonas (family Xanthomonadaceae, class Gammaproteobacteria,
phylum Proteobacteria) are heterotrophic bacteria well-adapted to environments that are nutrient
deficient (Ryan et al., 2009). They have an aerobic metabolism with oxygen as the electron
acceptor and cells are typically straight or curved rods and are motile by two or more polar
flagella (Palleroni and Bradbury, 1993). Stenotrophomonas is frequently isolated from
environmental samples associated with the rhizosphere (Juhnke et al., 1989; Berg et al., 1996)
and vascular systems of plants (Ryan et al., 2009). Stenotrophomonas may aid other
microorganisms in plant colonization and plant productivity through extracellular enzyme and
IAA production, nitrogen fixation, and making sulfate available for plants through sulfur
oxidation. In addition, they may prevent fungal pathogens from harming plants by creating
competition for iron which is conducted by capturing siderophores produced from other
microorganisms.
Acidobacteria, a large and diverse phylum, contain species that contain rod-shaped,
nonphotosynthetic, and nonsporeforming cells that typically occur as single cells, in pairs, or in
short chains of cells. They are strictly aerobic, mobile by peritrichous flagella, and many have
acidophilic growth patterns at pH ranges of 3.0 to 6.0 (Thrash and Coates, 2010). Species are
commonly found in samples originating from acid mine drainage and soils (Kishimoto et al.,
1991). The species detected within PTBA reclaimed soil samples are related to those commonly
found to be associated in environmental samples such as soils, freshwaters, and mine spoil. It is
therefore not surprising that this species was sequenced from our reclaimed soil samples among
different compost applications and/or sites of varying age.
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The identified bacteria were all heterotrophic and commonly found in environmental
samples similar to the site conditions observed within this study and may play a role in OM
turnover. Previous studies show that the bacteria Massilia, Delftia, and Stenotrophomonas are
commonly associated with vegetation (e.g., rhizospheres, roots, stems, etc.) and likely play a role
in enhancing vegetation growth, which is beneficial to reclamation (e.g., increasing OM,
improving microbial activity, etc.). In addition, Massilia has been commonly early succession
and decomposition stages of soils amended with plant residues (Pascault et al., 2010) which is
consistent with the reclamation stage of the reforested areas at PTBA. These heterotrophic
bacteria likely play a significant role in ecological functions such as OM turnover, and enhancing
vegetation growth (e.g., nitrogen fixation, siderophore, and IAA production) that may ultimately
improve site conditions.
4.2: Total Major and Trace Metal Concentrations in Soils
The total concentrations of manganese, nickel, lead, and zinc in samples collected from
reclaimed soils at PTBA are within range of global soil background concentrations (Table 11,
Figures 12-15) (Buonicore, 1996). Thus, the metal concentrations are all below the World Health
Organization (WHO) maximum permissible levels of metals in soils (Table 11, Figure 11-15)
(Chiroma et al., 2014). These results suggest that the contaminant concentrations in reclaimed
soils in the reforested reclamation areas at PTBA are below levels of concern. It is worth noting
that the concentration of the soil particulate-associated metals are also below the consensusbased threshold effect and probable effect guidelines cited in MacDonald et al.
(2000) (Table 11, Figure 13-15). Topsoils, then, are unlikely to pose a significant threat to local
aquatic biota if they were eroded and transported to an adjacent water body.
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Many studies have found that fill materials composed of overburden/interburden are rich
in sulfide bearing minerals that, upon oxidation, release trace metals locked in their crystalline
grain structures (Amijaya and Littke, 2006; Miller and Mackin, 2013; Moore, 2016). Based on
the results reported herein, the major and trace metals within reclaimed soils of the study plots do
not appear to be of major concern. There are two potential explanations for the observed
concentrations. First, the backfill material was composed of material that did not contain
significant amounts of coal, black shale, or sulfide minerals. The stockpiling of surface materials
to be used for backfill was presumably designed to limit the incorporation of these materials
during reclamation of the reforested areas. Second, low soil metal concentrations may be related
to the utilized acid digestion method, which relied on 3:1 ratio of hydrochloric to nitric acid. This
procedure which does not fully dissolve the mineral grains. Thus, it is possible, although
unlikely, that unoxidized sulfide minerals containing trace metals exist with the soil, but were not
measured by the analytical method used here. If this is the case, the bioavailability of the metals
would be low as they remain locked in the mineral grains. Therefore, even if these metals are
present, they are unlikely to negatively impact biota.
Total aluminum concentrations in the soil did not show a correlation with any of the other
major and trace metals analyzed, nor did it correlate with % C, or % silt and clay (Table 13).
Aluminum is often associated with aluminum oxides and kaolinite Al2Si2O5(OH)4 (Keller, 1964),
both of which may exist as white coatings or grains within the soil. Within the study plots, there
were no visible white coatings on ped faces or fractures within the soil profile. The lack of these
features suggests, in combination with the correlation analysis (Table 13), that aluminum does
not play a significant role in sorption/desorption of the trace metals (e.g., nickel, lead, and zinc)
(Table 13).
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Table 13 shows that % C and % silt and clay are both associated with manganese which
may indicate that manganese is bound to organic carbon and/or clay minerals within the soil. In
addition, it has been well established that manganese and iron oxides/hydroxides are excellent
scavengers of trace metals (Jenne, 1968), and exist as coatings on soil particles (an observation
made in our field area as well) (Figure 3). Total trace metal concentrations for nickel, lead, and
zinc are all correlated with manganese; nickel and lead are also correlated with iron (Table 13).
These relationships suggest that the analyzed trace metals (e.g., nickel, lead, and zinc) are
potentially sorbed to the manganese and iron oxides/hydroxides within soil, and which were
observed on ped surfaces and along linear soil fractures (Figure 3). This hypothesis could be
tested in future studies by using sequential extraction methods that determine the soil phases with
which metals are associated.
The total major and trace metal data above clearly demonstrate that the reclaimed soils at
PTBA are not contaminated; rather, concentrations are within range of global background soils,
indicating that toxic trace metals are unlikely to be a significant issue within the reforested areas.
This is supported by the lack of observed acid mine drainage in the area. However, this study
only examined shallow soils (~60 cm in depth) and does not preclude potential issues (e.g., acid
mine drainage, metal contamination, etc.) that may originate from deeper sulfide bearing fill
materials if it were to be come exposed to oxygenated waters.
4.3: Potential Age Effect(s) on Soil Characteristics and Microbiology
The data above shows that metal concentrations in reclaimed soils are below
contaminant levels. Although our results exhibit variations in concentrations, there is no
statistical difference among the analyzed metals and plots that varied in age since compost was
applied (Figure 10-15). However, total metal concentrations for manganese, nickel, and zinc do
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appear to be lower in the 120-month old Banko Barat 3 site (Table 11, Figure 12, 13, 15). In
contrast % C in topsoil showed a significant difference between the Agroforestry Tupak – Blok 1
and Banko Barat 3 research plots. The noted differences in carbon between the sites is consistent
with field observations. Undecomposed and/or partially decomposed organic matter was
widespread in the topsoils at Agroforestry Tupak – Blok 1, but was not observed in the reddish
brown soils at Banko Barat 3. The reduction in organic carbon may be related to decomposition
of the compost over time paired with the comparably lower OM input from vegetation at the site.
It has been established that organic carbon, major and trace metals, particularly iron,
manganese, nickel, and zinc are essential macro/micronutrients, and are utilized by heterotrophic
bacteria (Table 2, 3, A1) (Marshall et al., 1980; Lindemann et al., 1984; Mullen et al., 1989;
Walker et al., 1989; Williamson and Johnson, 1991; Madigan et al., 2017). The phyla
Proteobacteria and Acidobacteria (Table 2) were detected in soil samples and may use some
metals, as mentioned above, for biological functions such as metabolic processes, activating
enzymes, countering oxygen toxicity, and DNA/RNA polymerases (Madigan et al., 2017).
There were negative component loadings (Table 6) for manganese and nickel in the
younger plots which suggest the higher values may have a relationship with microbial diversity
in different aged plots with one type of compost application. It is important to note that although
manganese and nickel are essential micronutrients to bacteria, they can be harmful in excess
amounts. However, PCA conducted on the different compost applications and age groups
showed there were positive component loadings (Table 5) for topsoil % C, manganese, nickel,
and zinc (component loadings ranged from 0.63 to 0.81). This indicates a potential relationship
between the geochemical data and microbial diversity in the sites. These component loadings are
consistent with correlation analyses described in Table 13 where manganese is correlated and
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likely bound to carbon and/or clay particles. In addition, nickel, zinc, and lead were also
correlated with manganese and likely sorbed to manganese oxides/hydroxides (Table 13).
Previous studies have found that microbes are typically associated with clay sized
fractions and/or OM within the soil, where they may play a role in metal sorption due to their
large surface area (Marshall et al., 1980; Mullen et al., 1989; Walker et al., 1989), and/or
precipitation of dissolved metals (Tebo et al., 1984; Schultze-Lam et al., 1996). This suggests
that manganese is bound to the organic and/or clay fractions observed in soil fractures (Figure 3);
bacteria that are present can potentially biosorb essential nutrients such as organic carbon,
manganese, nickel and zinc. Microbial biosorption of carbon, major, and trace metals over time
would likely result in lower values in Banko Barat 3, which is consistent with field observations
and the presented geochemical data (Table 11, Figure 9, 12, 13, 15). Although, lead is potentially
adsorbed to manganese and iron oxides/hydroxides as well, it has been shown that there is no
level of lead exposure that is beneficial to living organisms (Flora et al., 2012), which may
explain why lead concentrations remained constant among the different aged plots (Figure 14).
In addition, lead was found to correlate with iron and may be bound to the iron
oxides/hydroxides (Table 13), which also did not appear to be affected by age (Figure 11).
According to the correlation analyses, total aluminum concentrations in shallow soil do
not appear to be associated with any of the other soil characteristics we analyzed (e.g., % C, %
silt and clay, total metal concentrations). As mentioned above, aluminum may be associated with
kaolinite, and is therefore bound within its crystalline structure. Although there is no statistical
difference between aluminum concentrations in soils, there does appear to be a slight increase in
aluminum concentrations over time, indicating a potential age effect (Figure 10). The increase of
aluminum concentrations through time may be related to the release of aluminum ions from the
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kaolinite crystalline structure as a result of increased soil acidity and/or weathering of mineral
grains (Zołotajkin et al., 2011; Miller and Mackin, 2013).
The data presented above show that there is a distinct age separation between microbial
diversity and geochemical data among the younger research plots (Agrotourism Tupak and
Agroforestry Tupak – Blok 1) and the older research plot, Banko Barat 3. More specifically, %
C, manganese, nickel, and zinc are correlated to one another and are essential nutrients to
heterotrophic bacteria. Thus, these microbes likely play a role on carbon turnover, and utilized
the metals for necessary biological functions, thereby producing the slightly lower values at the
Banko Barat 3 site. In addition, correlation analyses show that lead may primarily be associated
with iron oxides/hydroxides and, since lead has no necessary benefit to organisms, may explain
why lead concentrations remained constant in the different aged research plots. Furthermore,
total aluminum concentrations in shallow soils appeared to increase over time, which may be a
result of weathering processes that release aluminum ions from mineral grains.
4.4: Major and Trace Metal Mobility in Soils and Subsurface Waters
Major and trace metal concentrations for aluminum, iron, manganese, nickel, lead, and
zinc in subsurface waters collected from PTBA reforested reclamation areas were low (Figure
8A-8F) in comparison to previous analyses on waters in active mining pits (see, for example,
Moore, 2016). In addition, metal concentrations for iron and nickel were below USEPA aquatic
life chronic criteria, and USEPA and Indonesia drinking water standards (Figure 8B, 8D).
Several water samples did exhibit aluminum, manganese, and lead concentrations that exceeded
either the USEPA aquatic life chronic criteria and/or USEPA and Indonesia drinking water
standards. However, median concentrations were all below water quality limits. Moreover,
concentrations for aluminum and manganese were typically much lower than the geochemical
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data provided by Moore (2016), who found aluminum concentrations varied from ~50 ng/mL to
~11,000 ng/mL and manganese concentrations from 2000 ng/mL to ~21,400 ng/mL.
Significant variations were observed in metal concentrations in subsurface water samples
of the different aged plots. Field observations did not show any evidence of acid mine drainage
within the selected reclamation areas, indicating that sulfide minerals are unlikely to have played
a significant role in the observed variations in dissolved metal concentrations within the
subsurface waters. The variations in metal concentrations may be related to minor differences in
the concentration of organic matter as well as iron and manganese oxides and hydroxides in the
soils. The differences may also be related to variations in the quantity of shale and coal
fragments observed within the fill materials (which are potential sources of these metals).
Metal mobility can be increased by leachate from organic matter (OM) which forms
organo-metallic complexes that then move downwards through the soil profile (Schnitzer, 1969;
Schnitzer and Khan, 1978; Soumare et al., 2003; Schwab et al., 2007). In order to test for metal
mobility through the soil profile, and potentially into shallow subsurface waters, soil samples
were collected from the land surface (~5 cm) and ~60 cm depths at each well location within the
Agrotourism Tupak research plot. These samples were taken in order to investigate potential
metal mobility among the different compost applications. The results show that particulate metal
concentrations for all major and trace metals analyzed within this study were not depleted in the
surface materials, nor did the concentrations increase at depth (Figure 10-15). This is consistent
with other studies that suggest organic amendments can, in some instances, sorb metals and
reduce their risk of leaching to groundwaters (Aziz and Smith, 1992; USEPA, 1992; Brown et
al., 2003; Brown et al., 2004; van Herwijnen et al., 2007; Nwachukwu and Pulford, 2008;
Nwachukwu and Pulford, 2009). As suggested earlier, these geochemical data imply that metal
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mobility is low among the different compost application methods used within the Agrotourism
Tupak research plots. Thus, leaching to subsurface waters is unlikely (USEPA, 1992) unless a
site has a shallow groundwater table or macropore flow (Sherene, 2010) is providing a
connection to groundwater.
Field observations showed some mobilization of organics, manganese, and/or iron
oxides/hydroxides (Figure 3) as coatings along vertically oriented linear fractures. It is possible
that metals reach the underlying subsurface water via these soil fractures. However, the
magnitude of mobilization is presumably limited given low metal concentrations measured in
subsurface waters (Figure 8A-8F).
Soil samples collected from the surface (~5 cm) and at ~ 60 cm depths at each well
location among the different research plots were primarily composed of silt and clay (Figure 16).
Silt and clay rich soils are typically characterized by a low intrinsic permeability, which is
function of pore size (Fetter, 2001). Finer grain fractions have more surface area, which allows
for a larger area of water contact, resulting in an increase to frictional resistance to flow (Fetter,
2001). Thus, it is unlikely that significant water movement occurs through the soil matrix due to
its low permeability (10-6-10-1) and hydraulic conductivity (10-9-10-4 cm/s) (Fetter, 2001),
reducing the potential for groundwater contamination. However, based on field observations and
grain size distribution data (Figure 16), there may be localized lateral flow through the surface
layer of compost, leading to throughflow and/or surface runoff, which was evident based on
eroded ditches observed in the field.
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CHAPTER FIVE: CONCLUSIONS

Multiple soil samples were collected from the PTBA reforested reclamation areas and
used to extract 16S rRNA gene fragments for sequencing. Sequencing was conducted in order to
identify specific bacteria that likely have an effect on OM turnover, metal sorption/desorption
processes, and enhance vegetation growth among various compost application techniques and
time since compost application (age) occurred. The bacteria detected from soil samples were all
heterotrophic bacteria commonly found in environmental samples collected from soils,
rhizospheres, vegetation root systems, and stems. Some of these bacteria (e.g., Massilia) have
been commonly found in early succession and decomposition stages of soils amended with plant
residues which is consistent with our recently reclaimed study areas. The heterotrophic bacteria
detected within these soil samples among the different study plots likely have a significant
impact on ecological processes such as nitrogen fixation, OM turnover, metal
sorption/desorption, and plant growth. Therefore, these bacteria are expected to have a very
important impact within the reforested reclamation areas at PTBA.
Numerous environmental samples were collected and analyzed from the PTBA reforested
reclamation areas to determine how compost application techniques and time since compost
application (age) affect soil and water quality. Total metal concentrations in soils were all within
the range of global soil background concentrations and below the WHO maximum permissible
levels of metals in soils. The concentrations were also lower than consensus-based threshold
effect and probable effect guidelines for aquatic environments, suggesting that the erosion of the
soils, and its transport to adjacent surface waters is unlikely to affect aquatic biota. Correlation
analyses were conducted to provide insights into the sources and sinks of metals within the soil.
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The analysis showed that manganese was correlated with, and likely bound to, organic carbon,
which was consistent with field observations. Manganese, nickel, and zinc as well as % C were
generally lower in the older Banko Barat 3 study plot than in younger plots (Agrotourism Tupak
and Agroforestry Tupak – Blok 1). These results are consistent with PCA which showed a
distinct age separation between Banko Barat 3 and the two younger plots. These differences are
likely related to the identified heterotrophic bacteria utilizing OM, iron, manganese, nickel, and
zinc over time, all of which are essential nutrients used for metabolic processes.
Total metal concentrations analyzed from soil samples taken from the surface (~5 cm)
and at ~60 cm depths indicate there was neither a depletion in surface metal concentrations or an
accumulation of subsurface metals at any of the sites. Therefore, metal mobility to subsurface
waters is unlikely, a conclusion that is consistent with low dissolved metal concentrations in
subsurface waters. Although some mobility of organic material was observed along soil
fractures, the low permeability of these soils make it is unlikely for water to easily move through
the soil matrix. Based on field observations it is more likely that significant surface runoff is
generated during the rainy season, which has the potential to erode the soils.
This study therefore suggests that neither type of compost application nor age of
application had a significant effect on microbial diversity, metal contamination of the soils, or
dissolved metal concentrations in subsurface waters within the PTBA reforested reclamation
areas. Therefore, reclamation managers at the PTBA coal mine should focus on the compost
application method that best enhances vegetation growth and may increase microbial diversity
over time.

57

REFERENCES

Abou-Shanab, R. A. I., Van Berkum, P., Angle, J. S., Delorme, T. A., Chaney, R. L., Ghozlan,
H. A., Ghanem, K., and Moawad, H. (2010). Characterization of Ni-resistant bacteria in
the rhizosphere of the hyperaccumulator Alyssum murale by 16S rRNA gene sequence
analysis. World Journal of Microbiology and Biotechnology, 26(1), 101-108.
Ade, M. V. B., and Trindade, L. A. (2017). Dispersed organic matter analysis and distribution in
the sequence stratigraphic framework of the southeastern, Paraná Basin, Brazil. Journal
of Sedimentary Environments, 2(3), 195-218.
Aguirre-Gomez A., (1995)., Electrochemical studies of cadmium, copper, lead, zinc
complexation in synthetic and solutions. Ph.D. Thesis, Cornell University.
Ahemad, M. (2015). Enhancing phytoremediation of chromium-stressed soils through plantgrowth-promoting bacteria. Journal of Genetic Engineering and Biotechnology, 13(1),
51-58.
Akcil, A., and Koldas, S. (2006). Acid Mine Drainage (AMD): causes, treatment and case
studies. Journal of Cleaner Production, 14(12-13), 1139-1145.
Alexander, D. B., and Zuberer, D. A. (1991). Use of chrome azurol S reagents to evaluate
siderophore production by rhizosphere bacteria. Biology and Fertility of soils, 12(1), 3945.
Almås, Å. R., McBride, M. B., and Singh, B. R. (2000a). Solubility and lability of cadmium and
zinc in two soils treated with organic matter. Soil Science, 165(3), 250-259.
Almås, Å. R., Salbu, B., and Singh, B. R. (2000b). Changes in partitioning of cadmium-109 and
zinc-65 in soil as affected by organic matter addition and temperature. Soil Science
Society of America Journal, 64(6), 1951-1958.
Amier, R. I. (1991). Coals, source rocks and hydrocarbons in the South Palembang sub-basin,
South Sumatra, Indonesia. Master of Science (Hons.) thesis, Department of Geology,
University of Wollongong. http://ro.uow.edu.au/theses/2828
Amir, S., Hafidi, M., Merlina, G., and Revel, J. C. (2005). Sequential extraction of heavy metals
during composting of sewage sludge. Chemosphere, 59(6), 801-810.
Amijaya, H., and Littke, R. (2006). Properties of thermally metamorphosed coal from Tanjung
Enim Area, South Sumatra Basin, Indonesia with special reference to the coalification
path of macerals. International Journal of Coal Geology, 66(4), 271-295.

58

Anderson I. C., Campbel C. D., Prosser J. I. (2003). Potential bias of fungal 18S rDNA and
internal transcribed spacer polymerase chain reaction primers for estimating fungal
biodiversity in soil. Environmental Microbiology, 5(1), 36-47.
ATSDR (2008). Toxicological profile for aluminum. Atlanta, GA, United States Department of
Health and Human Services, Public Health Service, Agency for Toxic Substances and
Disease Registry. (http://www.atsdr.cdc.gov/toxprofiles/tp22.pdf).
Aziz, H. A., and Smith, P. G. (1992). The influence of pH and coarse media on manganese
precipitation from water. Water Research, 26(6), 853-855.
Aziz, H. A., and Smith, P. G. (1996). Removal of manganese from water using crushed dolomite
filtration technique. Water Research, 30(2), 489-492.
Aziz, H. A., Adlan, M. N., and Ariffin, K. S. (2008). Heavy metals (Cd, Pb, Zn, Ni, Cu and
Cr (III)) removal from water in Malaysia: post treatment by high quality
limestone. Bioresource Technology, 99(6), 1578-1583.
Bailey, S. E., Olin, T. J., Bricka, R. M., and Adrian, D. D. (1999). A review of potentially lowcost sorbents for heavy metals. Water research, 33(11), 2469-2479.
Baldwin, K. R., and Shelton, J. E. (1999). Availability of heavy metals in compost-amended
soil. Bioresource Technology, 69(1), 1-14.
Banks, D., Burke, S. P., and Gray, C. G. (1997). Hydrogeochemistry of coal mine drainage and
other ferruginous waters in north Derbyshire and south Yorkshire, UK. Quarterly Journal
of Engineering Geology and Hydrogeology, 30(3), 257-280.
Banning, N. C., Gleeson, D. B., Grigg, A. H., Grant, C. D., Andersen, G. L., Brodie, E. L., and
Murphy, D. V. (2011). Soil microbial community successional patterns during forest
ecosystem restoration. Applied and Environmental Microbiology, 77(17), 6158-6164.
Beesley, L., Inneh, O. S., Norton, G. J., Moreno-Jimenez, E., Pardo, T., Clemente, R., and
Dawson, J. J. (2014). Assessing the influence of compost and biochar amendments on the
mobility and toxicity of metals and arsenic in a naturally contaminated mine
soil. Environmental Pollution, 186, 195-202.
Belkin, H. E., Tewalt, S. J., Hower, J. C., Stucker, J. D., and O'Keefe, J. M. K. (2009).
Geochemistry and petrology of selected coal samples from Sumatra, Kalimantan,
Sulawesi, and Papua, Indonesia. International Journal of Coal Geology, 77(3-4), 260268.
Berg, G., Marten, P., and Ballin, G. (1996). Stenotrophomonas maltophilia in the rhizosphere of
oilseed rape—occurrence, characterization and interaction with phytopathogenic
fungi. Microbiological Research, 151(1), 19-27.

59

Bilgin, H., Sarmis, A., Tigen, E., Soyletir, G., and Mulazimoglu, L. (2015). Delftia acidovorans:
a rare pathogen in immunocompetent and immunocompromised patients. Canadian
Journal of Infectious Diseases and Medical Microbiology, 26(5), 277-279.
Bishop, K. H. (1991). Episodic increases in stream acidity, catchment flow pathways and
hydrograph separation (Doctoral dissertation, University of Cambridge).
Bishop, K., Seibert, J., Köhler, S., and Laudon, H. (2004). Resolving the double paradox of
rapidly mobilized old water with highly variable responses in runoff chemistry.
Hydrological Processes, 18(1), 185-189.
Blake, W. H., Walsh, R. P., Reed, J. M., Barnsley, M. J., and Smith, J. (2007). Impacts of
landscape remediation on the heavy metal pollution dynamics of a lake surrounded by
non-ferrous smelter waste. Environmental Pollution, 148(1), 268-280.
Bowell, R. J., and Bruce, I. (1995). Geochemistry of iron ochres and mine waters from Levant
Mine, Cornwall. Applied Geochemistry, 10(2), 237-250.
Brooke, J. S. (2012). Stenotrophomonas maltophilia: an emerging global opportunistic
pathogen. Clinical Microbiology Reviews, 25(1), 2-41.
Brown, S. L., Henry, C. L., Chaney, R., Compton, H., and DeVolder, P. S. (2003). Using
municipal biosolids in combination with other residuals to restore metal-contaminated
mining areas. Plant and Soil, 249(1), 203-215.
Brown, S., Chaney, R., Hallfrisch, J., Ryan, J. A., and Berti, W. R. (2004). In situ soil treatments
to reduce the phyto-and bioavailability of lead, zinc, and cadmium. Journal of
Environmental Quality, 33(2), 522-531.
Buonicore, A. J. (1996). Cleanup Criteria for Contaminated Soil and Ground-water. ASTM.
Cai, L., Liu, G., Rensing, C., and Wang, G. (2009). Genes involved in arsenic transformation and
resistance associated with different levels of arsenic-contaminated soils. BMC
Microbiology, 9(1), 4.
Canada Department of Agriculture. (1972). Glossary of terms in soil science. Can. Dep. Agr.
Publ. No. 1459, Ottawa.
Casamayor, E. O., Schäfer, H., Bañeras, L., Pedrós-Alió, C., and Muyzer, G. (2000).
Identification of and spatio-temporal differences between microbial assemblages from
two neighboring sulfurous lakes: comparison by microscopy and denaturing gradient gel
electrophoresis. Applied and Environmental Microbiology, 66(2), 499-508.
CCME (1988) Canadian water quality guidelines. Ottawa, Ontario, Canadian Council of
Ministers of the Environment.
60

Chen, Y. P., Rekha, P. D., Arun, A. B., Shen, F. T., Lai, W. A., and Young, C. C. (2006).
Phosphate solubilizing bacteria from subtropical soil and their tricalcium phosphate
solubilizing abilities. Applied Soil Ecology, 34(1), 33-41.
Chiroma, T. M., Ebewele, R. O., and Hymore, F. K. (2014). Comparative assessment of heavy
metal levels in soil, vegetables and urban grey waste water used for irrigation in Yola and
Kano. International Refereed Journal of Engineering and Science, 3(2), 01-09.
Christensen, J. B., Botma, J. J., and Christensen, T. H. (1999). Complexation of Cu and Pb by
DOC in polluted groundwater: a comparison of experimental data and predictions by
computer speciation models (WHAM and MINTEQA2). Water Research, 33(15), 32313238.
Corinaldesi, C., Danovaro, R., and Dell'Anno, A. (2005). Simultaneous recovery of extracellular
and intracellular DNA suitable for molecular studies from marine sediments. Applied and
Environmental Microbiology, 71(1), 46-50.
Dang, Z., Liu, C., and Haigh, M. J. (2002). Mobility of heavy metals associated with the natural
weathering of coal mine spoils. Environmental Pollution, 118(3), 419-426.
de Coster, G.L. (1974). The geology of Central and South Sumatra Basins. Proceedings
Indonesian Petroleum Association 3rd Annual Convention, June 1974, Jakarta. 77–110.
Demers, J. D., Driscoll, C. T., and Shanley, J. B. (2010). Mercury mobilization and episodic
stream acidification during snowmelt: Role of hydrologic flow paths, source areas, and
supply of dissolved organic carbon. Water Resources Research, 46(1), W01511 DOI:
10.1029/2008WR007021.
Denton, M., and Kerr, K. G. (1998). Microbiological and clinical aspects of infection associated
with Stenotrophomonas maltophilia. Clinical Microbiology Reviews, 11(1), 57-80.
Diels, L., De Smet, M., Hooyberghs, L., and Corbisier, P. (1999). Heavy metals bioremediation
of soil. Molecular Biotechnology, 12(2), 149-158.
D. J. Best and D. E. Roberts (1975), Algorithm AS 89: The Upper Tail Probabilities of
Spearman's ρ. Applied Statistics, 24, 377--379.
Driscoll, C. T. (1985). Aluminum in acidic surface waters: chemistry, transport, and effects.
Environmental Health Perspectives, 63, 93-104.
Dowdy, R. H., and Volk, V. V. (1983). Movement of Heavy Metals in Soils 1. Chemical
mobility and reactivity in soil systems, (chemicalmobilit), 229-240.

61

Du, Y., Yu, X., and Wang, G. (2012). Massilia tieshanensis sp. nov., isolated from mining
soil. International Journal of Systematic and Evolutionary Microbiology, 62(10), 23562362.
Elder, J. F. (1988). Metal biogeochemistry in surface-water systems: a review of principles and
concepts (Vol. 1013). Department of the Interior, US Geological Survey.
Ellert, B. H., and Bettany, J. R. (1995). Calculation of organic matter and nutrients stored in soils
under contrasting management regimes. Canadian Journal of Soil Science, 75(4), 529538.
Espana, J. S., Pamo, E. L., Santofimia, E., Aduvire, O., Reyes, J., and Barettino, D. (2005). Acid
mine drainage in the Iberian Pyrite Belt (Odiel river watershed, Huelva, SW Spain):
geochemistry, mineralogy and environmental implications. Applied geochemistry, 20(7),
1320-1356.
Fang, M., and Wong, J. W. C. (1999). Effects of lime amendment on availability of heavy metals
and maturation in sewage sludge composting. Environmental Pollution, 106(1), 83-89.
Farrell, M., Perkins, W. T., Hobbs, P. J., Griffith, G. W., and Jones, D. L. (2010). Migration of
heavy metals in soil as influenced by compost amendments. Environmental
Pollution, 158(1), 55-64.
Feng, G. D., Yang, S. Z., Li, H. P., and Zhu, H. H. (2016). Massilia putida sp. nov., a dimethyl
disulfide-producing bacterium isolated from wolfram mine tailing. International Journal
of Systematic and Evolutionary Microbiology, 66(1), 50-55.
Ferrari, B. C., Binnerup, S. J., and Gillings, M. (2005). Microcolony cultivation on a soil
substrate membrane system selects for previously uncultured soil bacteria. Applied and
Environmental Microbiology, 71(12), 8714-8720.
Fetter, C. W. (2001). Applied Hydrogeology (4 th). Supplemental website http://www.
appliedhydrogeology. info. Upper Saddle River, NJ: Prentice Hall, 598.
Flora, G., Gupta, D., and Tiwari, A. (2012). Toxicity of lead: a review with recent
updates. Interdisciplinary toxicology, 5(2), 47-58.
Gautama, R. S., (1994). Acid Water Problem in Bukit Asam Coal Mine, South Sumatra,
Indonesia.
Gadd, G.M., (1993). Microbial formation and transformation of organometallic and
organometalloid compounds. FEMS Microbiology Reviews. 11, 297–316.
Gadd, G. M. (2001). Accumulation and transformation of metals by microorganisms.
Biotechnology Set, Second Edition, 225-264.

62

Gadd, G. M. (2004). Microbial influence on metal mobility and application for bioremediation.
Geoderma, 122(2), 109-119.
Gallego, V., C. Sanchez-Porro, M. Teresa Garcia, and A. Ventosa. (2006). Massilia aurea sp.
nov., isolated from drinking water. International Journal of Systematic and Evolutionary
Microbiology. 56, 2449–2453.
Gautama, R.S. (1994). Acid Water Problem in Bukit Asam Coal Mine, South Sumatra,
Indonesia. International Mine Water Association Proceedings. 1 (1), 533-542.
Geidel, G., Caruccio, F. T., Barnhisel, R. I., Darmody, R. G., and Daniels, W. L. (2000). 5.
Geochemical factors affecting coal mine drainage quality. Reclamation of Drastically
Disturbed Lands, 105-129.
Geochemistry and petrology of selected coal samples from Sumatra, Kalimantan, Sulawesi, and
Papua, Indonesia. International Journal of Coal Geology, 77(3-4), 260-268.
George, M. G., Julia, A. B., and Timothy, G. L. (2005). Bergey’s manual of systematic
bacteriology. In Volume 2: The Proteobacteria (pp. 735-769). Springer-Verlag, Berlin.
Gerke, H. H., Molson, J. W., and Frind, E. O. (2001). Modelling the impact of physical and
chemical heterogeneity on solute leaching in pyritic overburden mine spoils. Ecological
Engineering, 17(2-3), 91-101.
Gharieb, M. M., Kierans, M., and Gadd, G. M. (1999). Transformation and tolerance of tellurite
by filamentous fungi: accumulation, reduction, and volatilization. Mycological Research,
103(03), 299-305.
Gorham, E., Underwood, J. K., Janssens, J. A., Freedman, B., Maass, W., Waller, D. H., and
Ogden, J. G. (1998). The chemistry of streams in southwestern and central Nova Scotia,
with particular reference to catchment vegetation and the influence of dissolved organic
carbon primarily from wetlands. Wetlands, 18(1), 115-132.
Haigh, M.J. (1980). Slope retreat and gullying on revegetated surface-mine dumps, Waun
Hoscyn, Gwent. Earth Surface Processes 5(1), 77-79.
Haigh, M., and Kilmartin, M. P. (2015). Reclaimed opencast coal lands in southeast Wales:
impacts on water quality. Amsterdam, IOC Press. 16-46.
Hall, J. E. (1985). The cumulative and residual effects of sewage sludge nitrogen on crop growth.
In Long-Term Effects of Sewage Sludge and Farm Slurries Applications (pp. 73-83).
Elsevier Applied Science Publishers Ltd Barking.
He, X. T., Logan, T. J., and Traina, S. J. (1995). Physical and chemical characteristics of selected
US municipal solid waste composts. Journal of Environmental Quality, 24(3), 543-552.

63

Horowitz, A. J., and Elrick, K. A. (1987). The relation of stream sediment surface area, grain
size and composition to trace element chemistry. Applied geochemistry, 2(4), 437-451.
Hrynkiewicz, K., Baum, C., and Leinweber, P. (2010). Density, metabolic activity, and identity
of cultivable rhizosphere bacteria on Salix viminalis in disturbed arable and landfill
soils. Journal of Plant Nutrition and Soil Science, 173(5), 747-756.
Hudson-Edwards, K. A., Schell, C., and Macklin, M. G. (1999). Mineralogy and geochemistry of
alluvium contaminated by metal mining in the Rio Tinto area, southwest Spain. Applied
Geochemistry, 14(8), 1015-1030.
Hurt, R. A., Qiu, X., Wu, L., Roh, Y., Palumbo, A. V., Tiedje, J. M., and Zhou, J. (2001).
Simultaneous recovery of RNA and DNA from soils and sediments. Applied and
Environmental Microbiology, 67(10), 4495-4503.
ISO (1994) Water quality—Determination of aluminium: spectrometric method using
pyrocatechol violet. Geneva, International Organization for Standardization. ISO
10566:1994.
Jenne, E. A. (1968). Controls on Mn, Fe, Co, Ni, Cu, and Zn concentrations in soils and water:
the significant role of hydrous Mn and Fe oxides.
John, D. A., and Leventhal, J. S. (1995). Bioavailability of metals. Descargado de http://www.
unalmed. edu. co/rrodriguez/MODELOS/depositos-ambiente/BioaviabilityOf Metal.
pdf/el, 17.
Jordao, C. P., Nascentes, C. C., Cecon, P. R., Fontes, R. L. F., and Pereira, J. L. (2006). Heavy
metal availability in soil amended with composted urban solid wastes. Environmental
Monitoring and Assessment, 112(1-3), 309-326.
Juhnke, M. E., and Des Jardin, E. (1989). Selective medium for isolation of Xanthomonas
maltophilia from soil and rhizosphere environments. Applied and Environmental
Microbiology, 55(3), 747-750.
Kavamura, V. N., and Esposito, E. (2010). Biotechnological strategies applied to the
decontamination of soils polluted with heavy metals. Biotechnology Advances, 28(1), 6169.
Keller, W. D. (1964). The origin of high-alumina clay minerals-a review. In Clays and Clay
Minerals.
Kilmartin, M. P. (1994). Runoff generation and soils on reclaimed land, Blaenant, South Wales
(Doctoral dissertation, Oxford Brookes University).

64

Kishimoto, N., Kosako, Y., and Tano, T. (1991). Acidobacterium capsulatum gen. nov., sp. nov.:
an acidophilic chemoorganotrophic bacterium containing menaquinone from acidic
mineral environment. Current Microbiology, 22(1), 1-7.
Kuter, N. (2013). Reclamation of Degraded Landscapes due to Opencast Mining. Advances
Landscape Architecture.
Kundu, N. K., and Ghose, M. K. (1997). Soil profile characteristic in rajmahal coalfield area.
Indian Journal of Soil and Water Conservation, 25(1), 28-32.
Kuffner, M., De Maria, S., Puschenreiter, M., Fallmann, K., Wieshammer, G., Gorfer, M., ... and
Sessitsch, A. (2010). Culturable bacteria from Zn‐and Cd‐accumulating Salix caprea with
differential effects on plant growth and heavy metal availability. Journal of Applied
Microbiology, 108(4), 1471-1484.
La Scola, B., Birtles, R. J., Mallet, M. N., and Raoult, D. (1998). Massilia timonae gen. nov., sp.
nov., isolated from blood of an immunocompromised patient with cerebellar lesions.
Journal of Clinical Microbiology, 36(10), 2847-2852.
Laudon, H., Berggren, M., Ågren, A., Buffam, I., Bishop, K., Grabs, T., ... and Köhler, S. (2011).
Patterns and dynamics of dissolved organic carbon (DOC) in boreal streams: the role of
processes, connectivity, and scaling. Ecosystems, 14(6), 880-893.
Lee, S. H., Ji, W., Lee, W. S., Koo, N., Koh, I. H., Kim, M. S., and Park, J. S. (2014). Influence
of amendments and aided phytostabilization on metal availability and mobility in Pb/Zn
mine tailings. Journal of Environmental Management, 139, 15-21.
Lewis, D. E., White, J. R., Wafula, D., Athar, R., Dickerson, T., Williams, H. N., and Chauhan,
A. (2010). Soil functional diversity analysis of a bauxite-mined restoration
chronosequence. Microbial Ecology, 59(4), 710-723.
Li, Y., Wen, H., Chen, L., and Yin, T. (2014). Succession of bacterial community structure and
diversity in soil along a chronosequence of reclamation and re-vegetation on coal mine
spoils in China. PloS one, 9(12), e115024.
Liebens, J. (2001). Heavy metal contamination of sediments in stormwater management systems:
the effect of land use, particle size, and age. Environmental Geology, 41(3-4), 341-351.
Lindemann, W. C., Lindsey, D. L., and Fresquez, P. R. (1984). Amendment of mine spoil to
increase the number and activity of microorganisms. Soil Science Society of America
Journal, 48(3), 574-578.
Lone, M. I., He, Z. L., Stoffella, P. J., and Yang, X. E. (2008). Phytoremediation of heavy metal
polluted soils and water: progresses and perspectives. Journal of Zhejiang University
Science B, 9(3), 210-220.

65

Lovley, D. R. (2000). Fe (III) and Mn (IV) reduction. In Environmental microbe-metal
interactions (pp. 3-30). American Society of Microbiology. Washington, D.C.
Lucas, R. E., and Knezek, B. D. (1972). Climatic and soil conditions promoting micronutrient
deficiencies in plants. Micronutrients in agriculture, 265-288.
MacDonald, D. D., Ingersoll, C. G., and Berger, T. A. (2000). Development and evaluation of
consensus-based sediment quality guidelines for freshwater ecosystems. Archives of
Environmental Contamination and Toxicology, 39(1), 20-31.
Macdonald, S. E., Landhäusser, S. M., Skousen, J., Franklin, J., Frouz, J., Hall, S., ... and
Quideau, S. (2015). Forest restoration following surface mining disturbance: challenges
and solutions. New Forests, 46(5-6), 703-732.
Madigan, M. T., Martinko, J. M., and Parker, J. (2017). Brock biology of microorganisms (Vol.
13). Pearson.
Marshall, K. C. (1980). Adsorption of Microorganisms to soils and sediments. Adsorption of
Microorganisms to Surfaces. Editors KC and G. Bitton Marshall, 317-29.
Masvodza, D. R., Dzomba, P., Mhandu, F., and Masamha, B. (2013). Heavy metal content in
Acacia saligna and Acacia polyacantha on Slime Dams: implications for
phytoremediation. American Journal of Experimental Agriculture, 3(4), 871.
McGlynn, B. L., and McDonnell, J. J. (2003). Role of discrete landscape units in controlling
catchment dissolved organic carbon dynamics. Water Resources Research, 39(4), 1090,
DOI:10.1029/2002WR001525
Meyer, J. L. (1990). Production and utilization of dissolved organic carbon in riverine
ecosystems. In: Perdue EM, Gjessing ET (eds) Organic acids in aquatic ecosystems.
Wiley, New York, 281-299.
Miller, J. R., and Miller, S. M. O. (2007). Contaminated rivers: a geomorphologicalgeochemical approach to site assessment and remediation. Springer Science and Business
Media.
Miller, R. W., and Donahue, R. L. (1990). Soils: an introduction to soils and plant growth (No.
Ed. 6). Prentice-Hall International Inc.
Miller, J. R., Lechler, P. J., and Desilets, M. (1998). The role of geomorphic processes in the
transport and fate of mercury in the Carson River basin, west-central Nevada.
Environmental Geology, 33(4), 249-262.
Moore, O. C. (2016). What factors control the chemistry of the Bukit Asam coalmines of the
South Sumatra Basin (Unpublished Masters Thesis). Aberystwyth University,
Aberystwyth, Wales.
66

Morel, M. A., Ubalde, M. C., Braña, V., and Castro-Sowinski, S. (2011). Delftia sp. JD2: a
potential Cr (VI)-reducing agent with plant growth-promoting activity. Archives of
Microbiology, 193(1), 63-68.
Morel, M. A., Cagide, C., Minteguiaga, M. A., Dardanelli, M. S., and Castro-Sowinski, S.
(2015). The pattern of secreted molecules during the co-inoculation of alfalfa plants with
Sinorhizobium meliloti and Delftia sp. strain JD2: an interaction that improves plant
yield. Molecular Plant-Microbe Interactions, 28(2), 134-142.
Mullen, M. D., Wolf, D. C., Ferris, F. G., Beveridge, T. J., Flemming, C. A., and Bailey, G. W.
(1989). Bacterial sorption of heavy metals. Applied and Environmental
Microbiology, 55(12), 3143-3149.
Munshower, F. F. (1994). Practical handbook of disturbed land revegetation, Boca Raton,
Florida, 288pp.
Muyzer, G., E. C., de Waal, E. C., and Uitterlinden, A. G., (1993). Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analysis of polymerase
chain reaction-amplified genes coding for 16S rRNA. Applied and Environmental
Microbiology. 59(3), 695-700.
Nagy, M. L., Pérez, A., and Garcia-Pichel, F. (2005). The prokaryotic diversity of biological soil
crusts in the Sonoran Desert (Organ Pipe Cactus National Monument, AZ). FEMS
Microbiology Ecology, 54(2), 233-245.
Novinscak, A., and Filion, M. (2011). Effect of soil clay content on RNA isolation and on
detection and quantification of bacterial gene transcripts in soil by quantitative reverse
transcription-PCR. Applied and Environmental Microbiology, 77(17), 6249-6252.
Nwachukwu, O. I., and Pulford, I. D. (2009). Soil metal immobilization and ryegrass uptake of
lead, copper and zinc as affected by application of organic materials as soil amendments
in a short‐term greenhouse trial. Soil Use and Management, 25(2), 159-167.
Palleroni, N. J., and Bradbury, J. F. (1993). Stenotrophomonas, a new bacterial genus for
Xanthomonas maltophilia (Hugh 1980) Swings et al. 1983. International Journal of
Systematic and Evolutionary Microbiology, 43(3), 606-609.
Pascault N., Cécillon L., Mathieu O., Hénault C., Sarr A., Lévêque, J., and Maron, P.A.,
(2010). In situ dynamics of microbial communities during decomposition of wheat, rape,
and alfalfa residues. Microbial Ecology, 60(4), 816-828.
Petrović, M., Kaštelan-Macan, M., and Horvat, A. J. (1999). Interactive sorption of metal ions
and humic acids onto mineral particles. Water, Air, and Soil Pollution, 111(1-4), 41-56.

67

Pit, R., Lantrip, J., Harrison, R., Henry, C. L., and Xue, D. (1999). Infiltration through disturbed
urban soils and compost-amended soil effects on runoff quality and quantity. National
Risk Management Research Laboratory.
Plass, W. T. (2000). History of surface mining reclamation and associated legislation.
Reclamation of Drastically Disturbed Lands, 1-20.
Roberts, J. A., Daniels, W. L., Burger, J. A., and Bell, J. C. (1988). Early stages of mine soil
genesis in a southwest Virginia spoil lithosequence. Soil Science Society of America
Journal, 52(3), 716-723.
RoyChowdhury, A., Sarkar, D., and Datta, R. (2015). Remediation of acid mine drainageimpacted water. Current Pollution Reports, 1(3), 131-141.
Ryan, R. P., Monchy, S., Cardinale, M., Taghavi, S., Crossman, L., Avison, M. B., ... and Dow,
J. M. (2009). The versatility and adaptation of bacteria from the genus
Stenotrophomonas. Nature Reviews Microbiology, 7(7), 514-525.
Scheublin, T. R., Sanders, I. R., Keel, C., and Van Der Meer, J. R. (2010). Characterisation of
microbial communities colonising the hyphal surfaces of arbuscular mycorrhizal
fungi. The ISME journal, 4(6), 752-763.
Schnitzer, M. (1969). Reactions between Fulvic Acid, a Soil Humic Compound and Inorganic
Soil Constituents 1. Soil Science Society of America Journal, 33(1), 75-81.
Schnitzer, M., and Khan, S. U. (Eds.). (1978). Soil organic matter (Vol. 8). Elsevier. Oxford.
Schultze-Lam, S., Fortin, D., Davis, B. S., and Beveridge, T. J. (1996). Mineralization of
bacterial surfaces. Chemical Geology, 132(1-4), 171-181.
Schwab, P., Zhu, D., and Banks, M. K. (2007). Heavy metal leaching from mine tailings as
affected by organic amendments. Bioresource Technology, 98(15), 2935-2941.
Sencindiver, J. C., and Ammons, J. T. (2000). 23. Minesoil genesis and
classification. Reclamation of Drastically Disturbed Lands, 595-613.
Sheoran, V., Sheoran, A. S., and Poonia, P. (2010). Soil reclamation of abandoned mine land by
revegetation: a review. International Journal of Soil, Sediment and Water, 3(2), 13.
Sherene, T. (2010). Mobility and transport of heavy metals in polluted soil environment.
In Biological Forum - An International Journal, 2(2), 112-121.
Shofiyati, R., Las, I., and Agus, F. (2010). Indonesian soil database and predicted
stock of soil carbon. In Proceedings of international workshop on evaluation and
sustainable management of soil carbon sequestration in Asian countries, 28-29.

68

Singh, J., and Kalamdhad, A. S. (2012). Reduction of heavy metals during composting a review. International Journal of Environmental Protection, 2(9), 36-43.
Singh, A. N., Raghubansh, A. S., and Singh, J. S. (2002). Plantations as a tool for mine spoil
restoration. Current Science, 82(12), 1436-1441.
Smith, S. R. (2009). A critical review of the bioavailability and impacts of heavy metals in
municipal solid waste composts compared to sewage sludge. Environment
International, 35(1), 142-156.
Soumare, M., Tack, F. M. G., and Verloo, M. G. (2003). Characterisation of Malian and Belgian
solid waste composts with respect to fertility and suitability for land application. Waste
Management, 23(6), 517-522.
Spark, K. M., Wells, J. D., and Johnson, B. B. (1995). Characterizing trace metal adsorption on
kaolinite. European Journal of Soil Science, 46(4), 633-640.
Suberkropp, K., Godshalk, G. L., and Klug, M. J. (1976). Changes in the chemical composition
of leaves during processing in a woodland stream. Ecology, 57(4), 720-727.
Susilawati, R., and Ward, C. R. (2006). Metamorphism of mineral matter in coal from the Bukit
Asam deposit, south Sumatra, Indonesia. International Journal of Coal Geology, 68(3-4),
171-195.
Syarif, A. (2014). Characerization of Geochemical Waste Rock on Indicate and Mitigation Acid
Mine Drainage at Coal Mining Bukit Asam. In Sriwijaya International Seminar on
Energy-Environmental Science and Technology (Vol. 1, No. 1, pp. 149-152).
Sydnor, M. E., and Redente, E. F. (2002). Reclamation of high-elevation, acidic mine waste with
organic amendments and topsoil. Journal of Environmental Quality, 31(5), 1528-1537.
Tan, K. H. (2008). Soils in the humid tropics and monsoon region of Indonesia. CRC Press.
Tebo, B. M., Nealson, K. H., Emerson, S., and Jacobs, L. (1984). Microbial mediation of Mn (II)
and Co (II) precipitation at the O2/H2S interfaces in two anoxic fjords. Limnology and
Oceanography, 29(6), 1247-1258.
Tipping, E., and Hurley, M. A. (1992). A unifying model of cation binding by humic substances.
Geochimica et Cosmochimica Acta, 56(10), 3627-3641.
Thrash, J. C., and Coates, J. D. (2010). Phylum XVII. Acidobacteria phyl. nov. In Bergey’s
Manual of Systematic Bacteriology (pp. 725-735). Springer, New York, NY.
Ubalde, M. C., Braña, V., Sueiro, F., Morel, M. A., Martínez-Rosales, C., Marquez, C., and
Castro-Sowinski, S. (2012). The versatility of Delftia sp. isolates as tools for
bioremediation and biofertilization technologies. Current microbiology, 64(6), 597-603.
69

USEPA. (1992). Technical support document for land application of sewage sludge. Vol.
I. USEPA 822/R-93-011a; Vol. II. EPA 822/R-93-001b. USEPA, Washington, DC.
USEPA. (1993). Clean Water Act, sec. 503, vol. 58, no. 32. USEPA, Washington, DC.
van Herwijnen, R., Laverye, T., Poole, J., Hodson, M. E., and Hutchings, T. R. (2007). The
effect of organic materials on the mobility and toxicity of metals in contaminated
soils. Applied Geochemistry, 22(11), 2422-2434.
Walker, S. G., Flemming, C. A., Ferris, F. G., Beveridge, T. J., and Bailey, G. W. (1989).
Physicochemical interaction of Escherichia coli cell envelopes and Bacillus subtilis cell
walls with two clays and ability of the composite to immobilize heavy metals from
solution. Applied and Environmental Microbiology, 55(11), 2976-2984.
Walsh, D. C. (2016). Application of chemostratigraphy of slackwater deposits to enhance
paleoflood reconstruction, Rio Salado, Antofagasta region, Chile (Doctoral dissertation,
Western Carolina University. https://libres.uncg.edu/ir/wcu/f/Walsh2016.pdf.
Ward, M. L., Bitton, G., and Townsend, T. (2005). Heavy metal binding capacity (HMBC) of
municipal solid waste landfill leachates. Chemosphere, 60(2), 206-215.
Webster, J. R., and Meyer, J. L. (1997). Organic matter budgets for streams: a synthesis. Journal
of the North American Benthological Society, 16(1), 141-161.
Wen, A., Fegan, M., Hayward, C., Chakraborty, S., and Sly, L. I., (1999). Phylogenetic
relationships among memebers of the Comamonadaceae, and description of Delftia
acidovorans (Den Dooren de Jong 1926 and Tamaoka et al., 1987) gen. nov., comb. nov.
International Journal of Systematic and Evolutionary Microbiology, 49(2), 567-576.
Weng, L., Temminghoff, E. J., Lofts, S., Tipping, E., and Van Riemsdijk, W. H. (2002).
Complexation with dissolved organic matter and solubility control of heavy metals in a
sandy soil. Environmental Science and Technology, 36(22), 4804-4810.
Wery, N., Gerike, U., Sharman, A., Chaudhuri, J. B., Hough, D. W., and Danson, M. J. (2003).
Use of a packed-column bioreactor for isolation of diverse protease-producing bacteria
from antarctic soil. Applied and Environmental Microbiology, 69(3), 1457-1464.
White, C., Tancos, M., and Lytle, D. A. (2011). Microbial community profile of a lead service
line removed from a drinking water distribution system. Applied and Environmental
Microbiology, 77(15), 5557-5561.
WHO (1997) Aluminium. Geneva, World Health Organization, International Programme on
Chemical Safety (Environmental Health Criteria 194).

70

Willems, A., De Ley, J., Gillis, M., and Kersters, K., (1991). Comamonadaceae, a new family
encompassing the acidovorans rRNA complex, including Variovorax paradoxus gen.
nov., comb. nov., for Alcaligenes paradoxus (Davis 1969). International Journal of
Systematic and Evolutionary Microbiology, 41(3), 445-450.
Wilson, I. G. (1997). Inhibition and facilitation of nucleic acid amplification. Applied and
Environmental Microbiology, 63(10), 3741.
Yao, Q., Wang, X., Jian, H., Chen, H., and Yu, Z. (2015). Characterization of the particle size
fraction associated with heavy metals in suspended sediments of the Yellow
River. International journal of Environmental Research and Public Health, 12(6), 67256744.
Younger, P.L. and Sapsford, D.J. (2004) Evaluating the potential impact of opencast coal mining
on water quality (Groundwater Regulations 1998): An assessment framework for
Scotland. Edinburgh, Scottish Environment Protection Agency (SEPA).
Zhang, Y. Q., Li, W. J., Zhang, K. Y., Tian, X. P., Jiang, Y., Xu, L. H., Jiang, C. L., and Lai, R.
(2006). Massilia dura sp. nov., Massilia albidiflava sp. nov., Massilia plicata sp. nov. and
Massilia lutea sp. nov., isolated from soils in China. International Journal of Systematic
and Evolutionary Microbiology, 56(2), 459-463.
Zipper C., Burger J, Barton, C., Skousen, J., (2013). Rebuilding soils for forest restoration on
Appalachian mined lands. Soil Science Society of America, J. 77:337–349.
Zamani, A. A., Yaftian, M. R., and Parizanganeh, A. (2012). Multivariate statistical assessment
of heavy metal pollution sources of groundwater around a lead and zinc plant. Iranian
journal of environmental health science and engineering, 9(1), 29.
Zołotajkin, M., Ciba, J., Kluczka, J., Skwira, M., and Smoliński, A. (2011). Exchangeable and
bioavailable aluminium in the mountain forest soil of Barania Góra Range (Silesian
Beskids, Poland). Water, Air, and Soil Pollution, 216(1-4), 571-580.

71

APPENDIX

72

