
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bioremediation of diesel fuel-contaminated soils in the Atacama
Desert, Chile

Citation for published version:
Godoy-Faundez, A, Antizar Ladislao, B, Franke-Whittle, I, Turrion-Gomez, JL & Perez-Roepke, L 2007,
'Bioremediation of diesel fuel-contaminated soils in the Atacama Desert, Chile'. in LE Pawley (ed.), Leading-
Edge Environmental Biodegradation Research. Nova Science Publishers, pp. 95-129.

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher final version (usually the publisher pdf)

Published In:
Leading-Edge Environmental Biodegradation Research

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 20. Feb. 2015

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Edinburgh Research Explorer

https://core.ac.uk/display/28971502?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.research.ed.ac.uk/portal/en/publications/bioremediation-of-diesel-fuelcontaminated-soils-in-the-atacama-desert-chile(cc449327-b5a2-4e77-b61b-625c9949821e).html


In: Leading-Edge Environmental Biodegradation ISBN 978-1-60021-903-0 

Editor: Lyman E. Pawley, pp.  © 2007 Nova Science Publishers, Inc  

 

 

Chapter 3 
 
 

BIOREMEDIATION OF DIESEL FUEL-

CONTAMINATED SOILS IN THE ATACAMA 

DESERT, CHILE 
 
 

Godoy-Faúndez, A.
a,e

, Antizar-Ladislao, B.
b
, Franke-Whittle, I.

c
, , 

Turrión-Gómez, J.L.
d
, Perez-Roepke, L.

e
 

 
a Pontificia Universidad Católica de Chile, Dept. Ingeniería Química y Bioprocesos, Av. Vicuña 

Mackenna 4860, Santiago, Chile. 
b Universidad de Cantabria, Dept. Ciencias y Técnicas del Agua y del Medio Ambiente, 39005 

Santander, Spain. 
c Universität Innsbruck, Institut für Mikrobiologie, Technikerstrasse 25, A-6020 Innsbruck, Austria. 
d Universidad de Salamanca, CIALE, Dept. Microbiología y Genética, Av. Campo Charro, lab-301, 

37007 Salamanca, Spain. 
e.Universidad Andrés Bello, Av. República 220, Santiago, Chile. 

 

ABSTRACT 
 
Since the 1980s, composting has been used as an alternative for bioremediation in open sites, with 

the microbial communities involved being a focal point of study. The use of this innovative 
bioremediation approach has been necessary due to recent changes in waste management regulations 
around the world, which focus towards more integrated, practical, sustainable and economic schemes 
than landfilling.  

Currently, not much literature on the feasibility of bioremediation technologies to soils contaminated 
with mixtures of organic compounds exists. Even less information on the application of composting as a 
bioremediation technology is available. This chapter will include a case study on the successful 
application of in-vessel composting of a fuel-contaminated (diesel and gasoline) desert-mining 
soil/sawdust in the Atacama Desert (Chile). The physical and chemical factors that influence the 
distribution, abundance, richness diversity and evenness of microbial communities during composting of 
a fuel-contaminated soil during bioremediation will be discussed.  

This chapter will also provide a review of the research conducted to date using molecular tools for 
the biomonitoring of changes in microbial communities as an indicator of remediation and restoration of 
oil-contaminated soils. In particular, the investigation of microbial community structure changes based 
on molecular tools including terminal restriction fragment length polymorphism (T-RFLP), BIOLOG 
EcoPlateTM and the COMPOCHIP microarray will be presented. The advantages and disadvantages of 
certain molecular tools for environmental management will also be discussed. Future needs for bio-
monitoring of microbial community structure changes during bioremediation of oil-contaminated soils 
will be identified, and a discussion of the technological management, regulatory and sustainable aspects 
of using composting as a bioremediation technology will be included. 
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I.  INTRODUCTION 
 
For both commercial and human health reasons, it is important to identify and clean up sites that have 

become heavily contaminated by accidental oil spills around the world. Thus, a variety of different physical 
and chemical treatments have been applied in the treatment of contaminated soils (Lundstedt et al. 2006, 
Negri et al. 2004). Over the last twenty years, biological treatments, such as bioremediation, an 
inexpensive and environmentally-friendly approach, have shown promising results in the field (Antizar-
Ladislao et al. 2004, Semple et al. 2001). The bioremediation of organic compounds results in the 
mineralization or transformation of harmful waste materials to more stable and harmless forms through 
the actions of microbial communities that use such compounds as carbon and energy sources. The 
success of the process is dependent on the biodegradability of the contaminant and the existing 
environmental conditions (physical-chemical factors). Furthermore, physical and chemical factors 
influence the distribution, abundance, richness, diversity and evenness of microorganisms.  

Both in-situ and ex-situ bioremediation techniques exist. Among ex-situ techniques, closed systems 
(in-vessel systems or bioreactors) have been reported to be highly successful, where the control and 
optimization of environmental conditions increase the speed of the biological degradation process and 
the effectiveness of removal (Antizar-Ladislao et al. 2006a). Thus, the development and optimization of 
new treatment technologies using closed systems applied to contaminated soils are nowadays the focus 
of numerous studies. 

However, there are still a limited number of published studies on the applicability of 
bioremediation techniques using an in-vessel composting system of contaminated soils with mixtures of 
organic compounds, and the majority of these studies have been conducted on soils contaminated with 
mono-compounds at laboratory scale and rarely applied to a real-case scenario. Additionally, most of 
previous studies have used bioremediation systems as a black box, whereby the microbial communities 
have not been investigated in detail. Thus, future efforts should include studies concerning changes in 
the diversity of microbial communities, based on advanced molecular tools allowing a greater 
understanding of bioremediation systems and potentially allowing for a high-quality predictor for the 
course of the bioremediation process (Franke-Whittle et al., 2005).  

In this chapter, we will present a case study of the application of in-vessel composting, as a 
bioremediation treatment technology of a fuel-contaminated desert-mining soil/sawdust in the Atacama 
Desert (Chile). This chapter will present the fate of contaminants and changes in the microbial 
communities during in-vessel composting and will also discuss the relationship of the microbial 
community changes with physical and chemical parameters.  

In summary, this chapter will determine optimal operation conditions during in-vessel composting 
of contaminated desert soils and contaminated sawdust, and will include discussion of technological, 
regulatory and sustainable aspects of treatment technologies to decontaminated soils in Chile. 

 
 

II. BIOREMEDIATION OF SOILS CONTAMINATED WITH FUEL OILS 
 

A. Desert soils contaminated with fuel oils 
 
Deserts are arid regions, and thus desert soils are normally exposed to evaporation rates potentially 

twice as great as the precipitation. The world’s deserts are divided into four categories: subtropical, cool 
coastal deserts, cold winter deserts and polar regions. Desert soils contaminated with fuel oils, were 
collected in the Atacama desert, Chile. The Atacama Desert is a cool coastal desert, characterized by 
cool temperatures because of offshore ocean currents, and is also the world driest desert after Antarctica. 

Diesel oil or fuel is a complex mixture consisting basically of paraffinic, olefinic and aromatic 
hydrocarbons and, in smaller amounts, molecules containing sulphur, nitrogen, metals, oxygen, etc. 
Diesel oils are composed of molecules with 8-40 carbon atoms and are usually heavier, more viscous 
and less volatile than gasoline. 

Desert soils may become contaminated by fuel due to various reasons, mainly because of accidental 
spills. Petroleum contamination is recognized as a significant threat to desert soils, however documented 
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research on the environmental consequences of terrestrial spills in deserts is still scarce. In fact, up to 
date, there are only a few reports on the characterization and treatment of fuel contaminated desert soils. 
One particular case is located is that of desert soil being contaminated with oil in Kuwait (Arabian 
Desert) following Iraqi invasion in the early 1990s. This case has been the subject of a study and 
application of treatment technologies (Balba 1998, Al-Daher 2001). Another study was conducted in the 
Antartic polar desert, where the effects of a small temperature increase on the removal of crude oil and 
diesel fuel contamination under various sub-Antarctic conditions was investigated (Delille et al. 2004). 

Due to the limited number of studies available on desert soils, their characterization once pollution 
has occurred, and posterior feasibility (treatment) studies, the aim of this chapter is to present the results 
obtained in a study of characterization and treatment of fuel-contaminated desert-soils and sawdust in 
the Atacama Desert, Chile. Additionally, necessary information will be provided for those readers who 
are not familiar with this particular topic. 

 
B. Bioremediation approaches commonly used 
 
Soils contaminated with mixtures of organic compounds may be treated using a wide range of 

available techniques (Table 1), although they are often treated by solid-phase technologies (CLU-IN 
2007). In general, different approaches have been applied for the bioremediation of contaminated soils, 
and can be categorised as in-situ or ex-situ, depending directly on the location of the treatment in 
reference to the location of the contamination. In-situ treatments do not require additional costs of 
excavations and confinement; nevertheless they present important disadvantages, for example a high 
variability and thus difficulty to achieve a steady state and adequate decontamination end point as well 
as a difficult control process and operational verification. Ex-situ treatments mainly involve the 
containment of the contaminated soil or transport of it to a hazardous waste landfill (HWL) for further 
treatment or some type of containment system. This sentence is too long and complex. Ex-situ 
treatments normally require shorter times for maximum decontamination, facilitated by the optimization 
of operational parameters, normally at lab scale and pilot plant scale. Additionally, ex-situ treatments 
offer the advantage of adding external agents which may enhance the biodegradation of the target 
contaminants, i.e., oxygen if the treatment is more efficient under aerobic conditions, nutrients and 
inocula to stimulate resident microbial communities, surfactants to facilitate contaminant bioavailability, 
etc. Two major decision criteria to select in situ or ex situ treatment are cost, including initial investment 
and operational cost, and time necessary to clean-up the contaminated site. These will be dependent on 
the type of contaminant or mixtures of contaminants, extension of contamination, type of soil, 
environmental risk, human exposure and others. In general, in-situ treatments are cheaper but present 
uncertainty regarding the final results, whereas ex-situ treatments are more expensive but offer a better 
control of operational parameters and process (USEPA 2002). 

A widely used in-situ bioremediation approach is bio-venting, where aerobic biodegradation is 
enhanced by adding air or oxygen, water, nutrients, surfactants and/or microorganisms in order to 
achieve a final maximum removal of the target contaminant or mixture of contaminants (Dejonghe et al. 
2001, USEPA 2002). Phytoremediation, which is defined as the process by which plants are used to 
remove, degrade, contain or render harmless environmental contaminants (Cunningham et al. 1996) is 
an attractive alternative to disruptive and expensive engineering remediation methods (Macek et al. 
2000, Kechavarzi et al. 2007). 

Among most widely used ex-situ bioremediation approaches to treat fuel-contaminated soils are 
biopiles, landfarming and composting. The use of biopiles has been used particularly in the petroleum 
industry (Guerin 2000), where contaminated soils are aerated and mixed with pretreated soils, nutrients 
and/or microorganisms as inocula to enhance contaminant biodegradation. Landfarming is another 
widely used ex-situ treatment that involves soil excavation and relocation in a remote site in thin layers. 
With the use of agriculture machinery the contaminated soil is ploughed facilitating a better contact 
between the contaminated soil, nutrients and resident microbial communities as well as a periodic 
aeration (Guerin 1999). The contaminated soil can be also irrigated to facilitate appropriate moisture 
content. A successful ex-situ bioremediation treatment currently under investigation for a systematic and 
efficient application to contaminated soils is in-vessel composting. In this treatment, contaminated soils 
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is excavated and mixed with organic amendments (e.g. green waste, sludge) which provides an 
appropriate carbon to nitrogen to phosphorous balance and may also stimulate residential microbial 
communities (Antizar-Ladislao et al. 2004).  

 
Table 1. Treatment technologies applied to fuel contaminated soils 

 

Technology Development status 
1
 

Use rating Cleanup 

time 

Technology 

function 

In situ biological treatment 

Bioventing Full Wide NA Destruct 

Enhanced biodegradation Full Wide NA Destruct 

Phytoremediation Pilot Limited More 

than 3 years 

Destruct 

In situ physical / chemical treatment 

Chemical oxidation Full Limited NA Destruct 

Electrokinetic separation Full Limited NA Destruct 

Fracturing Full Limited NA Extract 

Soil flushing Pilot Limited NA Extract 

Soil Vapor Extraction Full Wide NA Extract 

Solidification / Stabilization Full Limited NA Extract/ Destruct 

In situ thermal treatment 

Thermally enhanced SVE Full Limited > 3 years Extract 

Ex situ biological treatment (assuming excavation) 

Biopiles Full Wide 0.5-1 year  Destruct 

Composting Full Wide 0.5-1 year Destruct 

Landfarming Full Wide > 1 year Destruct 

Slurry phase biotreatment Full Limited 0.5-1 year Destruct 

Ex situ physical / chemical treatment (assuming excavation) 

Chemical extraction Full Limited 0.5-1 year Extract/ Destruct 

Chemical reduction / 

oxidation 

Full Limited 0.5-1 year Destruct 

Dehalogenation Full Limited NA Destruct 

Separation Full Limited > 1 year Extract 

Soil Washing Full Limited 0.5-1 year Extract 

Solidification / stabilization Full Limited > 1 year Immob. 

Ex situ thermal treatment (assuming excavation) 

Hot gas decontamination Full Limited < 0.5 year Destruct 

Incineration Full Limited < 0.5 year Destruct 

Pyrolysis Full Limited < 0.5 year Destruct 

Thermal desorption Full Wide < 0.5 year Extract 

Other treatment 

Excavation and off-site 

disposal 

NA Wide < 0.5 year Extract/ Immob. 

1
 Full scale: technology has been used in real site remediation.  

NA = Not Available. 
 
 
However, little literature exits on the bioremediation of mixtures of commercial products typically 

found in real consecutive accidental spills. The rate of biodegradation of such contaminated wastes 
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would depend on biological and physicochemical factors, such us low numbers of microbes, insufficient 
oxygen or nutrient availability, temperature and water availability (Antizar-Ladislao et al. 2005, 2006a). 
The rate of biodegradation would also depend on several physicochemical properties related to the 
contaminant (i.e. hydrophobicity, volatility, polarity), solid matrix (i.e. organic matter, porosity) (Mader 
et. al 1997), and its bioavailability (Antizar-Ladislao et al. 2006b, Semple et al. 2003). Additionally, 
biodegradation of fuel oils following real consecutive accidental spills is a complex process that depends 
on the nature and amount of contaminants (aliphatic and aromatic hydrocarbon mixtures) present 
(Mrayyan and Battikhi 2005).  

 
a. Composting as a sustainable bioremediation approach 
 
Composting is an aerobic process whereby organic materials are biologically decomposed. Heat is 

produced during the process, and conventional composting processes typically comprise four major 
stages. The four stages (mesophilic, thermophilic, cooling and maturation) vary in temperature and in the 
composition of the microbial communities (Bolta et al. 2003, Liang et al. 2003, VanderGheynst and Lei 
2003).  

Composting systems are generally divided into three categories: windrow, static pile, and in-vessel. 
In the windrow approach, the solid waste mixtures (soil and amendment) are composted in long rows 
and aerated by convective air movement and diffusion. The mixtures are periodically mechanically 
turned to expose the organic matter to ambient oxygen. This approach to composting leads to a 
characteristic fluctuating temperature regime as core temperatures will fall upon turning due to the 
introduction of cooler air masses and the release of entrapped heated air, and will rise when maximum 
microbial activity resumes. Over time, peak temperatures fall as the level of substrates decline. 
Windrowing is a simple mechanical system with no effective control of either oxygen or temperature 
levels within the organic mass undergoing decomposition. The technique, though popular commercially 
due to its ease of implementation and relative low cost of installation, has been criticized 
microbiologically since considerable periods of time elapse when either oxygen, temperature or both 
will become limiting for microbial diversity and decomposition.  

In the static pile approach, piles of solid waste mixture, often with bulking agents (wood chips, 
straw) as a matrix improver, are aerated by using a forced-aeration system, installed under the piles to 
maintain a minimum oxygen level throughout the compost mass. Aeration may be on a timed basis 
(Epstein 1997) leading to high core temperatures and a severely restricted microbial diversity or via 
temperature feedback control (Antizar-Ladislao et al. 2004). This latter approach is based on a greater 
understanding of the microbial ecology involved whereby the control of air flow is dictated by reference 
to an upper temperature limit above which fans blow continuously until heat loss through latent heat of 
vaporization of water reduces the core temperature to an acceptable operational level. In both the Epstein 
(1997) and the Finstein et al. (1986) static systems, there are substantial variations in temperature 
throughout the composting mass and the cooler edges are routinely covered with a thick layer of finished 
compost acting as a thermal blanket to ensure that these edges reach regulatory temperature levels. 
Although the Finstein et al. (1986) system allows for the control of maximum core temperature, and in 
theory supplies an excess of oxygen for decomposition, both static approaches suffer from a gradation of 
temperature (and oxygen) throughout the organic waste mass. In static systems, active composting will 
occur over a three to four week period depending on the nature of the substrate being processed. This 
active phase is often followed by a two to three month period of maturation. 

In-vessel composting takes place in a partially or completely enclosed container in which 
environmental conditions can be controlled. Enclosed vessels more closely approximate a laboratory 
incubator where the organic mass and its associated microflora should be exposed to a more even 
temperature profile. Control of temperature in in-vessel systems is usually achieved through recycling of 
exhaust gases with intermittent mixing of fresh air to maintain an agreed temperature (Antizar-Ladislao 
et al. 2004, Fraser and Lau 2000). In theory, such systems should allow for excellent control of 
temperature within the vessel and considerably less variation of temperature through the composting 
mass. However, in-vessel systems have serious limitations in general composting due to limited 
throughput and high installation costs (Das and. Keener 1994). Because of this, they are often used as a 
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form of pre-treatment “bioreactor” for up to 5 days prior to conventional composting,(Epstein 1997, 
Haug, 1993, Sasek et al. 2003). 

The application of composting as a bioremediation technology to treat hazardous wastes has been 
shown to be effective in biodegrading polycyclic aromatic hydrocarbons (PAHs) (Antizar-Ladislao et al. 
2004, 2006a, Canet et al. 2001), chlorophenols (Laine and Jorgensen 1997), polychlorinated biphenyls 
(Michel et al. 2001), explosives (Gunderson et al. 1997) and petroleum hydrocarbons (Al-Daher et al. 
2001, Balba et al. 1998) at laboratory and/or field-scales. At present, few studies can be found on the 
applicability of composting to contaminated desert mining soils (subject of case study in Section III) 
with low organic matter content, high mineral content and high salinity (Mader et al. 1997, Rhykerd et 

al. 1995). Literature on the bioremediation of desert soils in Kuwait (Al-Daher et al. 2001, Balba et al. 
1998), refers to open systems where in-situ landfarming, bioventing and composting treatment 
technologies were implemented (Al-Awadhi et al. 1996, Al-Daher et al. 1998) to treat more than 20 
Mm

3
 of oil accumulated in the desert soil following the Iraqi invasion of Kuwait in the early 1990s. 

Research with Kuwait desert soils indicates that biodegradation of total petroleum hydrocarbons above 
60% can be reached following eight months of compost soil piles treatment.  

 

b. Role of fungal and bacterial microorganisms during bioremediation 
 
Fungi, although representing almost 75% of the microbial soil biomass and accounting for up to 100 

meters of hyphae per gram of dried soil (Kästner and Mahlo 1996), have been less studied than bacteria 
in bioremediation processes. A review by Martín-Moreno et al. (2004) documents well the literature on 
the use of fungi in bioremediation and in the recovery of soils. Basidiomycetes, which cause white rot 
decay of wood have been employed in bioremediation for the degradation of a variety of environmental 
persistent pollutants such as PAH, and produce unspecific extracellular enzymes for the oxidation of 
aromatic rings (Kirk et al. 1992, Paszczynski and Crawford 1995, Bogan et al. 1996a, Bogan et al. 
1996b).  

White rot fungi in different combinations have been used in the biodegradation of PAHs in 
microcosms containing wheat straw and non-sterile coal-tar contaminated soil (Canet et al. 2001). 
Results suggested that the degradation of PAH was an indirect consequence of native microflora 
metabolism rather than an effect of the addition of the fungal species. Within this same perspective, 
litter-decomposing fungi have been studied for their ability to grow on different lignocellulosic 
substrates as well as for their ability to secrete lignolytic enzymes and degrade PAHs (Steffen et al. 
2006). This work showed that the agaric basidiomycetes Stropharia rugosoannulata and Stropharia 

coronilla were the most efficient PAH degraders among the different species used. Other studies have 
been conducted using other fungi, such as the deuteromycete fungus Cladosporium sphaerospermum. 
This fungus, isolated from soil of an aged gas manufacturing plant, was able to degrade 23% PAHs, 
including high molecular weight PAHs in non sterile soils after four weeks, correlating well fungal 
establishment with laccase secretion and PAH degradation (Potin et al. 2004). The evaluation of the 
arbuscular mycorrhizal fungi (AMF) occurrence has been also tested in soil samples from a landfarming 
area used for fifteen years for petrochemical waste treatment (de Paula et al. 2006). Results showed that 
a significant growth of different plant species occurred when AMF were present. These AMF could be 
contributing to phytoremediation of soils containing not only PAHs but also heavy metals that are a 
human health risk (Gohre and Paszkowski 2006). 

Similar approaches have been used to study PAH degradation, such as the inoculation of soils with 
basidiomycetous and ascomycetous fungi to induce the degradation of PAHs either derived from 
commercial or lignite tar (Grams et al. 1999). It was observed that 22 to 38% PAH could no longer be 
recovered from pasteurized soils inoculated with the mentioned fungi, three to 10 days after spiking. 
Additionally, Irpex lacteus and Pleurotus ostreatus used for the bioremediation of PAH-contaminated 
soils (Bhatt et al. 2002) was able to remove up to 67% of fluorine, 56% of phenanthrene and 49% of 
anthracene. The use of three species of white rot fungi (Novotny et al. 1999), including Pleorotus 

ostratus showed the highest PAH degradation activity reducing the levels of anthracene, pyrene and 
phenanthrene by 81-87%, 84-93% and 41-64% within two months, respectively. The presence of 
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cadmium or mercury did not alter the ability of Pleorotus ostratus to degrade PAHs (Baltrian et al. 
2000).  

The removal of aromatic herbicides by fungi isolated from pesticide contaminated soils is reported 
in a study by Bordjiba et al, (2001). The most frequently found species in the contaminated soils were 
Aspergillus fumigatus, A. niger, A. terreus, Absidia corymbifera and Rhizopus microsporus var 
microsporus, species not sensitive to pesticides.  

Trichoderma, an anamorphic Hypocreaceaea (class Ascomycetes) is commonly found in the 
environment, and especially in soils (Wessels 1997). It is a well known biocontrol microorganism of 
several plant diseases (Benítez et al. 2004, Harman et al. 2004, Montealegre et al. 2005, Pérez et al. 
2002), and has also proved to be useful in soil bioremediation (Esposito and da Silva 1998), in 
colonization of corn rhizosphere in pesticide containing soils (Rigot and Matsumura 2002) and in the 
degradation of phenols (Karetnikova and Zhirkova 2005). Trichoderma would thus appear to be a 
candidate for the accomplishment of multiple roles in polluted soils: colonization of plant roots, 
bioremediation of soils and biocontrol of plant diseases.  

Unlike bacteria, fungi do not depend on continuous water-filled pathways for their translocation and 
spread in unsaturated-water soils. This is because of the expression and exposure of hydrophobins 
(Wessels 1997), small hydrophobic proteins that allow fungi to breach water - air interfaces and to grow 
in the pores formed between soil aggregates, that may also be penetrated by filamentous fungi through 
the use of special-shaped hyphae that disperse the soil (Wösten et al. 1999). Negligible bacterial 
movement can be detected in soils where vectors such as flowing water (Wong and Griffin 1976), 
earthworms (Singer et al. 2001) or plant roots (Kuiper et al. 2001) are absent.  

The coexistence of fungi and bacteria in soil, and their metabolic cooperation in different systems 
has been discussed (Kohlmeier et al. 2005). The extensive colonization of fungal hyphae by bacteria 
suggests that fungi play an important role in bacterial movement and growth, by the formation of 
growth-promoting exudates (Arora and Gupta 1993). On this basis, “bioavailability” of bacteria to 
pollutants can be achieved using fungi to mobilize bacteria, rather than to provide bioavailability by 
mixing bacteria and contaminants (Semple et al. 2004). The combination of the fungus Penicillium 

janthinellum, bacterium Stenotrophomonas maltophilia VUN 10,010 and bacterial consortium VUN 
10,009, isolated from separate creosote- and manufactured-gas-plant-contaminated soils, allowed a 
significant degradation of pyrene, chrysene, benz[a]anthracene, benzo[a]pyrene and 
dibenz[a,h]anthracene as well as bacterial growth. This process scarcely occurred in the absence of the 
fungus (Boonchan et al. 2000). The co-culture of any of these four bacteria (Pseudomonas aeruginosa, 
Ralstonia picketii, Pseudomonas sp. and Psedomonas cepacea) with any of the four fungi (Penicillium 

sp., Trichoderma viride, Alternaria tenuis and Aspergillus terrus) grown on sugarcane bagasse, showed 
a synergism in phenanthrene removal that depended on the bacteria-fungus co-culture, as compared to 
the pollutant removal by fungi that ranged from 35% to 50%, and the removal by bacteria that only 
reached 20% (Chávez-Gómez et al. 2003).  

More recently, the use of Pythium ultimum, a fast growing oomycete that exhibits hydrophilic 
mycelial surfaces and of Rhexocercosporidium, an ascomycete that exhibits hydrophobic mycelial 
surfaces, with a naphthalene and phenanthrene-degrading Pseudomonas putida, showed that an efficient 
translocation of the bacteria occurred in the presence of Pythium ultimum. The study also showed that 
effective phenanthrene degradation occurred only in the presence of the fungal mycelia (Wick et al. 
2007). The development and spread of fungal hyphae into the soil would be useful to facilitate a 
bacterial degradation approach of pollutants that are present not only at the soil surfaces but also deep 
inside the soils. A hyphal network could provide a physical space that could be used by bacteria to 
penetrate into the soil, taking advantage of the mechanisms used by fungi to grow and colonize the soils. 

From this point of view, biocontrol fungi such as those belonging to the Trichoderma genera, 
resistant to different type of pollutants, could be used both to colonize soils and mobilize biocontrol 
bacteria (Montealegre et al. 2005) preventing the development of phytopathogens, and providing a 
network for mobilization of pollutant degrading bacteria (Leben 1984).  

More studies about the roles of fungi concurring during bioremediation processes are necessary, in 
order to better understand the synergistic relationships between bacterial and fungal communities. 
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C. Bioremediation monitoring 
 
a. Microbiological tools 
 
An important first step towards understanding the roles of various microorganisms including 

bacteria, actinomycetes and fungi in a particular environmental sample is a determination of the 
composition and relative abundances of different microorganisms present in the environment. Until the 
1980’s, the determination of microbial community structures and the identification of microorganisms in 
environmental samples was conducted using culture-based studies, and different microorganisms were 
identified based on their phenotype. However, modern molecular techniques estimate that less than 1% 
of microbial species can grow under standard laboratory conditions (Amann et al. 1995, Kaeberlein et 

al. 2002, Ward et al. 1992). Other approaches to analyze the composition of microbial communities exist 
and are capable of discriminating between different bacterial strains. One such approach is the 
immunological direct-detection method enzyme-linked immunosorbent assay (ELISA) (Watanabe et al. 

1996). Although this immunological method has a high resolution, it is not useful for a wide 
identification of microorganisms. Chemical biomarkers such as phospholipid fatty acids (PLFA) can also 
be used in the characterization of microbial communities present in contaminated waste mixtures under 
bioremediation conditions (Antizar-Ladislao and Russell 2007).  

Molecular techniques based on the comparative analysis of 16S ribosomal DNA sequences are being 
widely used in microbial ecology studies, and have allowed the discovery of many novel and non-
culturable bacteria. Furthermore, molecular techniques may help to discriminate between most of the 
microorganisms present in an environmental sample by analyzing the microbial genotype. The 16S 
rRNA gene encodes a RNA molecule of the ribsosome and is the most commonly used DNA sequence 
for the detection and phylogenetic analysis of microorganisms (Santos et al. 2004). The gene is 
approximately 1500 bp in length, is highly conserved, being found in all Bacteria and Archaea, and 
contains both variable and conserved regions. The gene is not laterally transferable and is the best 
molecular chronometer known (Woese et al. 1987). Large and rapidly growing databases of 16S rRNA 
gene sequences also exist. 

Amplification of the 16S rRNA gene, followed by cloning, screening of the clone library and 
sequence analysis is becoming a commonly used approach used for microbial community analysis. Due 
to the power of the polymerase chain reaction (PCR) to amplify very small amounts of DNA, bacteria 
present at very low levels in an environmental sample are now detectable. The exponential nature of the 
PCR amplification process is very sensitive to any disturbance of amplification efficiency, and this can 
easily result in major PCR bias (Felske et al. 1998). PCR bias can occur such that certain templates 
within a mixed community type will inherently be favored in amplification. The use of PCR to amplify 
target DNA however greatly increases the detection sensitivity of microorganisms in an environmental 
sample in comparison to non-PCR based methods. Also, the physical, chemical and biological steps 
involved in the molecular analysis of an environmental sample are another contributing bias in microbial 
community analysis (von Wintzingerode et al., 1997). Despite these potential pitfalls in molecular 
ecology, the application of molecular tools has resulted in great advances into the knowledge of 
microbial diversity. The clone library approach has many advantages over other molecular methods, as it 
provides precise identification and quantification of the phylotypes present in samples. The cloning 
approach has been taken by many researchers to investigate the microbial diversity of numerous 
environmental samples including lab scale anaerobic digesters (Chouari et al. 2005), Antarctic desert 
soils (Smith et al. 2006) and deep-sea carbonate crusts (Heijs et al.2006). 

Amplified 16S rDNA can also be subjected to DGGE, a method that can be used to assess the 
diversity of a microbial community through the separation of PCR-amplified 16S rDNA over a 
denaturing gradient. DGGE was originally invented to detect point mutations in medical studies (Fisher 
et al. 1979), but has been frequently used in recent years to investigate microbial communities in diverse 
environmental samples such as composts, and bioremediated environments (Green et al. 2004, Haruta et 

al. 2004). During DGGE, PCR products migrate through a polyacrylamide gel, encountering 
increasingly higher concentrations of chemical denaturant. Upon reaching a threshold denaturant 
concentration, the lower melting domains of the double-stranded PCR product begin to denature at 
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which time migration slows dramatically. Different patterns of bands will be produced as a result of 
differing sequences of DNA (from different bacteria) denaturing at different denaturant concentrations. 
Each band theoretically represents an individual bacterium present in the community. Bands can be 
excised from gels, and the DNA extracted, PCR amplified, and sequenced. Thus, the identity of 
members of the microbial community of a particular sample can be determined. 

Temperature gradient gel electrophoresis (TGGE) is a method similar to DGGE, but instead uses a 
temperature gradient for separation of different DNA molecules. A high concentration of chemical 
denaturant is included in the gel, with the concentration being constant over the entire gel, such that 
increasing temperature is required for full denaturation. TGGE has been used to assess the diversity of 
microbial communities in different environments, including zinc-polluted soils and mealy-bugs (Brim et 

al. 1999, Franke-Whittle et al. 2005). 
Terminal restriction fragment length polymorphism (T-RFLP) is another well known method for 

comparison of rDNAs. The method involves the amplification of DNA using universal 16S rDNA 
primers and the subsequent digestion of the product with restriction enzymes. Due to the differing 
sequences of different bacteria, the occurrence and location of the restriction sites will not be the same, 
and as a result, various patterns will be produced upon digestion. Sequence databases exist and can be 
searched for taxon-specific restriction sites (Moyer et al., 1996). Tiquia (2005) used T-RFLP’s to study 
microbial community dynamics in manure composts and found that the bacterial and fungal community 
profiles changed over the composting process. Bacterial communities showed a higher diversity 
compared to fungal communities. The results of their study demonstrated that distinctive community 
patterns from manure composts could be rapidly generated using T-RFLP analysis and used to monitor 
the dynamics of microbial communities qualitatively and quantitatively.  

Microscopic detection of specific microbial cells achieved by fluorescence in situ hybridisation 
(FISH) is a technique which can be used to detect and localize the presence or absence of specific 
microorganisms within a sample. It uses fluorescent probes which bind only to DNA in cells with which 
the probes show a high degree of sequence similarity. FISH, targeting the 16S rRNA gene, allows the 
detection and enumeration of specific phylogenetic groupings of microorganisms, without prior 
isolation. Jjemba et al. (2006) investigated soil bacteria that degrade PAHs in soils, using probes specific 
for the Alpha-, Beta- and Gammaproteobacteria. They reported that using the group specific probes, 
bacteria of the respective sub-classes could be detected and were distinguishable.  

In summary, the application of molecular methods has resulted in great advances into the knowledge 
of microbial diversity, since molecular methods can be applied to various environments. However, in the 
course of experimentation, it should always be considered that the results obtained using these methods 
may include biases caused by the extraction efficiency of nucleic acids, PCR error, or other unknown 
factors. In particular, the application of such analytical methods to the biodegradation process is 
sometimes limited by the properties of compost, such as huge amounts of organic compounds and the 
presence of humic acids (Stach et al. 2001). These factors can make it difficult to purify nucleic acids. 
Other limitations include the difficulty of conducting quantitative studies with some environmental 
samples, the lack of discrimination between living and non-living microorganisms, the impossibility to 
discern between strains, the limited amount of known sequences, and the fact that most molecular 
methods are labour-intensive. Molecular methods often require the use of traditional microbiology which 
allows the isolation of microorganisms from specific environmental conditions. Then, their DNA, RNA, 
proteins and biochemical reactions can be investigated, and thus it is possible to isolate microorganisms 
involved in the bioremediation process during composting. Additionally, RNA extraction from soils and 
compost can be complicated and it is very difficult to discriminate between the majority of the microbial 
species present in an environmental sample. Other limitations include those arising from uncultivable 
microorganisms, which restrict the understanding of relationships of microbial communities with their 
surrounding environment (Kaeberlein et al. 2002). In summary, a polyphasic approach, including 
traditional cultivation and molecular methods, is desirable in order to understand the technical biases and 
limitations of each method, and the results obtained should be interpreted with extreme caution. 

To completely understand the various processes that may occur during bioremediation of 
contaminated wastes using composting approaches, a more general and functional approach is required 
which would allow the investigation of microbial genes present in an environmental sample. Thus, new 
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techniques have emerged, which search for genes responsible for contaminant biodegradation during 
bioremediation. These are: 

• Metagenomics. The direct sequencing of
 
environmental samples has provided valuable insight

 
into 

the lifestyles and metabolic capabilities of uncultured organisms occupying various environmental 
niches. Recent efforts include sequencing of individual large-insert bacterial

 
artificial chromosome 

(BAC) clones as well as small-insert libraries
 
made directly from environmental DNA (Tringe et al. 

2005). 

• Proteomics. Mass spectrometry-based proteomic methods are applied to evaluate gene expression, 
identify key activities and examine partitioning of metabolic functions (Ram et al. 2005). 

• Tagged mutagenesis. A single mutant strain is marked by a tag signal and identified by parallel 
selection. Thus, genes expressed by microorganisms can be identified during exposure to conditions in 
their natural environments (Groh et al. 2005). 

• Environmental gene expression analysis. Hybridization based microarrays with soil cDNA allow 
for the quantitative identification of biodegradation genes, and thus a characterisation of activated genes 
(Rhee et al. 2004). Additionally, probes varying in taxonomic specificity can be used, allowing for rapid 
classification, and perhaps quantification of the organisms present within a sample (Bae et al. 2006). 
Other methodologies applied to the quantification of functional genes in soils are MPN-PCR, 
competitive-PCR and real time PCR (Sharma et al. 2007).  

• Substrate-induced gene expression screening (SIGEX). Relevant substrates generally induce 
catabolic-genes, and, in many cases, their regulatory elements (Uchiyama et al. 2005). 

 
The use of individual microbes for complex environment tasks such as bioremediation of 

contaminated soils represents a great challenge for environmental biotechnology. Foremost, there is 
substantial discord between the laboratory conditions where the organism is manipulated and the in situ 
environment that is targeted by the microbial community. The application of molecular techniques such 
as those described in this section have allowed for a better understanding of the dynamics and 
composition of different microbial communities in the environment. Nevertheless, discovery of new 
gene pools involved in the biodegradation of pollutants and the development of new techniques such as 
enzymatic bioremediation is still a challenge which impedes a complete understanding of the 
microbiological processes involved during bioremediation of contaminated soils (Alcalde et al. 2006). 
Thus, newly advanced, robust and easy-to-use biomonitoring tools need to be developed.  

 
b. Cutting-edge biomonitoring tools 

 
The recent introduction of nucleic acid microarrays for the identification of bacteria in microbial 

ecology studies provide a powerful tool for the parallel detection of 16S rRNA genes, and have proved 
useful in microbial studies of phylogenetically diverse microbial groups (Gushin et al. 1997, Loy et al. 
2002, Small et al. 2001). Microarray technology was first described in the late 1990s, and since then the 
technology has become more and more commonly used in various fields of research. DNA microarrays 
are based on the relatively old technology of DNA hybridization between two complementary strands of 
nucleic acids. The core innovation of the microarray technique is the ability to attach nucleic acids to a 
solid matrix in a precise location to create a densely packed array (Maskos and Southern 1992, Southern 
et al. 1999). DNA microarrays exploit the preferential binding of complementary, single-stranded 
nucleic-acid sequences (Brazma et al. 2000). Arrays are composed of many discretely located probes 
spotted onto a solid surface, each probe being specific for a given strain, subspecies, species, genus, or 
higher taxon (Loy and Bodrossy 2005). Each spot represents a unique probe sequence. Spots are usually 
100-200 µm in size and are located within 200-500 µm of each other (Call et al. 2003).  

DNA array technology offers the possibility to analyze an entire array of microorganisms 
concerning their presence or absence in a particular sludge sample in a single experiment. The extracted 
DNA from samples to be hybridized is labelled with fluorescent dyes such as Cy3 and Cy5 (Brazma et 

al, 2000). Hybridization with the labelled samples is followed by washing steps of differing stringency 
and scanning using a high-resolution scanner (Call et al. 2003). The relative expression levels of the 
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genes and abundance of a target in the sample and in control populations can be estimated from the 
fluorescence intensities and colours of each spot (Brazma et al. 2000).  

Microarrays do however, also have their drawbacks. Various methodological deficiencies, such as 
the laborious protocols for the preparation of target molecules and insufficient detection limits constrict 
a broad application of microarrays in the analysis of microbial communities (Zhou, 2003, Peplies et al. 
2004). Biases resulting from DNA extraction procedures as well as from PCR also exist (von 
Wintzingerode et al. 1997, Vianna et al. 2005). Weaker fluorescent signals can represent either a low 
concentration of a particular gene within the DNA extract or alternatively, a gene having sufficient but 
less than perfect similarity within the printed oligonucleotide (Dubois et al. 2004). Target secondary 
structure may also account for lower hybridization signals (Wang et al. 2002). Nonetheless, this 
technology has been applied and successfully used to study microbial communities in several 
environmental habitats such as a hypersaline cyanobacterial mat from a lake in Sinai, Egypt (Loy et al. 
2002), ready-to-eat vegetable salads (Rudi et al. 2002), landfill methanotroph communities (Stralis-
Pavese et al. 2003), soils (Small et al. 2001), and faecal samples (Wang et al. 2002). Diagnostic 
microarrays can also be used to investigate the effect of soil microbial diversity on soil fertility and the 
effect of agricultural practices on soil microbial communities (Bodrossy, 2003).  

A microarray spotted with 369 different probes specific to microorganisms that have been 
previously reported in the degradation process of organic waste during composting, for plant, animal and 
human pathogens, and for plant disease suppressive bacteria was developed by Franke-Whittle et al. 
(2007). The COMPOCHIP 16S rRNA microarray was developed with the aim of being able to provide a 
direct characterization of the bacteria present in a particular compost sample. Composts contain a large 
and diverse community of microorganisms that are involved in the digestion of organic wastes (Franke-
Whittle et al., 2005). The COMPOCHIP array was applied to three different compost types (green 
compost, manure mix compost, and anaerobic digestate compost) of different maturity (2, 8 and 16 
weeks), in order to determine if there were any differences in the microorganisms in the 3 compost types 
and maturity stages. Fig. 1 shows the COMPOCHIP microarray hybridized with DNA extracted from a 2 
week green compost.  

 

 
 
Figure 1. COMPOCHIP microarray image following hybridization of Cy5-labeled DNA extracted 

from 2 week green compost. Signals obtained for the print controls (Cy3-labeled), hybridization controls 
(central column of spots) and the different probes are evident. 

 
Multivariate analysis showed that the bacterial composition of the 3 composts were different at the 

beginning of the composting process and became more similar upon maturation (Fig. 2). Certain probes 
were found to be more influential in discriminating between different composts. Interestingly, the 2 
week manure mix compost was found to have the highest number of positive signals of all compost 
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samples, and higher signals for many probes than found in any other sample. The diversity and intensity 
of signals then decreased significantly over the following weeks, such that not many signals were 
detected in the 16 week manure mix compost sample. For both the anaerobic digestate and green 
composts, many of the probes gave hybridization signals above the threshold in the 2 and 8 week 
samples. In fact, higher signal to noise ratio (SNR) values were obtained in the 8 week sample for many 
of the probes than in the 2 week samples. The 16 week samples were found to closely resemble the 16 
week manure mix compost sample, not yielding many signals with SNRs above the threshold.  This 
study showed the potential usefulness of the COMPOCHIP microarray in determining microbial 
communities in composts. This microarray could also be applied to other soil and compost samples in 
order to gain an impression of the microbes present in a single test. A microarray containing 
oligonucleotides targeting key microorganisms in various bioremediation processes could be designed 
and would allow a direct monitoring of the microbial communities present in a bioremediation process.  

 

 
 

Figure 2. 2D-ordination-plot of three compost communities evolving over time analyzed by 
canonical analysis (redundancy analysis-RDA). The means for each sample are shown together with the 

three replicates. 
 
Sole-carbon-source tests can also be used to monitor changes in microbial communities. Such tests 

are non-molecular, and reportedly reflect the composition of a microbial community. The method first 
described by Garland and Mills (1991), involves a commercially available microtiter plate (BIOLOG), 
which can be used to simultaneously test the utilization of 95 substrates as sole carbon sources. 
Utilization of a carbon source is indicated by colour development of a redox indicator dye, and changes 
in the overall patterns of carbon source utilization rates can be assessed by multivariate statistics (Baath 
et al., 1998). The BIOLOG test was originally developed for the classification of bacterial isolates based 
on the ability of the

 
isolates to oxidize the different carbon sources. However,

 
this method has also been 

adapted and used to characterize the
 
metabolic capacities of a microbial community. BIOLOG has been 

commonly used to detect differences between microbial communities in soil and the rhizosphere 
(Garland 1996, Pfender et al. 1996, Zak et al. 1994). Due to the necessity of faster analysis of microbial 
communities, the initial BIOLOG plate GN was modified and redesigned at the request of a group of 
microbial ecologists. The result was a new BIOLOG microplate, the EcoPlate

TM
, which contains 31 of 

the most useful carbon sources found in soils and used by microorganisms. The carbon sources are 
present in triplicate, and the 31 different C-sources (amines, aminoacids, carbohydrates, carboxylic acids 
and polymers) allow community level physiological profiles (CLPPs) to be established based on the 
capacity of microorganisms to utilize these different C substrates. In addition, it is feasible to establish 
the average metabolic response of a sample by calculating the average well colour development. Despite 
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the simplicity and low cost of using CLPPs for the characterization of different samples, relatively few 
reports of the application of this methodology in compost studies exist.  

 
 

III. Bioremediation of contaminated desert soils with diesel fuel by in-

vessel composting in the Atacama Desert, Chile 
 
Chile is a regional economic leader in South America. Its economy is ore-dependent and it is 

considered to be a mining country due to continuous investments in the mining industry. Chile is 
currently the worlds leading extractor of copper, and copper sales represent approximately 40% of its 
commercial balance and around 9% of its Gross Internal Product. Relations between the mining 
industry, environment and society have not been smooth due to continuous environmental impacts and 
confrontations between the industry and human communities. Topics of debate range from the type of 
exploitation (e.g. open pit mine) to cultural disturbances. Nevertheless, the Chilean population has 
accepted the mining industry as a very important development motor. 

In Chile there are two principal mining companies, CODELCO (Copper Corporation) a 
Governmental Company, and Minera Escondida Ltd (MEL), a private investment of BHP-Billiton, the 
world’s largest diversified resources company. MEL owns Chiles most important copper mine. The mine 
is located in the Atacama region (north of Chile; 170 km SE of Antofagasta; 3,100 m above sea level), 
and is responsible for the production of 8% of the world’s copper. The mine has an annual income tax of 
approximately US$ 140 million and investments total more than US$ 4 billion. The construction of the 
mine in the Atacama region started in 1988, and the first batch of ore was processed in 1990. MEL’s 
production of copper at the Atacama region represents 20% of total copper production in Chile, and 
includes a work-force close to 2,300 people, 1,900 permanent jobs through outsourcing, and 8,000 
additional permanent jobs in diverse productive activities associated to the mining industry, especially in 
the North of Chile. The role of Minera Escondida Ltd. is vital to the Chilean economy, since its 
production accounts for 2.5% of the country’s Gross Internal Product (Minera Escondida, 2007). 

Despite the economic benefits that the mining industry offers to Chile, environmental concerns 
related to the production of hazardous wastes exist. It is well known that the mining industry has a 
negative environmental impact, due to continuous excavations, dust production, noise emission by heavy 
machinery, and disturbance of flora and fauna. A non-evident impact is that resulting from the daily 
operation of heavy machinery, where repetitive spills of fuel oils have occurred during the repair and 
maintenance of machinery. Soils and sawdust have frequently been used as cheap and readily available 
adsorbent materials to help in the clean up of the spilled fuel oils, which consist of complex mixtures of 
aliphatic and aromatic hydrocarbons. This common practice in the mining industry has caused a real 
case environmental problem of current concern, whereby large amounts of hazardous wastes, comprised 
mainly of desert mining soils and sawdust contaminated with fuel oils, have accumulated over time and 
need to be cleaned-up.  

Our present aim is to minimize the environmental impact caused by mining activities in Chile, and 
in particular in the Atacama region, which may be extended to other regions around the world. Little 
literature exits on the degradation and fate of mixtures of commercial products typical in real 
consecutive accidental spills in desert mining soils, under bioremediation conditions. In-vessel 
composting bioremediation technology is presented as a potential treatment option, that can be 
optimized to produce results complying with current environmental laws, and that minimizes human and 
animal exposure to contaminated sites.  

 
A. Physicochemical characteristics of desert mining soils in the Atacama Desert, Chile 
 
Chile has principally a Mediterranean climate, however, in the North, the Atacama desert exists, one 

of the worlds most important deserts, comprising the worlds biggest mining cluster and industry of 
copper and other ores. The Atacama Desert is an extreme, arid and temperate desert that extends from 
20°S to 30°S along the Pacific coast of South America. Soils in the Atacama desert are taxonomically 
characterized as either aridisol, inceptisol or entisol, and have a thin development of A horizon above 
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thin B horizons. Atacama desert’s soils often also have carbonate accumulation in a K horizon and are 
closer in composition to mother rock due to a continuous eolic erosion and a low pluvial activity typical 
of dry climates (USDA 1999). The low pluvial activity increases only in summers with the “Bolivian 
Winter” (Miller 1976). Additionally, soils are hyper-saline and this is one of the main reasons why these 
soils are dedicated principally to mining activities. The organic matter content is lower than 0.1% and 
concentrations of copper and sulphur are higher than the typically reported agronomic values (Thompson 
1978). Minor and major essential elements are present at concentrations lower than that typical of 
agronomic soils. 

 
B. Historical contamination 
 
The maintenance of machinery and trucks at Minera Escondida Ltd. has resulted in continual 

accidental spills of mixtures of commercial fuel oils (diesel and gasoline). Typically, these fuel oils have 
been ‘cleaned up’ by absorption with sawdust and native desert mining soils in order to contain the 
contaminants and minimize the detrimental environmental and human impact of these contaminants. The 
contaminated mixtures of soil and sawdust are contained and disposed of in HWL. The HWL is 
normally exposed to environmental conditions typical of the desert climate, with daily oscillations of 
temperature between 0°C during the night and above 40°C during the day, and the hazardous wastes are 
not exposed to direct-solar radiation. This common practice in the mining industry has caused a real case 
environmental problem of current concern, where large amounts of these hazardous wastes have 
accumulated over time and need to be disposed of. 

 
C. Bioremediation strategy 
 
Due to the limited number of case studies available on the use of bioremediation technologies to 

treat contaminated desert soils and the need to decontaminate large amounts of hazardous wastes in the 
Atacama desert (Chile), this research sought to determine the feasibility of bioremediation by aerated in-
vessel composting of mixtures of desert mining soil and sawdust contaminated with fuel oils as a 
bioremediation strategy to clean-up fuel contaminated wastes. The specific objectives of the project were 
to determine the effectiveness of different ratios of contaminated soil to contaminated sawdust (S:SD) 
contained and disposed of for two years in a HWL. Another objective was to find correlations between 
the percentage of contaminant removal and various physical and chemical parameters which may 
indicate the best conditions for maximum contaminant removal. A third objective was to investigate the 
microbial community changes during in-vessel composting treatment. 

Our experimental design set-up consisted of the implementation of 30 laboratory-scale cylindrical 
aerated composting reactors operated continuously for 56 days with a moisture content close to 50% and 
maintained at mesophilic temperatures. Contaminated desert-soil and sawdust were treated at different 
ratios of contaminated soil to contaminated sawdust, S:SD 1:0, 3:1, 1:1, 1:3 and 0:1 (2,000 g total 
composting mixture, wet weight). Prior to filling in the composting reactors, contaminated wastes were 
separately passed through a 5 mm sieve followed by a 2 mm sieve. Atmospheric air warmed to 60 

0
C 

was introduced (pump of 1.1 KW and a maximum flow of 550 m
3
 h

-1
) to each reactor and circulated 

through an internal perforated piping to ensure sufficient oxygen concentration in the reactors (Fig. 3). 
Temperature was monitored with K type thermocouples, connected to a system OPTO 22 and stored in 
an ASCII file in a PC Pentium III. Recorded temperatures throughout the length of the treatment showed 
that the composting reactors reached mesophilic temperatures of 30 ± 2

0
C at the surface of the substrate 

in contact with the head space and 40 ± 20C at the bottom of the substrate. Additionally, gas streams 
from the inlet and exhaust were continuously monitored for carbon dioxide production as evidence of 
aerobic biodegradation. Each reactor was homogenized on a daily basis to avoid stratification and 
oxygen content limitation. Sterilized distilled water (SDW) was added when needed to maintain 50% 
moisture content in all reactors during the treatment. 

Sampling was conducted in triplicate after 0, 14, 28, 42 and 56 days. The samples were collected 
using a core tube (70 cm long, 5 cm i.d.) in order to obtain stratified samples at different radial distances 
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in each reactor. Each sample was separately manually homogenized with a stainless steel spatula in a 
sterile bag and stored in an amber glass flask for further analysis.  

 
 

 
 

Figure 3. Schematic laboratory set up of in-vessel composting reactors. 
 
Our criterion was that the autochthonous microbial communities were acclimatized to cold and 

warm temperatures and to the presence of pollutants. The corresponding abiotic controls comprised the 
same S:SD ratios, but reactors were radiated with Gamma rays of a Cesium 137 source to 25 kGy doses 
three times using an Experimental Nuclear Reactor (Chilean Commission of Nuclear Energy, CCHEN). 

Chemical and microbiological analyses were performed using standard procedures (Sadzawka et al. 
2000, USEPA 1986). pH, E.C., moisture content, organic matter content, nitrogen content, oligoelements 
and heavy metals, organic contaminants, and cultivable heterotrophic bacteria were monitored. 
Additionally, changes in the microbial communities, number of bacterial cells and percentage of live 
cells were determined using fluorescence microscopy by directs counts and a fluorescence microplate 
reader by LIVE/DEAD BacLight Bacterial Viability kit (Molecular Probes). Terminal-restriction 
fragment length polymorphism (T-RFLP) and BIOLOG Ecoplate

TM
 tests were conducted, and diversity 

indexes calculated using the Shannon-Wiener index (H´). The average well colour development 
(AWCD) was determined for the BIOLOG Ecoplates

TM
.  

Finally statistical analyses were conducted. A two-factor ANOVA test (factor 1, treatment or S:SD 
ratio; factor 2, time) applied for each degradation curve to elucidate the effect of S:SD ratio treatment 
and time of the removal of fuel oil. A t-test was conducted to investigate possible differences between 
initial and final values of diesel fuel content in each treatment and final diesel fuel content following 
different treatments. Principal Components Analysis (PCA) and Linear correlations (r) within-groups of 
physical and chemical parameters and removal percentage in different reactors were also investigated to 
determinate correlations between treatments. 

 
D. Changes in physicochemical conditions 
 
Since pH is one of the key factors for microbial metabolism, its value in the composting of 

substrates was monitored every 14 days (Fig. 4). Before treatment, all reactors were found to have pH 
values of 7.0 -7.5 and no statistical differences were found between reactors. Once the treatment started, 
pH changes were observed in the reactors with significant lower pH at lower S:SD ratios. Statistical 
significant differences were found between initial and final times (p<0.05 by t-test) in the majority of the 
reactors. Only the reactors S:SD - 1:1 and S:SD - 3:1 presented no statistical differences among them. 
No pH changes were observed in the abiotic controls (data not shown).  

Lower pH values in treatments of lower S:SD ratios could be explained by the formation of 
canalizations in the presence of sawdust. This may have facilitated the aeration of the contaminated 
mixture promoting aerobic biodegradation, and thus CO2 production and anaerobic zones where 
fermentation processes may have occurred, acidifying the mixtures. On the other hand, in the reactor 
with contaminated desert soil only (S:SD 1:0), the pH tendency was to rise over time.  
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Figure 4. Temporal changes of pH. 

 
Soils in the northern Chile Atacama desert are hyper-saline (electrical conductivity; EC > 10.0 

mmhos cm
-1

) and this is one of the main reasons for why these soils are dedicated principally to mining 
activities. Increasing levels of salinity in the reactors treating mixtures of contaminated desert soil and 
contaminated sawdust were observed over time (data not shown). This indicated a higher content of free 
ions in the composting mixtures over the duration of the experiment. In the reactors containing sawdust, 
the EC remained at a constant levels (≈12 mmhos cm

-1
), however, in the reactor with S:SD - 1:0, the EC 

progressively decreased during the treatment to values closer to 7 mmhos cm
-1

. Thus, no significant 
effect of salinity was observed in the composting treatments (p>0.05, correlation index and PCA) in this 
study. 

Major and minor elements were monitored since they are essential for the catabolic activity of 
microorganisms. Thus, fuel oils degradation and biomass production depend directly of an accurate 
balance of these nutrients. Levels of Mn and available N, P, K were higher (range between 1,000 and 
10,000 ppm) in the contaminated soil, sawdust and mixtures of contaminated soil and contaminated 
sawdust at various S:SD ratios as compared to normal values of B and Zn (30 - 180 ppm, respectively). 
Nevertheless, available N, P and K concentration values were low in all reactors as compared to reported 
agronomic values (data not shown). Initial N content was different in the reactors depending on the S:SD 
ratio, and the highest consumptions of total N was observed in the reactors with a S:SD 1:0, 1:3 and 3:1. 
The tendency of total N was to reach a steady state and similar concentration values (p>0.05) in the final 
points in all reactors (Fig. 5a). Total N did not change in the abiotic controls during treatment (data not 
shown). In the present study, it was assumed that indigenous soil microbial populations were adapted to 
the fuel oils present in the soil and to the environmental conditions. Values of available nutrients in this 
study were lower than those values typically reported in composting processes, which was not surprising 
because desert soils are mainly composed of mineral surfaces with low organic matter contents The 
levels of S and Cu were higher than those normally encountered in typical desert soils, and it was 
assumed that autochthonous microbial communities were adapted to the presence of high levels of S and 
Cu.  
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Figure 5. Temporal changes of: (a) N and (b) ratio TOC:N. 
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With respect to organic matter content, the composting reactors with mixtures of contaminated 
desert soil and contaminated sawdust contained a higher organic matter content compared to the 
composting reactors with only contaminated desert soil. This is most likely due to the capacity of 
sawdust to adsorb organic contaminants. Thus, composting reactors with a S:SD ratio of 3:1, 1:1 and 1:3 
had organic matter contents of 24%, 30% and 49% respectively; the control reactor (S:SD 1:0) presented 
an organic matter content of 14%, a high value in comparison with typical non-contaminated desert soils 
(Atacama and Kuwait region, organic matter content < 1%). TOC/N ratios were within the range 50:1 
and 100:1, higher ratios than those normally encountered in a composting process (Al-Daher et al. 
1998). Temporal increases in TOC/N ratios similar in all reactors indicated that the temporal 
concentration of N decreased over time as compared to the temporal concentration of organic matter 
content (Fig. 5b). TOC/N ratios decreased from day 28 to day 42 in the reactors with a S:SD ratio of 3:1, 
1:1 and then increased again. This temporal decrease needs further investigation. Temporal trends of 
total N and TOC/N ratios (Fig. 5a, b) indicate that N may have been a limiting nutrient in the 
composting reactors.  

 
E. Changes in diesel fuel concentration 
 
In order to follow the biodegradation of fuel oils present in the contaminated soil and sawdust 

mixtures, total hydrocarbon concentration was monitored. Different initial concentrations of fuel oil 
were observed in the reactors with higher initial hydrocarbon concentrations present in sawdust (Fig. 
6a). The initial concentration of fuel oils in the mixtures corroborated the higher adsorbing capacity of 
sawdust. Following 56 days of treatment, different biodegradation curves were obtained in all reactors, 
with most of the biodegradation occurring during the first 42 days of treatment (Fig. 6a). Biodegradation 
curves indicated a similar trend among composting reactors with S:SD ratios of 1:0 and 3:1 with smooth 
decreases reaching contaminant removal between 30% and 40% after 42 days of continuous treatment 
(Fig. 6b). Reactors with S:SD ratios 1:1 and 1:3 with higher levels of sawdust presented higher removal 
rates. The reactor with a S:SD ratio 1:0 presented the lowest removal rate (60%). The concentration of 
fuel oils remained unchanged in the abiotic controls (data not shown). These removal percentages are 
similar and concordant with those reported in a previous commercial diesel oil contamination study 
(Marchal et al. 2003).  
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Figure 6. (a) Temporal changes in fuel oil concentration in experimental reactors, and (b) Fuel oil 
removal rates in the experimental reactors. 

 

 

F. Changes in microbial communities  

 
There have been few reported studies whereby molecular tools have been used to identify 

microorganisms or diversity of microbial communities in desert soils (Ros et. al 2006). Studies 
conducted in the Atacama Desert have until very recently focused on the investigation of the diversity of 
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heterotrophic bacteria based on 16S rRNA gene sequences, in order to improve our current 
understanding of the diversity of bacteria living in extreme environments. Such environments are close 
to their limit of dryness to sustain microbial life, and thus they have been compared with soils from the 
surface of Mars (Mars-like soils) (Navarro-González et al. 2003), a focus of diverse studies by NASA 
(Clements, 2002).  

These microorganisms are typically the first organisms to react to chemical and physical changes in 
the environment. For example, it has been observed that an increase in the moisture gradient along the 
Atacama region results in a greater bacterial diversity of heterotrophically culturable bacteria (Clement 
2002) and it is then more likely to find principally autotrophic (litotrophic) heterotrophic 
microorganisms. Drees et al. (2006) investigated the bacterial community structure of the Atacama 
Desert and reported a predominance of Gemmatimonadetes

 
and Planctomycetes, which is unusual when 

compared to typical soil populations. The unique phylogenetic distribution of
 
the organisms identified in 

the study of Drees et al. (2006) and in studies of
 
other arid soils would suggest that the hyperarid 

environment
 
does select for specific groups of bacteria. Nevertheless, more research is still needed to 

obtain a better knowledge of the microbial community composition in the Atacama Desert, and 
especially of the presence of heterotrophic bacteria in mineral soils.  

The study presented in this chapter has used traditional and cutting-edge biomonitoring tools to 
investigate microbial community structure changes during bioremediation of fuel-contaminated soils in 
the Atacama desert, where the organic degradation take place in a similar fashion to a natural Martian 
environment (Stocker and Bullock, 1997). Direct counts and the percentage of viable bacteria indicated 
that count numbers were high at the beginning of the treatment and that no significant changes were 
observed during the course of the treatment (over 10

6
 cells gr

-1
). Additionally, viable bacteria comprised 

over 60% of total number of cells (Fig. 7a, b). These preliminary results indicated that most probably 
resident microbial communities were adapted to the presence of organic contaminants following 
consecutive accidental spills and storage of the contaminated wastes in the LHM, prior to the 
composting treatment.  
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Figure 7. Temporal changes of: (a) Cell per gram of soil and (b) percentage of live cells in the 
experimental reactors. 

 
When cutting-edge biomonitoring tools were applied to the Atacama desert soil samples, 

contradictory results were obtained, indicating that the changes in number of phylotypes were not in 
agreement with the changes in the metabolic activity (Fig. 8a, b). In the reactors where only soil was 
treated, an increase in diversity with a maximum reached after 42 days of treatment was seen, according 
to BIOLOG EcoPlate

TM
. According to T-RFLP, maximum diversity was reached after 28 days of 

treatment and then decreased to a minimum after 42 days of treatment. The reactors where only sawdust 
was treated presented a trend in diversity similar to that of only soil according to BIOLOG EcoPlate

TM
, 

but constant to a value close to 3 according to T-RFLP. Additionally, reactors where only sawdust was 
treated had, according to T-RFLP, higher diversity than all other samples. 
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Figure 8. Temporal changes of diversity by (a) T-RFLP and (b) BIOLOG EcoPlate
TM

 in the 
experimental reactors. 

 
The AWCD indicated that the microbial activity in composting reactors increased with treatment 

duration (Fig. 9). According to these results, the reactors with a S:SD ratio 3:1 presented the highest 
metabolic activity during the length of the treatment and the reactors with a S:SD ratio 0:1 presented the 
lowest metabolic activity. AWCD results were in agreement with the biodegradation curves (Fig. 6a), 
and thus higher microbial activities resulted in higher fuel removal rates. Finally, higher microbial 
activities are observed towards the end of the treatment process and at higher sawdust contents in the 
composting mixture.  

 

Time (d)

0 7 14 21 28 35 42 49 56

A
v
e
r
a
g
e
 W

e
ll

 C
o
lo

u
r
 D

e
v
e
lo

p
m

e
n

t

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

S:SD-0:1 

S:SD-1:3 

S:SD-1:1 

S:SD-3:1 

S:SD-1:0 

 
 

Figure 9. Temporal changes of AWCD in the experimental reactors. 
 
G. Optimal conditions for maximum removal of fuel diesel 
 
Statistical analysis using the results of different treatments indicated that 2 factors explained 83.6% 

of the total variance. Factor Time explained 73.3% of the total variance, and factor Treatment (S:SD 
ratio) explained 10.3% of the total variance. These results were confirmed with PCA analysis 
considering all physicochemical factors, where the reactors are dispersed in two axes that explain over 
70% of variance (Fig. 11). Comparison of the results of the abiotic and experimental reactors, indicated 
that all treatments presented significant differences, indicating that biodegradation was the main 
mechanism of contaminant removal from fuel oil contaminated soils and sawdusts. The mesophilic 
temperatures used in this experiment were lower than those required for volatilization (Loehr et al. 
2001), which further supports the results obtained.  

A linear correlation analysis including the various physicochemical parameters monitored in this 
study during treatment indicated that the removal of fuel oils was significantly influenced by pH, TOC/N 
ratio and total N. The reactor with a S:SD ratio 1:0 presented a significant correlation of fuel oils 
removal with TOC:N ratio which may indicate that N may have been a limiting factor for fuel oils 
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biodegradation during treatment. The reactor with a S:SD 1:3 also presented a significant correlation of 
fuel oils removal with the total N present, which may have had some nutrient implications during 
treatment. The other reactors presented no significant correlations with the physicochemical parameters 
monitored. These correlations may indicate that the main mechanism of fuel oils removal during 
treatment is aerobic biodegradation with subsequent production of CO2 resulting in lower pHs, as 
observed in this study  
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Figure 11. Effect of Factor 1 (time) and Factor 2 (treatment, S:SD) on fuel oils removal in all 
treatments investigated. 

 
The major difference between treatments was observed for treatments with only soil (S:SD 1:0) and 

mixtures of contaminated soil and contaminated sawdust. No statistical difference was observed between 
treatments with a S:SD 1:1 and 1:3 and both were statistically different from treatments with a S:SD 0:1 
and 3:1. Furthermore, the reactors with S:SD ratios 0:1 and 1:3 presented a significant difference 
between the initial and final fuel oil concentration (p<0.005). These results may suggest a lower 
biodegradation capability of residential microorganisms to biodegrade the fuel oils present in the 
contaminated soil and thus the importance of mixing both soil and sawdust, for a higher removal of fuel 
oils in soil. Additionally, diesel fuel initially present in the contaminated soil could be more recalcitrant 
than the fuel oil initially present in the contaminated sand. Treatment or S:SD ratio thus is the factor that 
more strongly affects the removal of fuel oil under in-vessel composting conditions of aged fuel oil 
contaminated mixtures of soil and sawdust. Soil to organic amendment ratios has proved to be necessary 
for in-vessel composting optimization (Antizar-Ladislao et al. 2006a). For an elevated operation yield 
(i.e. higher amount of contaminated mixture treated), a low S:SD ratio is advantageous, since a high 
S:SD ratio may show inhibitory effects on the residential microbial populations. 

 
H. Regulatory and sustainable aspects of in-vessel composting as a bioremediation technology 

in Chile. 

 
Environmental concern due to the presence of hazardous wastes is relatively new in Chile. Current 

Chilean legislation contemplates the application of bioremediation technologies for environmental 
decontamination (Ministry of Health 2004). Nevertheless, the existing legislation which is the only one 
that contemplates the integral management, manipulation and disposal of hazardous wastes, includes 
bioremediation technologies, such as composting as a valid alternative practice. At present there is not a 
coherent or clear guide to implement the existing normative. In this present year, 2007, a Ministry of 
Environment has been created in Chile with the mission of designing protocols to implement 
environmental policies. These protocols will include measures to treat contaminated wastes including 
contaminated soils, facilitating an appropriate application of the environmental policies among 
administrations, industry and citizens. Nowadays in Chile there is also a lack of technical expertise 
within the field of the application of bioremediation technologies. An undergoing constant discussion 
among administration, industry and citizens in Chile should lead to solutions to resolve environmental 
problems of current concern.  
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The feasibility study presented in this chapter provides evidence that the application of in-vessel 
composting as a bioremediation technology to treat hazardous wastes is a real treatment alternative to 
decontaminate wastes. The application of this bioremediation technology is encouraged by economic 
pressures since the cost of disposal of hazardous wastes in a HWL are high (more than US$100 per 
cubic meter of wastes) and by regulatory pressures over the mining industry, as they are enforced to 
present plans of closing and abandonment of the mine. 

 
 

VI. Final remarks 
 
Whilst present research on the application of bioremediation technologies to fuel-contaminated 

desert soils is still scarce, the investigations presented in this chapter have proved that composting is a 
good sustainable environmental technology that may be used to remove organic contaminants from fuel-
contaminated desert soils, sawdust and mixtures. This bioremediation technology has proved to be 
beneficial for the amelioration of contaminated soils by reducing the concentration of organic 
contaminants, which promotes soil sustainability and soil re-use in contrast to other treatment 
technologies, i.e., landfill or incineration approaches. Additionally, a number of cutting-edge 
biomonitoring tools can be used to assess the extent of physical and chemical environmental changes 
during the application of bioremediation technologies. 

The coexistence of fungi and bacteria in soil, and their metabolic cooperation in different systems 
should be considered in future bioremediation technologies, mainly based on the fact that extensive 
colonization of fungal hyphae by bacteria may play an important role in bacterial movement and growth 
in soil substrates. Fungi thus increase the “bioavailability” of bacteria to pollutants. In addition, 
biocontrol fungi such as those belonging to the Trichoderma genera (resistant to different type of 
pollutants) could be used for multiple purposes: colonization of soils to provide a network for the 
mobilization of pollutant degrading bacteria used in bioremediation processes, and/or of biocontrol 
bacteria to prevent development of phytopathogens. Nevertheless, more studies are necessary to 
establish the role of concurring fungi during a bioremediation process, considering that bacterial 
communities and fungal microbiota can co-operate and participate synergistically. 

The bioremediation of desert mining soils in the Atacama Desert was possible using aerated in-
vessel composting under controlled conditions, where the heterotrophic microorganisms were capable of 
degrading organic compounds. This is in concordance with other authors who studied desert soils and 
Martian conditions. The removal curves obtained had a tendency towards stabilization over time but 
with different end points, showing the differential capacity of absorption of the different composts due to 
presence of sawdust. These differences in the final concentration can be explained by differences in the 
degree of absorption, microbial communities present, interactions between them, structural properties of 
the pollutants and controlled conditions of treatment. The differential end points may however also be 
due to N limitation, where the right balance of nutrients must be reached.  

Two principal factors, time and the presence of sawdust, explain the performance of bioremediation. 
The sawdust could be allowing major levels of removal (absorption) and the time may perhaps show that 
adaptation of the microbial communities for bioremediation does not happen straight away. 
Biomonitoring tools used in this study proved to be useful and complementary. Nevertheless, it is 
suggested that the application of the COMPOCHIP microarray could result in a better resolution of 
microbial communities present in the samples. The presence of adapted microbial communities and 
accessibility to aged contaminants was essential for experimental treatment of the Atacama desert soils. 
In conclusion, this study has further raised the importance of support with experimental data to the 
Chilean Legislation and support of the application of cutting edge tools in the bioremediation of desert 
soils. 
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