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Abstract

Until a few years ago, the Antarctic continent was considered a pristine place. However, human activity 
there changed that condition, being hydrocarbon pollution a concerning and attention-drawing issue. 
Soils around scientific stations show different levels of pollution caused by oil-derived fuels, such as 
gasoil. Bioremediation is a tested, effective technique to remove contaminating hydrocarbon from the 
soil. Biostimulated biopiles is the most effective, tested strategy for Antarctic soils that makes use of the 
microorganisms’ catabolic potential; ecopiles, in turn, seem to be a better alternative that brings more 
complex biological systems into the process, such as vascular plants, in order to obtain higher removal levels. 
Finally, a reflection is made that appropriate, specific logistics are needed to reduce execution times of these 
innovative bioremediation treatments.
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Introduction

Antarctica is the only continent on the planet for which a documented, agreed intention exists 
to have it fully preserved from anthropogenic damage. To that end, signatory countries of 
the Antarctic Treaty (Antarctic Treaty, 1959) also undersigned the Protocol on Environment 
Protection, also known as the Madrid Protocol (Secretariat of the Antarctic Treaty, 1991). 
Despite that intention and the actions consequently implemented, Antarctica was not fully 
free from the damaging effects of human activity. Natural phenomena, such as ocean and air 
mass movements as well as migrating fauna take contaminating agents with them from different 
parts of the world to the area located below parallel 60°S. Also, the number of permanent and 
temporary scientific stations (COMNAP, 2017) and the logistics supporting them and touristic 
navigation (as well as fishing navigation) introduce contaminating compounds to the Antarctic 
environment which last in time and have an impact on the ecosystem (Bargagli, 2008; Aronson 
et al., 2011). In this way, heavy metals (Bargagli et al., 1998; Espejo et al., 2014; Chu et al., 
2019), hydrocarbons (Jackie M. Aislabie et al., 2004; Saul et al., 2005; Curtosi et al., 2007; 
Kukučka et al., 2010; Mac Cormack et al., 2011) and plastics (do Sul et al., 2011; Lacerda et al., 
2019) are usually reported as contaminating compounds in the Antarctic environment, which 
alerts humanity about an impact that human activity has in that region.

The demanding weather conditions existing in the Antarctic Continent for the thermal homeostasis 
needed by the human being, as well as facilities technology, require a constant and reliable energy 
supply. Renewable energy sources, such as hydrogen, solar energy, and wind energy have been 
considered and, in some cases, used for specific stations (Marschoff, 1998; Henryson and Svensson, 
2004; Tin et al., 2010) which is a big step forward. Notwithstanding this, as of today, it has not been 
possible to fully replace electricity and heat produced with fossil fuels, especially gasoil, particularly 
due to two of their benefits: effectiveness and reliability. Thermal electric power is produced by 
using internal combustion engines and induction generators. From a mechanical perspective, this is 
a simple, well-known, and easy to maintain technology. (Diesel Technology Forum, 2013; Fairfax 
et al., 2020). Fossil fuels in general and gasoil, in particular, have a high energy density, which 
implies a large advantage affecting the cost of energy production (Layton, 2008). Also, diesel engines’ 
service life is large (30,000 hours approximately at a first deep revision, depending on the model 
and quality); given their cost, it is possible to have back-up units in the event any of them fails or 
needs maintenance. Fossil fuels do not rely on weather conditions to produce energy and so their 
production can be constant, stable, and continued. However, this power matrix, which depends on 
fossil fuels, requires back-up logistical support involving large costs related mostly to transportation 
which, in some cases amount to three times purchase value (Olivier et al., 2008).  Annual gasoil 
consumption is calculated to be millions of liters for the Antarctic continent. McMurdo station, for 
instance, has  gasoil needs of about 5 million liters, while smaller bases take about 300,000 liters 
per year (Tin et al., 2010). Among Argentine bases, Marambio has gasoil requirements of about one 
million liters per year, while Carlini uses close to 300,000 liters. 

Oil hydrocarbon is the polluting agent most commonly reported in Antarctica and raises concerns 
for all national programs developing activities there. Despite thermal electric energy being reliable, 
gasoil use, transportation, and storage imply a permanent risk of introducing hydrocarbon to the 
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environment, both into the bases and into the marine routes that lead to them.  Events such as Bahía 
Paraíso in 1989 (Kennicutt et al., 1991, 1992), Patriarche in 2001 or Explorer in 2007, among many 
others (Ruoppolo et al., 2013) show that the risk is real and that the consequences it may have in 
ecosystems are, in some cases, severe.

There are containment measures and intervention tools when oil spills in the sea. Barriers and pumps 
allow to confine the problem and to remove most of the spilled substance before it reaches the coast 
and affects the fauna. The possibility also exists to add dispersants to work in the hydrocarbon by 
breaking the hydrophobic film, thus reducing its detrimental effects and allowing erosion through 
biotic and abiotic mechanisms. Nevertheless, these operations are only possible if weather and 
navigation conditions allow them. 

When spills occur in soils, applicable containment strategies are different. Many of the Antarctic 
bases are in coastal areas. This means that not contained spillage could drain or leach to the coast, 
which would affect the fauna of that coastal area; it could also end up in the sea where the damages 
are more difficult to mitigate if there are not sufficient means. For that reason, if there was a spillage 
affecting primarily soil, it would be convenient to keep it at a surface level, making it relatively simple 
to treat it; in the case of sea or sediments, treatment becomes more complex and recovery, in many 
cases, is impossible. In those instances, using absorbing materials and building containment barriers 
are an appropriate option. 

Liquid containment and recovery representsthe first phase of the technical and operating action that 
can be taken when hydrocarbon leakages occur. In order to keep the Antarctic environment as free 
of contamination as possible, all contaminating agents dumped in it have to be removed. When the 
issue regards soils, there are two ways in which it can be solved. One possibility is to excavate the 
polluted soil to take it out of the Antarctic continent for treatment and later restoration to its original 
place, best case scenario, or for final disposition in a different place. While this possibility might seem 
a solution, it is extreme both as regards costs and as regards complex logistics associated. Moreover, 
removing soil implies severe environmental effects and changes to the natural conditions created 
through biotic and abiotic pedogenesis that takes hundreds or thousands of years (Beyer et al., 1995, 
2000; Blume et al., 2002; Ugolini and Bockheim, 2008). If the intention is to restore the soil to its 
original place, once again, transportation costs must be considered together with the fact that such 
soil has been exposed to  no-antarctic temperature, air, flora, and microflora. For those reasons, 
without regard to treatments that could significantly change the material composition, the soil being 
restored following treatment outside Antarctica would be a very different version of the original 
soil.  In sum, except for very sophisticated treatments, restoration does not seem to be a plausible 
option for a continent such as the Antarctic. As an alternative, contaminated soil treatment can be 
considered without it being removed (in situ) or with removal but without transportation (on-site). 
The most commonly mentioned physicochemical methods are thermal desorption, wash, and 
chemical rusting. These methods have the advantage of being relatively quick which, allows to solve 
the contamination issue within days. However, they have two big disadvantages that become even 
bigger when the matrix to be remediated is in Antarctica or comes from there. One disadvantage 
is that they are expensive and the transportation cost of the required machines and/or of the soil 
if treatment cannot be given in Antarctica, has to be considered. The other disadvantage is that 
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the soil characteristics are completely changed and even native microbial communities living in it 
can be cleared away. For instance, a thermal treatment that reaches 100°C to 300°C in their mild 
version and 300°C to 550°C in their strong version destroy or change both mineral and organic soil 
fractions, getting away from the ideal result of restoring the soil’s original conditions (Vidonish et al., 
2016).  Rusting methods imply adding a mixture of chemical reactive to the soil to attack the organic 
components in it. The most commonly mentioned reactive are those based on the Fenton reaction 
that uses a combination of hydrogen peroxide (H2O2) and iron (Fe2+ or Fe3+) or those whose main 
reactive is peroxydisulfate (S2O82-) (Palmroth, 2006; Palmroth et al., 2006; Yang et al., 2020). The 
main issue of these methods is the lack of specificity of the rusting reaction, which decomposes all 
organic matter, regardless of whether it is a contaminating agent or a natural component of the soil 
being treated. This makes the resulting material very different from the original soil. Washing implies 
partially or fully removing contaminating agents using a mix of water and surfactants that work in 
touch with the soil to be treated and must act using mechanical agitation (Kostecki et al., 2004; 
Fernández Rodríguez et al., 2014). These processes also lack specificity since they equally remove 
contaminating and organic matter, as well as mineral compounds soluble in water. Besides, they 
create a new contaminated matrix (in this case, washing water) that will need appropriate treatment. 
Washing, as opposed to other physicochemical methods, is not fatal or toxic for native microbial 
communities. For that reason, it could be combined with a biological method. 

In this scenario, using biological tools (mainly bacteria, fungus, and plants) capable of decomposing 
or reducing the levels of hydrocarbon while preserving the original characteristics of the soil is 
essential for remediation. Using living creatures or biological systems (if we consider enzymes) is 
known as bioremediation and is one of the most important disciplines of biotechnology applied to 
environmental care (Vallero, 2010). 

The set of methods that constitute bioremediation show several advantages since they are considerably 
cheaper than other techniques based on physical or chemical principles (besides the fact that they 
can be added to those techniques); they are easy to carry out and allow to be applied “in-situ”. As 
they are based on biological activity, they can be affected or modulated by environmental factors, the 
low temperature being of particular relevance, as it lowers the speed of biochemical reactions. For 
that reason, biological processes to remove contaminating agents can take longer, especially in such 
extreme places as Antarctica. Despite this, the cost/benefit ratio and the fact that it is an environment-
friendly technique to recover environmental liabilities, make it a very feasible technique to apply in 
the white continent.

Among the measures and suggestions arising from the Protocol on Environmental Protection for 
Antarctica, the prohibition to introduce alien species to the continent is particularly relevant. This 
measure aims to preserve biodiversity by avoiding (or at least restricting) potentially invasive species 
from entering into the continent as they may change the compositions of some native communities. 
This is why any bioremediation process must be designed, planned, and implemented using native 
microorganisms only. This creates the need to obtain and develop appropriate native biological tools 
to remove contaminating agents from the Antarctic environment. 

Some different approaches or strategies that can be applied to remove contaminating agents through 
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methods based on biological systems, and they’re also are many variants and combinations of them. 
They imply exploiting the potential of native microbial communities living in the contaminated soil 
fostering their development and catabolic activity. This is achieved by providing nutrients (oxygen, 
nitrogen, and phosphorus) in an adequate and sufficient amount so that microorganisms can use the 
contaminating molecules as a substrate. This strategy is based on the existence of enough microbial 
cellules in the soil to be treated that can decompose contaminating agents. This restriction is not 
common in soils since the diversity of microorganisms living there shows a very versatile range 
of metabolic pathways, particularly in cases of chronic pollution. In the case this does not occur, 
the alternative is bioaugmentation, which implies adding microorganisms capable of decomposing 
the contaminating agents. Other than these strategies, using plants to improve the effectiveness 
of bioremediation is also relevant. These processes that imply using vegetal species are commonly 
known as phytoremediation.
 
Bioremediation is possible in Antarctica and there are many examples of the application of this 
technology to treat contaminated soils beyond parallel 60°. 

Bioremediation strategies Applied in Antarctica for hydrocarbon 
contaminated soils

Among remediation strategies, biostimulation reports show better results and effectiveness in 
removing oil-derived hydrocarbon from soils. As mentioned in the paragraph above, biostimulation 
consists of optimizing the factors that may be restrictive for microbial development, such as 
nutrient concentrations (nitrogen and phosphorus mainly), soil content of water (humidity), 
oxygen availability, and temperature. Among these factors, there is evidence that balancing the 
Carbon:Nitrogen:Phosphorus (C:N:P) ratio is key to obtain effective processes, even in Antarctic 
soils (Martínez Álvarez et al., 2015). 

In the case of bioaugmentation, the microorganisms to inoculate must be able to partially or fully 
decompose the contaminating agents present in the soil. This is usually applied when the soil 
does not have microorganisms that can help with remediation or when the remediation speed 
is too low. Many times, the usefulness and effectiveness of this strategy is controversial since the 
introduced microorganisms are not able to attach themselves to the soil (they compete with the 
microorganisms already living in that soil, much better adapted to that environment). However, 
this technique can be implemented together with the adaptation of factors (biostimulation + 
bioaugmentation), improving the removal levels obtained. One variation of bioaugmentation is 
the inoculation of bacteria that can produce surfactants. Surfactants are, essentially, detergent that 
increases the availability of hydrocarbon for the bacteria by creating a type of emulsion fostering 
organic compounds degradation (Mac Cormack and Fraile, 1997). As mentioned above, the Madrid 
Protocol (1991) must be considered for the Antarctic continent since it prevents species from around 
the world from being introduced to the continent. Therefore, the use of native microorganisms from 
the white continent is essential to implement this strategy.

In applying one of these strategies to contaminated soil in the Antarctic continent, it is not only 
the scientific factor that must be considered but also the way to transfer the expertise acquired 
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in a laboratory to a real, specific scenario. This is an essential technology leap to achieve specific 
treatment for the Antarctic ecosystem: soil recovery in cases of contamination. It is always difficult 
to complete the transfer from laboratory to field because there are many uncontrollable factors, but 
it is particularly complex in Antarctica due to its extreme weather conditions. 

An option that has shown good results for soil bioremediation in extreme environments is the use of 
biopiles  (McWatters et al., 2016; Martínez Álvarez et al., 2017). The use of biopiles is an “on-site” 
treatment in which contaminated soil is dug and set in piles in a specific treatment area (usually, close 
to the original place), that must be isolated from surrounding soil so as to prevent the contaminating 
compound from leaching. These piles also favor microbial biodegradation through aeration (either 
mixing or forced), by adding nutrients (biostimulation), or by adjusting humidity. Moreover, these 
piles are usually covered, which favor an increased soil temperature and help maintain humidity at 
a relatively stable level. It also prevents nutrients and hydrocarbons from being leached or washed. 
These are very desirable features for treatment in Antarctic bases, since, otherwise, low temperatures, 
snow coats, and humidity change could significantly reduce the effectiveness of these processes.

Processes like these have been implemented in the Arctic (Mohn et al., 2001; Gomez and Sartaj, 
2013) and have been also developed in Antarctic bases in the last few years. Argentina and Australia, 
in particular, (both signatory members of the Antarctic Treaty) have implemented these strategies 
in their bases in cases of Antarctic gasoil contamination (Table 1). Carlini (Arg.), Davis (Aus.) 
and Casey (Aus.) are some of the scientific bases in which soil bioremediation processes have been 
successfully applied (in some cases recovering over 10,000kgs of contaminated soil), proving that 
both countries are leaders in research and expertise transfer to avoid, contain, reduce, and remediate 
human impact in the white continent.

A still untapped alternative:  phytoremediation and use of ecopiles

The Antarctic Peninsula is a very different region from the rest of the continent due to its unique 
weather, vegetation, and fauna. While it has bleak weather for most organisms, two domestic 
vascular plants can be found on this continent: Deschampsia antarctica and Colobanthus quitensis. 
They mainly grow in ice-free coastal areas (maritime Antarctica), which represents about 2% of the 
continent’s Surface; that is where most anthropic activities occur. 

This biological resource allows for new potential biotechnologies to be explored in the field of 
bioremediation by applying processes that involve contaminated soil, these plant species, and 
their associated microorganisms. All these processes are collectively called phytoremediation. 
Phytoremediation accelerates the deterioration of the contaminating agent in the soil as a result of 
the increase in the number of microorganisms living in the root zone layer, called rhizosphere, and 
of their increased catabolic activity. This type of process, therefore, exploits the synergic interaction 
between plants and microorganisms to fully eliminate or to reduce harmful effects in the environment 
of contaminating compounds.

Phytoremediation has some advantages over other bioremediation processes. We have already 
mentioned some general advantages, but some others are worth mentioning: it is compatible with 
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other remediation technologies. That is to say, they can be implemented together or in tandem with 
bioaugmentation or biostimulation or even with some physicochemical methods, to name but a few. 
It is easy to maintain and, therefore, easy to put into practice. If we think of the Antarctic continent, 
maintenance work is even smaller since all vegetal species are well adapted to the weather and there 
are no other species that may act as a weed; neither are there any important pathogens that may 
compete for substrate or nutrients. Introducing vegetal species in soils that lack them (either because 
of their high contamination or because they never had any vegetation), improves said soil properties, 
as the root system adds increased aeration, changed structure, and increased microbiological activity, 
among other things.

Both D. antárctica and C. quitensis thrive mainly in ice-free coastal areas and, in some adequate 
areas, large green carpets grow. D. antarctica belongs to the family of Poaeceae, composed of 30 to 
40 species (annual and perennial) distributed in both hemispheres. In November, seeds blossom and 
shrubs from the previous year recover. These plants can also have vegetal growth by expanding their 
shrubs. Their spread capability is astonishing. Reports have been made that an individual of this species 
can thrive and reestablish after having been taken to a different place (Parnikoza et al., 2009). This 
allows them to grow new shrubs when some individuals are carried by the wind or moved by birds. 
In addition, studies made with other species of Deschampsia showed that this family has tolerance 
to certain levels of hydrocarbon (Macoustra et al., 2015). This turns D. antarctica into an adequate 
biotechnological tool to remediate hydrocarbon-contaminated soils. This is because seedlings grown 
under controlled conditions or taken from heavily populated places can be transplanted to the soil 
to be remediated and it can settle there, providing all the benefits associated to the existence of 
a plant when removing contaminating agents. A report has also been made that inoculating D. 
antarctica with bacteria resistant to low temperature and high salinity improves the plant responses 
to stress caused by extreme environments (Gallardo-Cerda et al., 2018). These results suggest that 
the search for microorganisms resistant to the Antarctic environmental conditions and capable of 
fostering vegetal growth will increase the prospects of successful implantation and, consequently, of 
the remediation system.

Recent surveys found D. antarctica shrubs attached to chronically contaminated soils with Antarctic 
gasoil in Argentine base Carlini. During Summer Antarctic Campaign (SAC) 2019-2020 some soils 
were found to have hydrocarbon concentrations of about 1,000 mg Kg-1. This, along with the 
background detailed above, poses D. antarctica as a potential candidate to be used for a hydrocarbon 
phytoremediation system for Antarctic soils, since it is a requirement to have a plant species that can 
tolerate hydrocarbon concentrations in the soil to be remediated. 

To design a phytoremediation process, having a plant species that can resist the contaminating 
compound is just the beginning. To develop a successful phytoremediation strategy, it is essential 
to know the maximum amount of contaminating compounds that the system can take, to have 
microorganisms that can deteriorate hydrocarbon and that are able to settle in the soil and the 
root system, once attached to the plant species. Finally, an application design is also necessary that 
considers the soil volume and handling, as well as the weather features. 

The environmental microbiology group from AAI is currently working on all these points mentioned 
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above to develop a specific phytoremediation strategy known as ecopile (Image 2). An ecopile 
implies isolating the contaminated soil by using a membrane. That membrane receives aeration to 
favor microbial aerobic processes while individuals of the inoculated plant species are introduced 
in its upper part, as they were inoculated with degrading microorganisms that foster plant growth. 
Also, nutrients are added to the soil to spur growth and microorganism’s metabolic activities and 
to favor plant development (Germaine et al., 2015). This way, ecopile is a design that combines 
biostimulation and microorganism-assisted phytoremediation, an improved technical feature of 
phytoremediation. 

Logistics related to Antarctica soils remediation

Reducing the impact of hydrocarbon contamination in Antarctica depends both on technological 
developments that try to respond to the need for remediation methods and on associated 
logistical processes. 

For climatic reasons mainly, bioremediation treatments as well as resupply tasks are performed in 
summer. It is in summer, when soils have little or no snow on them when large fuel movements 
are made to storage. If spillage occurred while performing these tasks, it would be relatively easy to 
contain it and remove it for treatment. During the rest of the year, human errors in handling fuel 
transfer are more frequent mainly because of demanding temperature conditions both for materials 
and for people. For this reason, it is necessary and convenient to have processes to collect, stockpile, 
and dispose of contaminated soils until they are treated. Heavy or semi-heavy machines enable 
the creation of containment slopes as well as contaminated material removal. Also, when there are 
geomembranes available that allow early implementation of the treatment when the time has not 
passed since contamination occurred, particles from the soil absorb less hydrocarbon and, therefore, 
the hydrocarbon is more bioavailable than it is when present in elder soil. 

A point that is worth bearing in mind is that designing and implementing rational bioremediation 
treatment requires knowledge of the hydrocarbon concentration in the affected soil. To that end, it 
is convenient to have specialized equipment at the base (gas chromatography or Fourier-transformed 
infrared spectroscopy) as well as trained staff to make a robust, significant sampling of the soil to be 
treated and to analytically determine its hydrocarbon content. In this way, the period between the 
moment when contamination occurred and when bioremediation treatment commenced can be 
significantly reduced, with all the benefits that imply. 

Conclusion

For countries committed to environmental quality in Antarctica, it is essential to have technologies 
and specific processes for treatment and recovery of contaminated soils. In that sense, biostimulated 
biopiles have proved to be an adequate strategy for the Antarctic summer conditions by offering 
a contained system that avoids leachate and also protecting microbial plants that can deteriorate 
hydrocarbon. Ecopiles appear as an improved possibility with bigger removal effectiveness. Both 
types of treatment respect the prohibition to introduce alien species and focus their potential on 
microorganisms activity (bacteria and fungus) and macroorganisms activity (D. antárctica). 
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It seems convenient for bases to have a spillage response process and an effective bioremediation 
protocol to reduce hydrocarbon impact in the Antarctic environment,
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Base

Carlini
Carlini
Carlini
Casey

Base

Carlini
Carlini
Carlini
Casey

Country

Argentina
Argentina
Argentina
Australia

Configuration

Biopiles
Biopiles
Biopiles
Biopiles

Bioremediation Strategy

Biostimulation
Biostimulation
Biostimulation
Natural alleviation +  
Biostimulation

Soil amount(kg)

860
860
14,000
1,700,000

Initial contaminating 
agent concentration(ppm)

2,180
6,098
3,735
3,531

Process Efectiveness(%)

75.79
55.04
Not published
74.31

Reference

Martinez Alvarez et al 2017
Martinez Alvarez et al 2020
Not published
Mc Watters et al 2016

Table 1. Examples of bioremediation treatment in hydrocarbon-contaminated soils in a biopile 
system in Antarctic bases

Image 1. Gasoil storage tanks in Argentine base Marambio exposed to winter environmental 
conditions. 
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