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 Studies on organic pollutants in geothermal environments have received little attention; hence this 
review is necessary. The presence of trace organic pollutants such as benzene and xylenes has been 
reported as some of the main sources of pollution in geothermal systems. Previous studies using 
quantitative fluid inclusion gas analysis, Fischer–Tropsch Type (FTT) experiments and Gas 
chromatography-Mass spectrometry (GC-MS) have shown that there is a considerable presence of 
organic pollutants such as trace mono aromatic hydrocarbons (MAHs), polycyclic aromatic hydrocarbons 
(PAHs), and emerging organic contaminants whose origin is both biogenic and abiogenic. Organic 
pollutants were initially not considered in geothermal development and utilization despite the fact that 
these toxic chemicals can precipitate severe ecological poisoning and potential risks to human health 
and aquatic life in a given geothermal environment, even at very low concentrations. The significant 
presence of benzene in various geothermal systems is of concern because it is a precursor for many 
aromatic compounds that are bio-accumulative and toxic to water regimes and the environment. 
Thermophilic and mesophilic bacteria, nonetheless, play a critical role during the biodegradation of 
organic pollutants in geothermal regimes. From the findings of this review, it is difficult to classify 
geothermal energy exploitation and utilization as an environmentally benign resource. 
 

1. Introduction 

The concept of environmental pollution resulting from emerging 
contaminants (ECs) has received extensive attention in recent years 
(Wang and Wang, 2016).  ECs are chemicals found in the environment 
at trace concentrations with potential, perceived, or real risk to the 
environment, human and animal health. They are compounds found 
in the environment whose presence was formerly not detectable or 
considered significant (Gomes et al., 2020; Stuart et al., 2012). An 
increase in human population, industrial activities and other 
anthropogenic inputs has led to an increased number of 
contaminated ecosystems occasioned by emerging pollutants or 
micropollutants. Generally, there is a growing concern about the 
widespread distribution of environmentally related ECs, which has 
been necessitated by increased scientific knowledge, technological 
advancement, and socio-economic awareness (Rasheed et al., 2019). 
The broad varieties of ECs include pharmaceuticals, personal care 
products, nanomaterials, pesticides, industrial compounds, 
fragrances, water treatment by-products, flame retardants, and 
surfactants, as well as endocrine disruptors (EDs) and synthetic dyes 
(Yan et al., 2010). The European drinking water directive has set the 
threshold levels for a number of organic micropollutants comprising 
aromatic hydrocarbons, dioxins, pesticides, chlorinated solvents and 
disinfection by-products (Ribeiro et al., 2015). The priority Substances 
directive has established a number of priority Substance which 
includes benzene, phenols, specific PAHs, di (2-ethylhexyl) phthalate 
and a range of chlorinated hydrocarbons (Stuart et al., 2012).  
 
Geothermal energy is considered a green energy resource whose 
perceived environmental impact is minimal. This renewable energy 
resource has gained traction in the recent past as an alternative 
energy resource to the fast-depleting fossil fuels (Lohse, 2018; Wang 
et al., 2018). Therefore, as an alternative form of energy, it has the 
potential to mitigate the challenges of global warming resulting from 
the continued use of fossil and carbon-based fuels (Røksland et al., 
2017). Studies on the presence and effect of trace metal pollutants and 
non-condensable gases (CO2, NH3, H2S, SO2, and CH4) in geothermal 
waters have extensively been carried out (Karapekmez and Dincer, 
2020; Wang et al., 2020). Nonetheless, research on the presence of 
organic pollutants such as trace MAHs, PAHs, and emerging 
contaminants in geothermal water and steam is scarce in literature. 
Geothermal fluids have diverse chemistries, which largely reflect the 

geological setting of the geothermal system. Many of these chemical 
differences largely depend on the source of recharge waters and the 
contribution of gases from magmatic or metamorphic sources 
(Giggenbach, 1996). Furthermore, many hydro-chemical processes 
significantly affect the water composition during ascent to the 
surface, which can ultimately lead to pollution of the environment 
(Guo et al., 2017; Tian et al., 2018). High temperatures from geothermal 
hot rocks and high pressure enhance the constant circulation of water 
masses in the sub-surface rocks and in the process, they dissolve 
some of the chemical components in rocks. The influx and magnitude 
of circulation controls the concentration of these species in 
geothermal fluids and ultimately extracting them from either 
enclosing sub-surface rocks or degassing magma (Barbier, 2002).  
These processes make the geothermal fluids acquire a unique 
chemical composition compared to the normal surface waters. A few 
studies have shown that geothermal fluids have diverse chemistries 
that affect their chemical composition and have the capacity to cause 
environmental pollution. 
 
Previous authors have reported that energy production from 
geothermal regimes can be challenging due to chemical impurities in 
these fluids (Dhar et al., 2020). The contaminations in these fluids are 
detrimental to human health and wildlife. Geothermal activities 
adversely affect the natural habitats of ecological resources due to the 
release of solid wastes, gaseous emissions, noise, and waste heat.  
These ecological resources include wildlife, vegetation, aquatic biota, 
and their habitats. Geothermal development to augment the supply of 
secure energy aggravates damage to fisheries owing to the decrease 
in surface flow and possible land subsidence (Sayed et al., 2020). 
Besides, the contaminants in hydrothermal fluids are toxic to fish and 
other aquatic organisms. The operations of drilling creates noise 
pollution that disturbs and threatens wildlife. Moreover, atmospheric 
emissions such as methylmercury (CH3Hg) also create a severe health 
concern for wildlife and human health due to their volatility and 
toxicity (Cabassi et al., 2021). These water and air pollutants lead to 
possible degradation of ecosystems resulting in the destruction and 
alteration of vegetations and wildlife habitats. However, geothermal 
energy has positive and negative impacts on human health. Its health 
benefits include improved health care, work safety, public security, 
improved nutrition status, and access to high-temperature electricity 
(Soltani et al., 2021).  Gaseous emissions like hydrogen sulfide, carbon 
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dioxide, and solid wastes induce occupational hazards among 
workers' health, hence, social impacts (Gorini et al., 2020). Solid wastes 
also result in soil pollutions besides exposing humans to radiation 
and noise pollutions effects (Soltani et al., 2021).The prolonged use of    
geothermal water contaminated with organics for irrigation, fisheries, 
recreation and domestic purposes can lead to bioaccummuation in the 
food chain which can lead to morbidities and mortalities(Ayenew, 
2016; Navi et al., 2015). 

The high demand for green energy resources has led to increased 
geothermal energy exploration, exploitation, and research. This has 
led to detection of emerging pollutants and priority organic pollutants 
in geothermal waters that were initially not taken into account in 
geothermal development. Studies have shown that the presence of 
volatile organic compounds in hydrothermal fluids at low 
concentrations with benzene found to be relatively high in 
hydrothermal gases (McCollom, 2001; Magollo et al., 2020). Mineral 
catalytic hydrogenation of saturated cyclic hydrocarbons under 
hydrothermal conditions has been attributed to this phenomenon 
(Venturi et al., 2017). Benzene and its derivatives (toluene, xylenes, 
and ethylbenzene) – BTEX, are well-known carcinogens that have not 
been of concern to the geothermal community that can ultimately be 
disastrous if not monitored periodically. Furthermore, research 
relating to the presence of significant amounts of organic compounds 
of medium volatility in samples containing water from hot springs 
and in condensate steam – water mixture has been reported in 
Eastern Russia geothermal fields (Kompanichenko et al.,2016). The 
presence of these organic pollutants and ECs in the geothermal 
environment can precipitate serious ecological threats and potential 
risks to human health and aquatic life, even at very low 
concentrations. The controlled or uncontrolled discharge and long-
term persistence of organic pollutants and ECs can pose a significant 
challenge to policy regulators, engineers, and the scientific 
community in general. Africa has huge untapped potential of 
producing clean energy from its vast geothermal resources. Kenya for 
instance is the leading producer of geothermal energy in Africa and 
other geothermal regimes are being explored and developed in the 
eastern Africa region. (Ndyamuhaki et al., 2021) The dynamics in 
geological, hydrological and climatic changes in the world together 
with increased exploration and exploitation of geothermal resources 
especially in Africa calls for continuous research and monitoring of 
possible environmental degradation with the aim of developing 
appropriate mitigation measures. This review paper intends to 
highlight the presence of organic contaminants in geothermal waters, 
environmental effects, their fate, biotransformation, toxicity, and 
possible bioremediation strategies. 
 
2. Occurrence of organic contaminants and other organics in 

geothermal waters 
 
Several studies have demonstrated that there is significant presence 
of contaminants of organic nature in various geothermal fields 
around the world. These pollutants are ubiquitous and exist as 
volatile organic compounds (VOCs)at low but detectable 
concentrations in hydrothermal fluids of volcanic and geothermal 
systems (Venturi et al., 2017). Organic matter in geothermal 
environments is of both biogenic and abiogenic origin. The abiotic 
synthesis of alkanes and the presence of alkenes in hydrothermal 
environments has been attributed to FTT reactions, which is a well-
known process in industry and research that produces hydrocarbons 
and oxy compounds from carbon monoxide and carbon dioxide 
(Mißbach et al., 2018; Simoneit et al., 2009). Under geological 
conditions, the FTT reaction is proposed to proceed via the reduction 
of CO2 with H2 in thermal fluids in the presence of water and ferrous 
ion from iron minerals. This Phenomenon has made many 
researchers believe that the FTT reaction can indeed proceed in an 
aquatic environment, leading to the formation of formic acid as an 
intermediate (Brunet and Lanson, 2019; Fan et al., 2018; Kruse and 
Faquir, 2007). The reaction is given by Rxn 1. 
 
H2 + CO2 ⇌ CH2O2 ⇌ H2O + C𝑂𝑂                    Rxn 1                                                    
 
The decomposition of formic acid in the presence of excess water and 
at high temperatures is considered to proceed according to Rxns 2 and 
3 (Matubayasi and Nakahara, 2005; Yu and Savage, 1998). 
 
CH2O2 ⇌ H2 + CO2                              Rxn 2 
 

CH2O2 ⇌ H2O + CO                              Rxn 3 
                                                                                                                                                             
Experimental evidence has shown that products similar to those 
produced from aqueous FTT reactions at temperatures above 150 oC 
are dominated by the formation of homologous series of straight-
chain alkanols, alkanoic acids, alkylformates, alkanals, alkan-2-ones, 
alkanes, alkenes, methyl alkanes and phenyl alkanes (Rushdi and 
Simoneit, 2001). The prevailing Physico-chemical conditions in 
hydrothermal systems can initiate chemical reactions that can lead 
to the abiogenic and thermogenic formation of organic compounds. 
The presence of iron-bearing minerals can lead to hydrogen 
generation through serpentinization reactions and the subsequent 
formation of methane by the FTT Rxn 4. 
 
4H2 + CO2 ⇌ CH4 + 2H2O                         Rxn 4 
 
This abiotic process has led to the idea that large organic molecules 
are usually formed through it (Murray et al., 2020). There is a marked 
variation in the composition of organic matter resulting from 
fluctuations of thermodynamic parameters and Physico-chemical 
parameters in the hydrothermal systems (Mathieu et al., 2020). The 
organic varieties present in geothermal waters may include aromatic 
hydrocarbons, alkanes, isoalkanes, halogenated aromatic 
hydrocarbons, carboxylic acids, esters, heterocyclic compounds, and 
thiols. Saturated hydrocarbons are biogenic compounds that are 
chemically stable and retain their chemical structure and all 
biological and geochemical information (Lelli et al., 2021; Westall et 
al., 2018).  Alkanes that were found at high-temperature fluid from 
deep wells in the Kamchatka peninsula were considered to be of 
thermogenic genesis, formed under the influence of high 
temperature, high pressure, and high pH (Poturay and 
Kompanichenko, 2019). Chemical re-synthesis of organic residues was 
responsible for the formation of alkanes in the continental hot 
springs, while hydrocarbons in low-temperature springs and cold 
underground water were of bacterial and vegetable origin (Poturay 
and Kompanichenko, 2019). The condensate waters were found to 
contain aromatic hydrocarbons such as naphthalene, biphenyl, 
phenanthrene, fluorene, squalene,1,3-diethylbenzene, 
dichlorobenzene, alkanes (decane, dodecane, tridecane, tetradecane, 
pentadecane, hexadecane, and heptadecane, MAHs (benzene and 
xylenes), as well as compounds of other homologous series (Poturay, 
2019). The consolidated organic substances found in hot water and 
water-steam mixture in Kamchatka and its environs 
(Kompanichenko et al., 2015) are presented in Table 1. 
 
Table 1 Organic compounds detected in hydrothermal systems of 
Kamchatka – Russia (Kompanichenko et al., 2015) 

Class 
 

Chemical family  
 

Number of 
compounds 

   
Hydrocarbons Alkanes 29 

Isoalkanes 33 
Isoprenes 2 
Alkenes 12 

 Isoalkenes 
Halogenated hydrocarbons 

2 
6 

lipid precursors Alcohols 8 
 Aldehydes 6 
 Ketones 4 
 Carboxylic acids 20 
 Esters 28 
 Terpenes 4 
 Monoglycerides 

Steroids 
1 
3 

nitrogen-
containing organic 
compounds 

Nitriles 2 
Amides  
Amino acids 

2 
12 

organic sulfur 
compounds 

Thiols 
Akyl sulfides 

12 
2 

 Napthenes (cycloalkanes) 4 
carboxylic 
compounds 

Aromatic Hydrocarbons 
Halogenated aromatic 
hydrocarbons 

35 
9 

heterocyclic  
compounds 

Nitrogen cycles 6 
Sulfur cycles 1 
Sulfur cycles 1 

Total  24 243 
 



Sunguti et al.  Journal of Nature, Science & Technology 4 (2021) 19-28 
 

   

 21 

 
 

The presence and relative concentrations of organic compounds of 
medium volatility in samples from the water of hot springs and the 
condensate of a steam–water mixture from wells and springs drilled 
in the Mutnovskii geothermal area and the Uzon caldera have been 
evaluated (Kompanichenko et al., 2016). The Mutnovskii area was 
found to contain 95 compounds belonging to 16 homologous series, 
with 71 compounds (12 series) in the Uzon caldera. The analysis was 
carried out using Gas Chromatography-Mass Spectrometry (GC-MS). 

Research on thermal, cold ground and surface waters in the Annenskii 
geothermal field using GC-MS showed that the composition of water-
soluble organic matter consisted of 75 organic compounds of 13 
homologous series, with 72 of these compounds identified in thermal 
waters. The compounds were mostly of biogenic origin.  Organic 
matter in the thermal waters differed from that in the cold 
groundwaters as it contained nitrogen-bearing compounds, 
isoalkanes, and alkenes. The compositional details of the saturated 
hydrocarbons suggested they were partly of abiogenic origin. Table 2 
summarizes the various homologous series found in Annenskii 
geothermal waters (Poturay, 2017).  The values given in brackets 
represent the number of each homologous series found in systems 
explored. As can be noted, alkanes were found in elevated levels 
throughout the geothermal wells and the Annenskii stream. Nitrogen-
bearing compounds and halo aromatic compounds, usually 
considered serious environmental pollutants, were found basically in 
wells 2 and 21. Although their concentrations are low, the health 
impacts are significantly deleterious, as reported in literature (Varjani 
et al., 2017).  

Table 2 Organic compounds in the water samples of the Annenskii 
geothermal field (Poturay, 2017) 

Homologous 
series 

Composition of organic compounds in (%) in 
homologous series 

 Well 2 Well 21 Well 30-
40 

Amurchik 
stream 

Alkanes 49.8(21) 16.4(20) 21.9(19) 39.6(17) 
Isoalkanes 2.3 (8) Traces (2) _ _ 
Alkenes _ 0.6(1) _ _ 
Dioxaalkanes 2.3(2) 3.1(2) 8.6(2) 1.7(2) 
Alcohols 4.5(5) 8.7(7) 13.7(3) 5.2(3) 
Aldehydes 1.8(2) 1.8(4) 10.6(3) 7.5(5) 
Ketones 1.2(1) 0.9(1) 3.7(2) 0.6(1) 
Carboxylic acids 6.2(6) 4.8(7) 11(6) 2.4(5) 
Esters 25.5(9) 59.5(10) 26.1(6) 19.5(4) 
Nitrogen-
bearing 
compounds 

0.2(1) 1.3(3) _ _ 

Terpenes 4.3(1) 0.4(1) 1.7(1) _ 
Halogen-
aromatic 
hydrocarbons 

1.2(1) _ 2.7(1) _ 

Steroids 0.7(1) 2.5(2) _ 23.5(3) 
 

Total 100(58) 100(60) 100(43) 100 (40) 
 

 

Dashes mean the compound(s) were not detected, no internal 
standards and phthalanates reportd and traces indicate that the 
compounds were identified using SIM chromatograms. 

 
Investigation on presence and relative composition of medium 
volatility organic compounds in samples from super-hot Los Humeros 
geothermal field in Mexico identified 48 compounds of which alkanes, 
aromatics, and S-bearing organics were the predominant homologues, 
followed by O-bearing organics (Sánchez-Avila et al., 2021). Evidence 
suggested that the origin of the hydrocarbons was mainly 
thermogenic, derived from hydrothermal alteration of buried organic 
matter (Hao et al., 1998). 
 
2.1 Quantitative fluid inclusion gas analysis 
 
Quantitative fluid inclusion gas analysis is an important tool 
employed in the recovery of fluid geochemistry information in 
geothermal and hydrothermal systems as well as many other geologic 

environments. The use of quantitative gas data and gas ratios makes 
it possible for empirical deductions in terms of the fluid sources 
(meteoric and magmatic), identification of processes (boiling, 
condensation, and mixing) and is useful in constraining redox 
reactions (Parry and Blamey, 2010). The information can further be 
used for gas geothermometry and provides key data for fluid-rock 
reaction modeling (Blamey, 2012).  The Measurement of organic 
compounds in   Karaha-Telaga Bodas and Coso fluid inclusions has 
shown that there is a strong relationship between H2 concentrations 
and alkane/alkene ratios as well as benzene concentrations (Moore, 
2002). In The Coso and Karaha-Telaga Bodas analyses, it was found 
that benzene concentrations and alkane/alkene ratios were directly 
related to hydrogen fugacity (Moore, 2002). The main alkane species 
present in inclusion analysis was methane. There was also a 
significant presence of other organic compounds, which included 
alkanes (ethane, propane, butane, and pentane), the alkenes (ethene, 
propene, and butene), and the aromatics (benzene and toluene) (Taran 
and Giggenbach, 2003; Tassi et al., 2007). There is considerable 
benzene presence in geothermal waters, with thermodynamic 
calculations and experimental data showing that benzene is quite 
stable during boiling and mixing processes (Capaccioni et al., 1995). 
Alkane/alkene ratios are a good geochemical tool that can be used to 
predict geothermal fluid sources and processes as they are capable of 
identifying deep, un-boiled reservoir fluids. Alkene compounds are 
usually prevalent as degassed reservoir fluids, and steam-heated 
waters are expected to equilibrate. (Tassi et al.,2011). Non-boiling 
geothermal systems can be identified by a decrease in alkane/alkene 
ratios with fluid temperature and depth (Moore, 2002). 
  
2.2 Organic transformations in hydrothermal environments 
 
 
The mechanisms responsible for the production of most VOCs in 
natural environments have not been fully understood. Nonetheless, 
benzene has been found to be relatively high in hydrothermal gases. 
This can be theoretically attributed to reversible catalytic reforming 
processes, i.e., multi-step dehydrogenation reactions involving 
saturated hydrocarbons (Bockisch et al., 2019; Lok et al., 2019; Taifan 
and Baltrusaitis, 2016). Laboratory experiments have also 
demonstrated that benzene can be effectively produced at 
hydrothermal conditions through dehydrogenation of saturated 
cyclic organic compounds in the presence of catalytic sulfide 
(sphalerite and pyrite) and iron oxide (magnetite and hematite) 
minerals (Venturi et al., 2017). Scheme 1 demonstrates the formation 
of benzene from hexane via a series of dehydrogenation reactions. 
 

-H
2

-3H
2

 

Scheme 1 Proposed formation of benzene from hexane in high-
temperature geothermal regimes 
 
The relative amounts of cyclic organics and aromatic compounds in 
geothermal waters are strongly dependent on the Physico-chemical 
conditions of the deep reservoirs, with increasing temperatures 
favouring the conversion of cyclic organics into aromatics. The 
stability of benzene is favoured by high temperatures since both 
cyclizations and dehydrogenation processes are endothermic, while 
benzene hydrogenation to produce cyclohexane is favoured by low-
temperature geothermal regimes (McCollom et al., 1999; Tassi et al., 
2012). The presence of fayalite-hematite-quartz (FeO-FeO1.5) mineral 
buffer (Giggenbach, 1996) in hydrothermal reservoirs gives favourable 
redox conditions for the formation of hexane and benzene at 
temperatures higher than 150 °C.  Accordingly, linear alkanes and 
aromatics were found to dominate the composition of the organic gas 
fraction in fumarolic fluids emitted from volcanic/hydrothermal 
systems, whereas cyclics were rarely detected (Schwandner et al., 
2013). The relatively high benzene concentration in hydrothermal 
systems is attributed to the stability of the aromatic ring over a wide 
range of temperature conditions (McCollom et al., 2001). Various 
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interconversions are possible during hydrothermal processes 
including hydrogenation, dehydrogenation, thiolization, 
aromatization, and isomerization – Scheme 2 (Yang et al., 2012). 

 
 
Scheme 2 Possible organic interconversions in high-temperature 
geothermal reservoirs – modified from Yang et al., 2012 
 
The possibility of occurrence of unlimited and dynamic organic 
functional group transformations in hydrothermal environments 
leads to the presence of various organic compounds. Benzene is a 
precursor for the formation of MAHs and PAHs, which are organic 
contaminants that can cause deleterious impacts to the environment 
(Blanquart, 2015; Yang et al., 2015). The presence of these compounds 
together with halo-aromatics and heterocycles in geothermal fluids 
adds to the growing concern on the effects of these contaminants and 
priority pollutants because most of them are bio-accumulative and 
toxic (McCollom, 2001). 

3. Persistence and transport of volatile organic pollutants in 

geothermal environments 

Numerous volatile organic compounds (VOCs) that occur in 
geothermal waters belong to the class of Persistent bio-accumulative 
toxic substances (PBTs) (Bu et al., 2020; Matthies et al., 2016). Some are 
persistent organic compounds (POPs), a subclass of PBTs that are prone 
to long-range atmospheric transport and deposition with 
characteristics that can result in adverse environmental and human 
health effects at locations near and far from their sources (Vallack et 
al., 1998). Water bodies usually are repositories for dust emissions 
from industries, volcanic ducts, surface runoffs from agricultural 
fields, and mining activities. The dust components (metals and 
organics) either dissolve or form precipitates with water depending on 
the chemical make-up of the species and the use of 
hydrothermal/geothermal resources (Smith et al., 2017). They further 
form a class of important air pollutants referred to as hazardous air 
pollutants (HAPs) due to their toxicological effects and are responsible 
for the synthesis of photochemical smog. The properties of most POPs, 
such as high solubility in lipids and long half-life (30-40 years), make 
them more potent to wildlife and aquatic life (Hung et al., 2016). They 
have the potential to accumulate in the biological system and are 
widely spread due to their long-range transport behavior. The 
transport of these compounds is through water, and this is related to 
the low coefficient of partition octanol-water, which gives the soil a 
low absorptivity property (Studziński et al., 2021; Thomas et al., 2017). 
Through the “grasshopper effect,” benzene and most of its derivatives 
easily vaporizes from tropic and sub-tropic regions and quickly 
condenses in the regions of higher altitude and humid air.  

The volatile organics are easily deposited and occur in higher 
concentrations at southern latitudes as a result of the global 
atmospheric circulation of air masses (He and Balasubramanian, 
2010). This reduces the degradation of these compounds since cold 
temperatures do not favour natural degradation, enabling them to 
last longer in the environment. Due to their differences in structural 
make-up, they possess differential migration velocities and can easily 
be fractionated in the environmental segments. However, limited 
research has been done to accurately quantify their migration 
velocities from either point or non-point sources (Batterman et al., 
2007; Wang et al., 2019). These compounds are found to be at higher 
concentrations in cold or humid regions, where they can easily 
condense and get deposited. They chemically adsorb onto 
atmospheric particulate matter and remain dispersed in the gaseous 

media. These particulates have different residence times depending 
on their sizes, and when they settle, they deposit these adsorbed 
compounds on either the soil or water surfaces. Various research 
studies have reported the presence of these compounds in marine 
sediments, freshwater systems, foodstuffs, and aquatic micro-
organisms (Boudh et al., 2019; Sibiya et al., 2019). The increased 
temperatures in geothermal wells can cause a significant elevation in 
the concentration of dissolved organics and can mobilize immovable 
contaminants. This enhanced solubility can lead to an increase in 
toxicity of organic pollutants and can further lead to intermixing 
between aquifers, resulting in pollution spread in underground 
waters (Chen et al., 2020) 

3.1 Environmental and health effects of volatile organic 
contaminants 

The presence of VOCs is a serious pollution problem in developed 
countries such as Japan and the USA, and the non-biodegradation 
characteristics of these pollutants remain an ever-increasing 
exponential challenge to the existence of mankind. The VOCs include 
BTEX, which are mono-substituted aromatics and halogenated 
alkanes (chlorinated ethane and chlorinated methane) (El-Hashemy 
and Ali, 2018). These compounds often cause neurological disorders, 
headaches, extreme tiredness, liver problems, central nervous system 
(CNS) breakdown, hepatitis, jaundice, irritation of the eyes, skin, and 
chronic exposure results in cataracts (Xiao et al., 2018). Bromine and 
chlorine substituted volatile organics participate in the destruction of 
the stratospheric ozone (Klobas et al., (2020), which acts as a protective 
shield to organisms on the earth’s surface against lethal UV-B 
radiations from the sun. UV-B radiations destroy zooplanktons and 
phytoplankton, resulting in damage of the aquatic ecosystem.  
Phytoplanktons are the primary producers and are responsible for the 
production of oxygen and source of food to fish in oligotrophic water 
systems. Most of the volatile organic compounds are carcinogenic to 
humans. On exposure, these compounds cause problems such as 
hepatitis ulcerations, renal failure, hematological dysfunctions, 
irritation of eyes, throat, and mucosal lining membranes. The VOCs 
also cause the thinning of the stratospheric ozone, thereby exposing 
humans to lethal UV radiation that can ultimately cause skin cancer. 
Long-term exposure to chloroform causes teratogenesis, abortion, low 
birth weights, and birth defects (Pandey and Yadav, 2018). These 
compounds can cause either immediate or chronic health problems. 

The lipophilic nature of these organic pollutants makes them 
accumulate quickly up in the food chains, leading to disastrous effects 
to human beings and wildlife since they can quickly bind to the 
cellular cell walls, lipids, and deoxyribonucleic acid (DNA). This affects 
the normal biological functions of the body and, in some cases, can 
lead to mutagenesis, the growth of tumors, and even cancer (Varjani 
et al., 2017). Cancerous volatile organic compounds (cVOCs) such as 
trichloroethylene, tetrachloroethylene, and carbon tetrachloride were 
detected in groundwater and drinking water wells in the USA by the 
United States Geological Survey (US-GS) (Evans et al., 2019; Kempisty 
et al., 2019). Trichloroethylene is carcinogenic and is found to cause 
liver cancer, whereas tetrachloroethylene causes cancer of the 
bladder, esophagus, rectum, and colon (Akinnola et al., 2020).  The 
United States environmental protection agency (US-EPA) and the 
European Commission (EC) have declared these VOCs as adverse 
priority pollutants due to their disastrous effects on man and the 
natural ecosystem (Papaefstathiou et al., 2020; Yang et al., 2019). 
Benzene and ethylbenzene are carcinogens that often cause 
hematopoietic and leukemia cancers. Although both toluene and 
xylenes are non-carcinogenic, they can induce defects in the 
reproductive system upon lengthy exposures (Mehlman, 1992). 
Benzene has been reported to cause numerous cancer and health 
effects among cigarette smokers. The toxicity level of this compound 
depends on the individual’s background health conditions, the 
concentration of benzene, and the age of the individual (Lamplugh et 
al., 2019. Prolonged exposure to high concentrations of toluene, 
xylenes, and ethylbenzene causes damage to the nervous system and 
irreversible brain damage. 

Furthermore, benzene is a class one carcinogen according to the US-
EPA, International Agency for Research on Cancer (IARC), and World 
Health Organization (WHO) (Hajrah et al., 2018).  Long-term exposure 
can result in chronic and acute ailments including anemia, leukemia, 
bone marrow damage, and aplastic anemia (Dehghani et al., 2019). 
There have been concerns about occupational diseases that workers 
are exposed to, especially at coke production units (Frigerio et al., 
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2020), geothermal power sources, fuel filling stations, and oil 
transport footwear industries. Glue is an adhesive in the footwear 
industry. It contains traces of benzene and some of its derivatives that 
quickly volatizes (Hajrah et al., 2020) and can induce occupational 
hazards. Dizziness, vomiting, nausea, and headache are some of the 
symptoms after inhaling these pollutants.  Due to their reactive 
nature, Xylenes participate in the synthesis of tropospheric ozone, 
resulting in adverse climate changes (Verma et al., 2021).  

 

4. Benzene, toluene, ethylbenzene, xylenes (BTEX) and phenols 

 

Fig. 1 Possible toxic chemicals released from a hydrothermal system 

Benzene and its derivatives (toluene, xylenes, and ethylbenzene) – 
BTEX, which are well-known carcinogens, have not generally been of 
concern to the geothermal community, which ultimately can be 
disastrous if not monitored. The water solubility of the BTEX 
compounds is an important factor that determines their fate and 
transport in sub-surface hydrology. Since these compounds have 
relative water solubility, they can easily come into contact with 
groundwater reservoirs and thus affect drinking water supplies 
(Njobuenwu et al., 2005). BTEX are considered priority pollutants by 
the US-EPA and have been the focus of many toxicological studies and 
various health effects (Liu et al., 2014). Because BTEX are readily 
volatile at room temperature, inhalation is the major pathway and 
most important route of exposure for these compounds (Hazrati et al., 
2015). Exposure to benzene and its derivatives poses significant risks 
associated with genotoxicity and mutagenicity. Occupational 
exposure to benzene, toluene, and xylene can cause damage to the 
DNA and peripheral blood cells (Angelini et al., 2016; Ray et al., 2018). 
Elevated concentrations of BTEX in the groundwater may pose a 
potential risk to human health and upset the ecology of a given 
environment. Benzene is considered carcinogenic to humans and 
animals (McMichael, 1988; Yardley-Jones et al., 1991). Long-term 
exposure to toluene and xylene can cause brain damage, while 
inhalation of ethylbenzene has shown to influence neurotoxicity 
(Peng et al., 2015).  

Exposure to BTEX concentrations in the air can pose harmful health 
effects such as cancers, teratogenic effects, and neurological disorders 
(Baghani et al., 2019). Furthermore, benzene can negatively impact the 
blood-forming processes, the lymphatic system, and the central 
nervous system (Salehiforouz et al., 2017). It can also cause disorders 
such as aplastic anemia, leukemia, myocardial infarction, 
nasopharyngeal cancer, and respiratory diseases, while toluene 
exposure causes premature neurotoxicity and reproductive health 

problems (Dehghani et al., 2019). The hydrophobicity and stability of 
BTEX makes them bio-accumulate in the aquatic food chain that can 
result in morbidities and mortalities (Akinsanya et al., 2020). In 
general, phenols and phenolic compounds are electron-rich and can 
easily donate electrons to form phenoxy radicals, benzyl radicals, and 
other intermediates such as quinones. Toxicity arises when these 
radicals penetrate the cell and damage the endoplasmic reticulum 
membranes, mitochondria, and their components, such as enzymes.  
Phenol, for instance, is a well-established carcinogen that can react 
with amino acids in the epidermis, thereby damaging the skin and is 
capable of causing cancerous lesions (Xian et al., 2019). 

4.1 Bio-remediation of organic pollutants  

All aromatic compounds resist degradation because they have extra 
stability due to resonating π-π electron cloud (Evans and Fuchs, 1988; 
Wang et al., 2017). Several aromatic compound degradation 
mechanisms have been reported in literature (Gibson, 1968). In the 
recent past, environmental researchers have focused on the 
development of numerous biological, chemical, physical, and thermal 
methods for the remediation of organic pollutants in aquatic 
environments. These strategies include extraction, chemical 
oxidation, bioremediation, photocatalytic degradation, and 
adsorption procedures (Adeola and Forbes, 2021). Nonetheless, 
biodegradation is still considered the major pathway for degrading 
most aromatic pollutants (Zhang et al., 2006). BTEX compounds 
undergo degradation under both oxic and anoxic conditions in the 
presence of enzymes, micro-organisms, chemicals, and 
photochemical reactions (Qu et al., 2019). In the presence of oxygen, 
hydrocarbons are usually activated by monooxygenases or 
dioxygenases enzymes, which introduce one or two hydroxyl groups 
into the organic molecule (Leahy et al., 2003). The hydroxylation 
products are water-soluble and thus bioavailable for further 
degradation. Ring cleavage of aromatics is usually catalyzed by 
oxygen-dependent dioxygenases as well as monooxygenases 
enzymes (Vaillancourt et al., 2006). The oxic condition depends on the 
presence of O2 and uses monooxygenases of the class I di-iron protein 
family. These enzymes are epoxidases that form non-aromatic ring-
epoxides of benzoyl-coenzyme A (benzoyl-CoA) and phenyl acetyl-
coenzyme A (phenyl acetyl-CoA), compounds that are further 
metabolized by ring hydrolysis. The oxygen-independent strategy 
involves the reduction of the aromatic ring under anoxic conditions 
that converts most aromatic substrates into benzoyl-CoA as a central 
intermediate with the help of ATP (adenosine triphosphate)-
dependent benzoyl-CoA reductase and ATP-independent benzoyl-CoA 
reductase (Fuchs et al., 2011; Vogt and Richnow, 2013)). 

benzene

OH

phenol

OH

OH
cis-1.2-dihydrobenzene 1,2-diol

aerobic
 degradation

aerobic  
d eg radation

CH4 + H2O + CO2
mineralization

CH4 + H2O + CO2
mineralization

 

Scheme 3: Biodegradation of benzene under aerobic conditions – 
Modified from Eggen et al., 2010 

Biodegradation is one of the major pathways for degrading organic 
compounds. They are bio-transformed into important soil nutrients 
and their metabolic and physiological functions (Yoshikawa et al., 
2017b). The proposed benzene degradation via aerobic pathway and 
ultimate mineralization to less harmful products such as water, 
methane, and carbon dioxide is summarized in Scheme 3 (Eggen et al., 
2010). The transformation of hazardous chemicals into harmless 
chemicals is an important biodegradation process that can be used for 
remediation purposes (Bertilsson and Widenfalk, 2002). However, in 
some cases, toxic compounds can be transformed into even more 
potent ones, ultimately accumulating in the environment, eventually 
causing more deleterious impacts. The anaerobic dechlorination of 
higher chlorinated ethenes, for example, can lead to the accumulation 
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of vinyl chloride, which is more potent and volatile than its precursors 
(Mattes et al., 2015). 

Biodegradation has been extensively studied in the context of 
mesophilic microbes, and the mechanisms of biodegradation of 
aliphatic and aromatic petroleum hydrocarbons have been elucidated 
(Hanreich et al., 2013; Hoitink and Boehm, 1999; Okere and Semple, 
2012). However, in comparison, little work has been carried out on the 
biodegradation of hydrocarbons by thermophiles. Biodegradation is 
significantly improved by increasing the temperature of the medium; 
thus, the use of thermophiles, microbes that thrive in high-
temperature environments, will render this process more efficient 
(Itävaara et al., 2002; Nzila, 2018). Geothermal springs are considered 
unique hot spots for large communities of thermophilic 
microorganisms, mainly belonging to bacteria and archaea domains. 
These include the genus bacillus (Geobacillus, Laceyella, 
Saccharomonospora, Thermobifida, Thermus, Aeribacillus, 
Aneurinibacillus, Anoxybacillus, Brevibacillus, Thermoactinomyces, 
and Meiothermus) among other related microbes (Benammar et al., 
2020). 

Phenol is one of the most studied MAH in thermophilic degradation 
(Mehetre et al., 2019). As in mesophiles, the biodegradation of phenol 
is initiated by hydroxylation to generate catechol, a reaction mediated 
by phenol hydroxylase. Thermophiles differ from mesophiles in their 
preference for the meta-cleavage of MAHs (Chenprakhon et al., 2019; 
Filipowicz et al., 2020). In the presence of mesophiles, catechol is 
metabolized either through ortho- or meta-cleavage in the presence 
of catechol 2,3-dioxygenase enzyme (Nzila, 2018). The biodegradation 
of mono-substituted and mono-aromatic rings by biological species 
(Pseudomonas aeruginosa) provides a potential bio-remedy for 
contaminated systems since it is an easier approach in breaking down 
the bonds in aromatic rings (Câmara et al., 2019). This is an important 
development in the biological remediation of sites contaminated with 
BTEX (Weelink et al., 2010).  Generally, the demand for alternative 
renewable sources of energy has tremendously increased due to 
technological and industrial advancements worldwide. Geothermal 
energy is one of the green energy resources whose environmental 
impact is considered to be minimal and has the potential to mitigate 
the challenges of global warming resulting from the continued use of 
fossil and carbon-based fuels. 

 

5. Conclusion 

This study has demonstrated that although geothermal energy is 
considered a clean resource, significant environmental chemical 
hazards exist during exploration, exploitation, and utilization. This 
literature survey has also established a substantial presence of 
organic contaminants in geothermal waters, which may be due to 
biogenic or abiogenic processes. Various hydro-chemical processes 
can affect geothermal water composition, which ultimately leads to 
pollution and environmental health risks. The findings of this review 
highlight the potential occupational health hazards that are likely to 
arise from the use and exploitation of geothermal resources, which 
may result in morbidities and mortalities. The presence of organic 
contaminants such as BTEX and long-chain hydrocarbons and olefins 
in geothermal waters can precipitate a serious challenge in the 
provision of environmentally friendly alternative green energy 
resources. Therefore, it is important to note that aromatic compounds 
are known to magnify up the food chain and can cause adverse 
environmental effects to terrestrial and aquatic organisms. 
Bioremediation is one of the possible strategies for the degradation of 
these contaminants using mesophilic and thermophilic bacteria. 
These bioremediation microbes can be cultured and grown in 
geothermal waters to help degrade organic pollutants. Besides, it is 
important to carry out detailed environmental impact assessments of 
geothermal systems to inform health safety in the development and 
exploitation of geothermal resources. The dynamic geological and 
climatic change, together with the increased exploitation of 
geothermal resources, calls for continuous research and monitoring 
of possible environmental degradation. This will create awareness 
about the hidden chemical hazards of hydrothermal fluids and 
provide information on the presence of these toxicants and the 
possible fate of the contaminants in potential geothermal resources. 
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