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A B S T R A C T

A geochemical conceptual model was developed to interpret long-term field monitoring data of the chemical
speciation related to BTEX biodegradation in a tropical iron-rich aquifer that was contaminated by a large
volume of jet fuel. Biodegradation under dissimilatory iron reduction is widely favored due to the abundance of
iron oxides in the sediment. Concomitantly with iron-reduction, the methanogenesis pathway plays an important
role in the microbial degradation of BTEX. The conceptual model was proposed to link the geochemical zonation
with BTEX mineralization and secondary reactions. The representativeness of the chemical speciation of the
studied hydrocarbon-contaminated aquifer is best supported when PCO2 is fixed and dissolved oxygen, poten-
tially present due to mass transfer from entrapped air, is considered in the model. These findings emphasize the
need of both constraints to properly interpret BTEX biodegradation in a tropical iron-rich aquifer.

1. Introduction

Entrapped light nonaqueous phase liquid (LNAPL) in the saturated
pores of an aquifer releases soluble compounds, such as BTEX (benzene,
toluene, ethylbenzene and xylenes), into the water in response to mass
transfer mechanisms (Miller et al., 1990). Decades of laboratory and
field studies have provided solid evidence that indigenous microbial
activity accounts for the metabolization of solubilized hydrocarbons
under both aerobic and anaerobic conditions (Wiedemeier et al., 1999;
National Council, 2000; Declercq et al., 2012). In the case where a
sufficient supply of electron acceptors is available, biodegradation of
solubilized hydrocarbons may occur quickly (Wiedemeier et al., 1999;
National Council, 2000; Declercq et al., 2012). In several environments,
due to an abundance of iron oxides in the sediment and limited avail-
ability of other electron acceptors, dissimilatory iron reduction is the
prevailing mechanism of hydrocarbon metabolization.

Prior to the late 1980s, it was believed that hydrocarbon oxidation
through the reduction of Fe(III) represented an abiotic reaction. The
work by Lovley et al. (1989) was the first study to demonstrate that
hydrocarbon oxidation under iron reduction is a microbial-mediated
reaction. Since then, numerous studies have been developed to account
for and to improve the understanding of hydrocarbon biodegradation
under Fe(III) reduction. While some research has focused on the geo-
chemical features of biodegradation under iron reduction (Baedecker

et al., 1993; Rooney-Varga et al., 1999; Vencelides et al., 2007, Ng
et al., 2014), other studies have focused on microbiological mediation
(Bekins et al., 2001; Reguera et al., 2005; Weber et al., 2006; Klueglein
et al., 2013; Esther et al., 2015). In tropical zones where warm and
humid conditions prevail, the pedogenic process may promote the ac-
cumulation of ferruginous cementation or concretion (Tardy and
Nahon, 1985; Schwertmann, 1988; Beauvais, 1999). This ferruginous
horizon, known as laterite, is composed primarily of goethite (Tardy
and Nahon, 1985). Due to their abundance, laterites represent an im-
portant and large source of electron acceptors to hydrocarbon oxidation
in tropical zones.

Conceptual models of biogeochemistry of LNAPL contaminated sites
encompass a complex overlap of several biogeochemical processes re-
lated to BTEX mineralization. Conceptually, the BTEX cleave is coupled
with hydrocarbon breakdown reactions, including equilibrium states
and the chemical reactions of inorganic by-products in pore water
(Hunter et al., 1998; Mayer et al., 2002). Different conceptual models
with particular features and geochemical constraints have been pro-
posed to reproduce BTEX mineralization under iron reduction in field
conditions, including Prommer et al. (2002), Schreiber et al. (2004),
Vencelides et al. (2007), Miles et al. (2008), Colombani et al. (2009),
and Ng et al. (2014). These works have all overlooked BTEX degrada-
tion under tropical environment.

The study site was contaminated by a large volume of jet fuel
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(Teramoto and Chang, 2017). The main mechanism of BTEX destruc-
tion is iron reduction. Hence, iron oxide present in the aquifer is ex-
pected to be reduced and solubilized. The available information sug-
gests that the role of the combination of the two pronounced
geochemical constraints in tropical environments is not generally re-
produced in the reactive transport models related to BTEX biode-
gradation under dissimilatory iron reduction in the reviewed works.
The first geochemical constraint is the oxidation of the reduced species,
such as Fe2+ and CH4, accounting for the redox state of the con-
taminated aquifer. The second constraint is related to the high partial
pressure of CO2 (PCO2) that governs the equilibrium of the carbonated
species in the groundwater.

Since air is the nonwetting phase in the multiphase context, a rising
water table causes air entrapment when water invades the pores. This
process of air entrapment was described by several authors, including
Faybishenko (1995), Fry et al. (1997), Williams and Oostrom (2000),
Holocher et al. (2003), Amos and Mayer (2006), Haberer et al., (2012),
Marinas et al. (2013) and McLeod et al. (2015). According to
Faybishenko (1995) the air entrapment occurs in the uppermost portion
of the saturated zone creating a “quasi-saturated” zone in which large
proportion of pore space is filled with entrapped air. Marinas et al.
(2013) reported values of 54.5% of pore space occupied by entrapped
air in their experiment, suggesting that large amount of oxygen may be
potentially released. The effect of oxygen diffusion into groundwater,
which occurs at the air/water interface, is well-recognized (Amos and
Mayer, 2006; Haberer et al., 2012, 2015b). Oxygen can diffuse from
entrapped air into groundwater over a potential timescale of years or
decades (McLeod et al., 2015). Due to the presence of dissolved oxygen,
the oxidation of the reduced by-products (e.g., Fe2+ and CH4) can play
a key role in the redox conditions of contaminated aquifers (Heron
et al., 1994; Hunter et al., 1998; Mayer et al., 2002; Amos and Mayer,
2006). Despite its importance, few works (e.g., Vencelides et al., 2007,
Miles et al., 2008) have included Fe2+ oxidation in reactive transport
models for environments where BTEX biodegradation occurs and is
mediated by iron reduction.

In contrast with by-product oxidation, the influence of natural PCO2

is normally underestimated in the chemical speciation of hydrocarbon-
contaminated aquifers, despite the ubiquitous role of PCO2 in buffering
the groundwater pH and governing the chemical equilibrium of the
dissolved carbonate species (Clark and Fritz, 1997; Appelo and Pstma,
2005; Macpherson, 2009). High concentrations of CO2 in soil and
groundwater are usually associated with microbial-mediated hydro-
carbon mineralization (Hinchee and Ong, 1992; Borden et al., 1995;
Baker et al., 2000; Mayer et al., 2002; Fallgren et al., 2010; Sihota and
Mayer, 2012; Mortazavi et al., 2013). Furthermore, the PCO2 of shallow
aquifers in both the saturated and the unsaturated zones may be 1 to 2
orders of magnitude larger when compared to the atmosphere under
natural conditions (Brook et al., 1983; Appelo and Pstma, 2005; Clark
and Fritz, 1997; Lee, 1997; Kessler and Harvey, 2001; Macpherson,
2009; Bordignon et al., 2015). PCO2 is particularly elevated in tropical
environments (Brook et al., 1983; Kessler and Harvey, 2001) where the
soil respiration rate is high. By presuming its importance, the evalua-
tion of the biodegradation of organic contaminants employed in the
reactive transport models requires embracing the high natural PCO2

levels to improve the reliability of the conceptual models related to
BTEX biodegradation.

The present study presents a geochemical conceptual model of BTEX
biodegradation based on the long-term monitoring of BTEX con-
centration and geochemical parameters in a lateritic aquifer that was
contaminated by a large volume of jet fuel. Most geochemical studies
related to hydrocarbon mineralization were carried out in Europe and
North America, where the temperate climate dominates. Thus, to best
interpret the monitored geochemical data collected at the study site, a
conceptual model encompassing specific features of tropical climates is
proposed.

2. Site description

The study site is in the municipality of Paulínia, São Paulo, Brazil. A
large volume of jet fuel is present in the subsurface, with an estimated
volume of 520m3 (Pede, 2009). The contamination was identified
during a site investigation in 2002, and an active remediation based on
the pump-and-treat technique has been operating since 2005. Initially,
the remediation was operated with four pumping wells. From 2008 to
2009, five additional wells were incorporated into the system. From
2010 to 2011, the remediation was paused, and from 2011 to present,
the operation has resumed with 20 active pumping wells (Teramoto and
Chang, 2017). The extracted fluids were separated in the oil-water se-
paration tanks. While the oil is stored in the waste tanks, the water is
sent to the effluent treatment plant to remove the organic compounds
and later discarded into the river.

To determine the limit of the LNAPL spread and the plumes of the
dissolved phase of BTEX compounds, 117 monitoring wells were in-
stalled in an area of 264,600m2. Most of the monitoring wells are 14m
deep with a 4- to 5-m screen section and have been installed to leave at
least 2m of the screen section above the water table to prevent the top
of the screen section from falling below the water table during periods
with a high water table. The monitoring wells referred to as deep are
15–18m in depth and short-screened (1m). The deep monitoring wells
were installed next to regular monitoring wells to determine the ver-
tical distribution of the dissolved BTEX plume.

Fig. 1 shows the potentiometric map, the limit of the source zone,
and the location of the monitoring and pumping wells in the study area.
The source zone occupied an area of approximately 80,000m2.

2.1. Hydrogeological setting

The studied Cenozoic shallow aquifer is heterogeneous and is
composed of clayey sands interfingered with coarse sand lenses, sandy
clays and clayey silts (Bordignon et al., 2015). The geometry of the
well-developed channel and the floodplain facies indicates a deposi-
tional environment dominated by meandering rivers. The hydraulic
conductivities, as determined by slug tests performed on 64 monitoring
wells, vary from 1.2×10−7 m/s to 2.4×10−4 m/s, with a geometric
mean of 2.8× 10−5 m/s (Teramoto and Chang, 2017). The average
hydraulic gradient is 0.0036 in the northeastern region, and it increases
to the southwest towards the discharge zone, reaching values of 0.0176.

3. Methodology

3.1. Geochemical characterization

Since May 2006, sampling campaigns have been carried out to
evaluate the water quality of the groundwater, resulting in a long-term
series of monitoring data. The samples were analyzed for volatile or-
ganic compounds (VOC) by gas chromatographic analysis and mass
spectrometry (GC/MS), in accordance with USEPA method SW 8260C.
The physical-chemical parameters were measured in situ using a mul-
tiparameter probe coupled with a low-flow water sampling unit.
Alkalinity was measured by potentiometric titration by using a con-
tinuous addition of HCl, following USEPA method 310.1. Fe(II) was
determined in the field immediately after sampling using a spectro-
photometer with a 1,10-phenanthroline indicator. The geochemical si-
mulations in the present study used the chemical analyses of the May
2012 sampling campaign (Table S1, Supplementary Material). This
sampling campaign represents the most comprehensive campaign in
terms of the number of sampled wells (69) and analyzed parameters.

Mineralogical characterization of the studied aquifer was conducted
using core samples that were collected by a direct-push methodology.
The aquifer mineralogy was identified using X-ray powder diffraction
(Siemens 5000) and a scanning electron microscope (SEM) coupled to
an energy dispersive analyzer (EDA) (Jeol JSM-6010 LA).
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3.2. Conceptual model formulation and validation

Based on the analytical results of the water quality monitoring and
the chemical reactions associated with hydrocarbon biodegradation in
the lateritic aquifer, a conceptual model was formulated to explain the
chemical zonation affecting the contaminated groundwater.

4. Results

4.1. Geochemistry

The mineral phases that were identified in the studied aquifer were
quartz (SiO2), kaolinite (Al2Si2O5(OH)4), muscovite (KAl2(AlSi3O10)
(OH)2) and goethite (FeO(OH)) (Fig. 2), compatible with the lateritic
nature of the studied aquifer. The X-ray diffraction of core samples
reveals that goethite is abundant in the pristine sample (Fig. 2a) and
absent in the core samples collected in the center of the source zone
(Fig. 2b).

Due to an iron abundance in the aquifer (Fig. 3a), biodegradation by
iron reduction was an important mechanism for BTEX mineralization.
The biodegradation of the BTEX compounds, as represented by toluene,
occurred under the reductive goethite solubilization. Fig. 4a shows a
typical SEM image of the samples collected in the saturated zone of the
uncontaminated aquifer (Well 20 at 11.8m depth), in which it is pos-
sible to recognize the abundance of goethite microcrystals coating the
sand grains. In contrast, the contaminated areas show a very low
amount of iron oxides or even complete depletion (Fig. 4b) due to the
active biodegradation (Well 45 at 12.5 m depth).

The high aqueous concentration of Fe2+ in the source zone and the
abundance of iron oxides in the aquifer suggest that iron reduction is
the primary reaction related to the microbial-mediated hydrocarbon
degradation. Based on the available information, Fig. 4a–c presents the
distribution of the dissolved Fe2+; higher concentrations are observed

within the source zone limits, and lower concentrations are observed
outside of the source zone due to the continuous oxidation.

The monitoring wells reveal the Fe2+ concentration presents a
large variation over time, inversely related to the water table fluctua-
tion (Fig. 5a–d).

Fig. 6 illustrates the distribution of the CH4 measured in the field.
Similar to aqueous Fe2+, a higher dissolved CH4 concentration is found
within the source zone limits, whereas a lower CH4 concentration oc-
curs outside the source zone due to the increased aquifer oxygenation.

Similar to Fe2+, the CH4 concentration presents a large variation
over time, inversely related to the water table fluctuation (Fig. 7a–d).

4.2. Geochemical conceptual model

Based on the large data set collected during the successive in-
vestigations and monitoring of water quality, a conceptual model is
proposed to encompass the effect of specific features related to sub-
tropical and tropical environments on the chemical speciation of hy-
drocarbon mineralization. The major chemical and physical processes
controlling the BTEX biodegradation and associated reactions are de-
scribed below.

The study site is located in a tropical climate zone and encompasses
specific conditions that are infrequently observed in temperate climate
zones, where most of the earlier studies have been conducted. However,
these conditions are crucial for accurately assessing hydrocarbon-con-
taminated aquifers. For example, the groundwater temperatures are
typically above 26 °C throughout the year, so the microbial assimilation
of hydrocarbons in the subsurface is broadly favored. Due to an accu-
mulated annual rainfall in excess of 1300mm/year, the volume of
groundwater recharge is high, which induced a wide range of water
table fluctuations and produced conditions conducive to LNAPL en-
trapment. Since the LNAPL is typically entrapped, the volatilization of
the volatile compounds is restricted, and the mass-transfer to

Fig. 1. Location of the monitoring and pumping wells in the study area and the delineation of the source zone contaminated by LNAPL (Teramoto and Chang, 2017).
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groundwater represented the primary mechanism for LNAPL source
zone depletion. Additionally, the water table fluctuations created an
important zone of entrapped air that greatly influence the redox con-
ditions in the hydrocarbon-contaminated aquifers.

4.2.1. NAPL/water mass transfer
The wide range of the water table fluctuation creates a permanent

entrapment of LNAPL in the saturated pores (Teramoto and Chang,
2017). Due to entrapment conditions, the most important mechanism
operating in the BTEX depletion of LNAPL is represented by mass
transfer to groundwater. LNAPL dissolution occurs when clean
groundwater flushes the pores of the source zone. The movement of
soluble compounds from the entrapped LNAPL to the clean water is a
rate-limited (nonequilibrium) mass transfer phenomenon and can be
calculated by multiplying the concentration driving force by the mass
transfer coefficient and the specific interface area between the phases
(Miller et al., 1990):

= = −dC
dt

k a C CJ ( ),a
a nw s (1)

Where J= the flow of mass from residual hydrocarbons to water
(ML−2T−1), ka = the coefficient of mass transfer (LT−1), Cs =the
maximum aqueous concentration of a soluble compound (ML−3), C
= the aqueous concentration of a soluble compound (ML−3) and anw
= the area of the specific interface between the water and NAPL (L2).

Teramoto and Chang (2017) have shown that LNAPL saturation is
higher in the center of the source zone and that LNAPL saturation de-
creases towards the edges. Since the LNAPL depletion with respect to

BTEX compounds is related to the LNAPL saturation, the highest con-
centration of both the molar fraction of BTEX in the LNAPL and the
effective solubility of BTEX in the groundwater are observed in the
central portion of the source zone. Due to the variability in the effective
solubility, the aqueous BTEX encompasses a wide range of concentra-
tions (0.023 and 5.34mg/L).

4.2.2. BTEX mineralization
Due to the iron abundance in the aquifer (Figs. 3a and 4a), typical of

lateritic aquifers in tropical environments, biodegradation via iron re-
duction is an important mechanism for BTEX mineralization. The bio-
degradation of the BTEX compounds, represented by toluene, occurs
under reductive goethite solubilization (Baedecker et al., 1993), per Eq.
(2).

+ + → + ++ − +C H FeOOH H H O HCO Fe36 65 51 7 367 8 2 3
2 (2)

Several studies, such as Chapelle and Lovley (1992), Cozzarelli et al.
(2001), Schreiber et al. (2004) and Miles et al. (2008), have demon-
strated that biodegradation under Fe(III) reduction and methanogenesis
usually occur concurrently. Eq. (3) describes the biodegradation of to-
luene by methanogenesis.

+ → +C H H O CH CO5 4.5 2.57 8 2 4 2 (3)

Figs. 4 and 6 reveal that the Fe2+ and CH4 concentrations are high
in the source zone, supporting the hypothesis that both pathways, BTEX
biodegradation under iron reduction and methanogenesis, occur in the
source zone.

Fig. 2. X-ray diffractogram showing a) a pristine aquifer sample showing microcrystalline goethite crusts that coat the sand grains (Well 20 at 11.8 m depth) and b) a
Fe3+-depleted aquifer sample within the source zone (Well 45 at 12.5 m depth).
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Fig. 3. SEM images: a) pristine aquifer sample showing microcrystalline goethite crusts that coat the sand grains (Well 20 at 11.8 m depth); b) Fe3+-depleted aquifer
sample due to goethite solubilization within the source zone (Well 45 at 12.5 m depth); c) EDS microanalysis of the pristine aquifer shown in Fig. 3a; d) EDS)
microanalysis of the Fe3+-depleted aquifer sample shown in Fig. 3b.

Fig. 4. Distribution of the Fe(II) concentration for the four sampling campaigns. a) June 2008; b) March 2010; c) March 2011; and d) May 2012. Higher values are
observed within the source zone limits, and lower concentrations are observed outside of the source zone.
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4.2.3. Aquifer oxygenation
During groundwater recharge, water invades the pores, and air is

partially trapped by capillary forces, similar to LNAPL. The mechanism
of air entrapment is a well-known phenomenon that has been experi-
mentally described by Faybishenko (1995), Fry et al. (1997), Williams
and Oostrom (2000), Holocher et al. (2003), Amos and Mayer (2006),
Haberer et al. (2012), Marinas et al. (2013) and McLeod et al. (2015).
The uppermost portion of the saturated zone contains a variable pro-
portion of entrapped air and represents the quasi-saturated zone
(Faybishenko, 1995). The rate of the interphase transfer of oxygen
(Roxygen) from entrapped bubbles of air to the groundwater in the quasi-
saturated zone is a function of both the concentration driving force and
the air/water interfacial area, which may be represented by Eq. (4)
(Geistlinger et al., 2005):

⎜ ⎟ ⎜ ⎟= ⎛
⎝

− ⎞
⎠

⋅⎛
⎝

⎞
⎠

∗ ⎛
⎝

− ⎞
⎠

R
r δ

A
V

a
a
H

1 1
oxygen

b

g
w

g

(4)

where rb is the radius of the air bubble (m), δ is the stagnant film
thickness (m), aw is the activity of oxygen in the water (mol/L), ag is the
activity of oxygen in gas phase (mol/L), V is the volume of the air
bubble (m3), Ag is the surficial area of the entrapped air bubble, and H
is the dimensionless Henry coefficient.

The mass transfer between entrapped air and groundwater (Eq. (4))
provides oxygen to the water, promoting oxidation of the by-products.
In the source zone, it is probable that the oxygen released from the
entrapped air rapidly oxidizes the aqueous Fe2+ (e.g., Haberer et al.,
2015b) by microbial activity, maintaining the high concentration
driving force. The oxidation of Fe2+ results in the unstable Fe (OH)3
phase formation (Eq. (5)).

+ + + → ++ −Fe O HCO H O Fe OH CO0.25 0.5 ( ) 2 aq
2

2 3 2 3 2( ) (5)

Fe(II) oxidation (Eq. (6)) is a pH-dependent reaction, and according
to thermodynamic principles (Martin, 2005; Morgan and Lahav, 2007)
and laboratory studies (Haberer et al., 2015a), at a pH value below 6,

abiotic oxidation does not occur at high rates. However, Geroni &
Sapsford (2011) have demonstrated that the values of Fe(II) oxidation
rates measured in the field are 1–3 orders of magnitude higher than
previously reported for laboratory studies at a similar pH range. Most
likely, the higher rates in the field are related to catalysis mediated by
autotrophic microbial activity of specific strains (e.g., Gallionella fer-
ruginea and Leptothrix ochracea), since the biotic Fe(II) oxidation is
several orders of magnitude greater than the abiotic Fe(II) oxidation
(Katsoyiannis and Zouboulis, 2004). Most likely, the elevated kinetics
of iron oxidation in the study field are related to microbial catalysis.
According to several studies, including Breed et al. (1999), Vollrath
et al. (2013) and Shirokova et al. (2016), biotic Fe(II) oxidation is a
temperature-dependent reaction. The reaction rate of microbial-medi-
ated oxidation increases with temperature until reaching an optimal
temperature, after which the rate decreases. Since most of the optimal
temperatures reported in the literature fall between 20 and 25 °C (e.g.,
Hallbeck et al., 1993; Yurt et al., 2002; El Gheriany et al., 2009), and
the recorded temperature of groundwater in the study site is close to
26 °C, biotic Fe(II) oxidation should prevail. In our conceptual model,
the released oxygen entrapped air promotes partial regeneration of the
solubilized goethite within the source zone.

The mechanism to Fe(II) depletion accompanied by a pH decrease
may be related to cationic exchange between Fe(II) and H+ on the
goethite surface (Ng et al., 2014). Since Dixit and Hering (2006) ex-
periments have demonstrated that Fe2+ sorption on the goethite sur-
face in an aqueous solution with pH varying between 4 and 6 (the range
of pH measured in our study site) is very limited, we do not use this
mechanism in our conceptual model.

Similar to Fe2+, CH4 is also oxidized (Eq. (6)) by catalysis by in-
digenous microbes that employ the diffused oxygen from entrapped air.
Several methanotrophic strains, such as species from the genera Me-
thylomonas, Methylocaldum, and Methylobacter (Newby et al., 2004;
McDonald et al., 2006), are capable of oxidizing the dissolved methane,
producing the enzyme methane monooxygenase to cleave the CeH

Fig. 5. Comparison of water table fluctuation and Fe(II) concentration variation over time. The sample locations are as follows: a) Well 32, center of the source zone;
b) Well 81, downstream of the source zone; c) Well 67, downstream of the source zone; d) Well 30, downstream of the source zone.
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Fig. 6. Distribution of the CH4 concentration for the four sampling campaigns. a) June 2008; b) March 2010; c) March 2011; and d) May 2012. Higher values are
observed within the source zone limits, and lower concentrations are observed outside of the source zone.

Fig. 7. Comparison of water table fluctuation and methane concentration variation over time. The sample locations are as follows: a) Well 32, center of the source
zone; b) Well 81, downstream of the source zone; c) Well 67, downstream of the source zone; d) Well 30, downstream of the source zone.
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bond.

+ → +CH O H O CO2 2aq aq4( ) 2 2 2( ) (6)

Despite Reactions 6 and 7 being normally associated with an oxi-
dative environment, these reactions may occur in the anoxic source
zone when air entrapment occurs. The Fe2+ and CH4 concentration
trends over time revealed that both were highly variable and inversely
correlated to the temporal trends of the water table fluctuation (Figs. 5
and 7). The decrease in the by-product concentrations may be related to
an increase in the oxidative reaction rates driven by the seasonal input
of groundwater recharge. The air, which is entrapped during upward
movement of the water table, promotes aquifer oxygenation and in-
creases the by-product oxidation rates. Alternatively, during a recession
period, groundwater is drained from the pore space, and most of the
quasi-saturated zone disappeared, thereby critically reducing oxygen
delivery to the saturated zone and reducing the by-product oxidation
rates.

4.2.4. Effect of high PCO2

Shallow groundwater is an open system buffered with high PCO2

that is found in the unsaturated zone. Typical values of PCO2 are esti-
mated to fall within 10–1.8 to 10–1.4 atm in tropical regions (Brook
et al., 1983). Bordignon et al. (2015) has revealed that the concentra-
tion of CO2 that is in equilibrium with groundwater is high, reaching
concentrations of over 45.000 ppmv. Another important finding from
Bordignon et al. (2015) was that the amount of CO2 produced by BTEX
biodegradation and CH4 oxidation was much smaller than the natural
concentration of CO2, since CO2 concentrations in both the con-
taminated and uncontaminated portions of the aquifer were similar.

The speciation calculation of the pristine groundwater buffered by a
PCO2 level of 10−1.5 atm indicates a pH value of approximately 4.7 and
an alkalinity value of less than 1mg/L, which are similar to the field
measurements. The pH values within the source zone are nearly 6, and
the values gradually decline downgradient. The biodegradation under
Fe(III) reduction explains the strong pH increase in the source zone,
since the pH is related to the HCO3

− concentration. Despite the strong
correlation between the Fe2+ and HCO3

− values observed in the field
analysis (Fig. 7), the stoichiometric ratio of these species (2:1) does not
follow that of Eq. (3) (7:36). However, in the presence of aqueous CO2,
65 additional moles of HCO3

− are added to the 7 that are derived from
toluene oxidation, producing 72mol of HCO3

−, as shown in Eq. (7),
which defines the proposed overall reaction of toluene mineralization
via iron-reduction, incorporating the effect of PCO2.

+ + + → +− +C H FeOOH H O CO HCO Fe36 14 65 72 367 8 2 2 3
2 (7)

Per Eq. (7), in the shallow unconfined aquifers where the carbonates
are lacking, BTEX biodegradation under goethite reduction produces
2mol of HCO3

− for each mole of Fe2+. Fig. 8 illustrates the scatterplot
graph of the aqueous concentration of Fe2+ and alkalinity. Because the
overall majority of the measured pH in the field falls within 4–6.5, the
total alkalinity was assumed as the HCO3

− concentration based on the
equilibrium state. Since the stoichiometric ratio of Eq. (7) adjusts better
to the observed field data than the stoichiometry of Eq. (2), Eq. (7) is
most appropriate for describing the geochemical changes that are as-
sociated with BTEX mineralization.

The stoichiometry of Reaction 7 reveals that nearly 89% of the
HCO3

− (65 out of 72) that was produced by biodegradation under iron
reduction was generated by the abiotic reaction with aqueous CO2.
Since high concentrations of Fe2+ and HCO3

− were produced by hy-
drocarbon mineralization under Fe(III) reduction, as defined by the
stoichiometric ratio of Eq. (7), the siderite saturation index was a useful
indicator of this metabolic pathway in lateritic aquifers. Fig. 9 illus-
trates the distribution of the saturation index of siderite (FeCO3), which
confirms that samples collected inside of the LNAPL source zone are
closer to saturation with respect to siderite than samples further
downgradient. The reduction of siderite saturation is related to the

decrease in both HCO3
− and Fe2+ concentrations due to the reoxida-

tion of Fe2+ and the precipitation of amorphous iron hydroxide
downgradient of the source zone.

4.2.5. Geochemical zoning
From the available field data, a conceptual model is proposed based

on the set of reactions that describe the geochemical changes observed
in the field. In the proposed conceptual model, four reactions (Eqs.
(1)–(7)) explain most geochemical changes in the aquifer. Due to BTEX
biodegradation under Fe(III)-reduction coupled with methanogenesis, a
reducing environment is observed with high Fe2+ and CH4 concentra-
tions within the source zone. Both Fe2+ and CH4 are oxidized by a
microbial-mediated reaction along the flow path, resulting in a decrease
in concentration of these species. The Fe2+ oxidation also reduces the
alkalinity and pH, resulting in the decrease in SISiderite. The redox
condition and plume size are governed by the kinetics of the reactions
involved.

The proposed conceptual model compartmentalizes the study area
into the following four different redox zones (Fig. 10): (i) the back-
ground, (ii) the source zone, (iii) the BTEX plume and (iv) the by-
products plume. Table 1 summarizes the average values of the physical-
chemical parameters, BTEX, and the Fe2+ and CH4 concentrations in
each of the proposed geochemical zones.

5. Discussion

Based on the abovementioned statements, to guide the correct in-
terpretation of the measured field data, a conceptual model covering
the chemical equilibrium and the reactions related to hydrocarbon
biodegradation in iron-rich aquifers in tropical environments was de-
veloped. Most likely, the redox values of the source zone (Table S1,
Supplementary Material) and the Fe2+ and CH4 concentrations would
be too low if the oxygen were not released from the entrapped air. The
calculation of biodegraded BTEX mass based solely on the stoichio-
metric conversion of the mass of both Fe2+ and CH4 (Eqs. (2) and (3))
within the source zone may not provide accurate results since these
species are subject to oxidation. Due to the wide range (> 2.0m) of the
water table fluctuation in the study site, there are favorable conditions
for air entrapment. The entrapped air in the pores constitutes a
medium-term source of oxygen (Haberer et al., 2014), raising the redox
conditions of the contaminated groundwater.

The oxidation is related to oxygen availability driven by air en-
trapment and probably generates a seasonal variation in both Fe2+ and
CH4. Moreover, the water table fluctuation also governs the BTEX mi-
neralization kinetics under iron reduction and methanogenesis.
Consequently, a strong variation of Fe2+ and CH4 is expected. The Fe2+

(Fig. 5) and CH4 (Fig. 7) concentrations over time show high variability,
with alternating cycles of increase and decrease concentrations dis-
playing an inverse trend with respect to the water table fluctuation.
Most likely, this variation may be linked to changes of redox state of the
aquifer due to the influx of oxygen during water table rise (wet season)
and consequent air entrapment in the uppermost portion of saturated
zone. When water table falls (dry season) entrapped air is released,
resulting in a more reduced environment.

Iron cycling within the source zone is a major issue in the bacterial
assimilation of hydrocarbon, since both dissolution and precipitation of
iron oxides may occur, changing the mineralogical composition of the
aquifer. The oxygen quickly oxidizes the Fe2+ that initially precipitates
as ferrihydrite, which is further converted to goethite. Most likely, in
the absence of Fe2+ oxidation, the sediment would be depleted more
intensely.

The microcosm experiments reproducing BTEX mineralization by
iron reducer strains are always conducted under anoxic and closed
environments (Lovley and Anderson, 2000; Baedecker et al., 1993;
Botton and Parsons, 2007; Dorer et al., 2016). Thus, some important
natural field constraints, such as PCO2 and O2 released from the
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entrapped air, are not reproduced. Because of this limitation, the bio-
geochemistry characterization of the microcosm experiments should
not be directly used to guide the reactive transport simulation of the
contaminated sites.

The high concentrations of both Fe(II) and CH4 in the source zone
(Figs. 4 and 6) indicate that iron reduction and methanogenesis occur
simultaneously in BTEX mineralization. Higher CH4 concentrations
frequently occur when concentrations of Fe(II) are lower, suggesting a
partial replacement of the metabolic pathway due to the iron depletion
in some portions of the source zone. Since both pathways overlap in the
source zone, the performed simulations were designed to reproduce the
simultaneous biodegradation via both Fe(III) reduction and methano-
genesis. To elucidate the overlap of iron reduction and methanogenesis,
future investigations are needed to characterize the diversity and mi-
crobial community structures. Even though methanogenesis is tradi-
tionally recognized as a reaction with a low thermodynamic favor-
ability, this reaction is an efficient pathway for contaminant mass
destruction due to the syntrophic relationship (Morris et al., 2013; Gieg
et al., 2014; Lueders and Muyzer, 2017).

The conceptual model that was developed in this work can sa-
tisfactorily explain the conditions observed in the field and may be
applied to aquifers with similar characteristics, supporting the under-
standing of the natural attenuation processes and their effectiveness in

limiting the spread of BTEX-dissolved phase plumes.

6. Conclusions

This work demonstrates the importance of the geochemical con-
straints related to BTEX biodegradation in tropical and subtropical
aquifers, particularly for the naturally high PCO2 levels and the by-
product oxidation due to aquifer oxygenation by entrapped air. The
proposed conceptual model is capable of explaining the field geo-
chemistry, where the tropical and subtropical climate environments
meet hydrological and geochemical conditions that affect the behavior
of organic compounds in groundwater.

A significant amount of the reduced species (such as Fe2+ and CH4)
produced during BTEX biodegradation may be removed by microbial
activity using the oxygen that diffuses from the entrapped air bubbles
into the pore water. Therefore, since BTEX mass biodegradation may be
measured by Fe2+ and CH4 based on the stoichiometric ratio of Eqs. (4)
and (5), the oxidation of these species underestimates the biodegrada-
tion rates.

The obtained results confirm that the observed field conditions
cannot be explained without the equilibrium of high PCO2 in an open
system context. The PCO2 buffer is the most important natural con-
straint for governing the carbonate saturations in the contaminated

Fig. 8. Scatterplot of aqueous Fe2+ and total alkalinity values of the 3 sampling campaigns. The graph also illustrates the line of the stoichiometric ratio of Reactions
2 and 7. The trend line of Eq. (7) adjusts better to the field data than the trend line of Eq. (2).

Fig. 9. Distribution of the siderite saturation index in the study area. The high SI values are observed in the source zone, and lower values are observed down-
gradient. The depleted central region is coincident with the zone of active Fe(III) reduction (see Fig. 4).

E.H. Teramoto, H.K. Chang Applied Geochemistry 100 (2019) 293–304

301



lateritic aquifers.
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