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• We present a new method to estimate
natural attenuation rates using flux
chambers.

• Themethodwas tested in a contaminat-
ed site characterized by the presence of
BTEX.

• Non-reactive models overestimated
BTEX emission rates up to 4 orders of
magnitude.

• The estimated BTEX loss rates in the
subsurface were up to 0.5 kg/year/m2.
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In this work, we introduce a screening method for the evaluation of the natural attenuation rates in the subsur-
face at sites contaminated by petroleum hydrocarbons. The method is based on the combination of the data ob-
tained from standard source characterization with dynamic flux chambers measurements. The natural
attenuation rates are calculated as difference between the flux of contaminants estimated with a non-reactive
diffusivemodel starting from the concentrations of the contaminants detected in the source (soil and/or ground-
water) and the effective emission rate of the contaminants measured using dynamic flux chambers installed at
ground level. The reliability of this approach was tested in a contaminated site characterized by the presence
of BTEX in soil and groundwater. Namely, the BTEX emission rates from the subsurface were measured in 4 sea-
sonal campaigns using dynamic flux chambers installed in 14 sampling points. The comparison of measured
fluxes with those predicted using a non-reactive diffusive model, starting from the source concentrations,
showed that, in line with other recent studies, the modelling approach can overestimate the expected outdoor
concentration of petroleum hydrocarbons even up to 4 orders of magnitude. On the other hand, by coupling
the measured data with the fluxes estimated with the diffusive non-reactive model, it was possible to perform
a mass balance to evaluate the natural attenuation loss rates of petroleum hydrocarbons during the migration
from the source to ground level. Based on this comparison, the estimated BTEX loss rates in the test site were
up to almost 0.5 kg/year/m2. These rates are in line with the values reported in the recent literature for natural
source zone depletion. In short, the method presented in this work can represent an easy-to-use and cost-effec-
tive option that can provide a further line of evidence of natural attenuation rates expected at contaminated sites.
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1. Introduction

Over recent years, the transport of petroleum hydrocarbon vapors in
the subsurface has been the focus of different field (e.g. Fischer et al.,
1996; Lahvis et al., 1999; Lee et al., 2001; McAlary et al., 2007;
Lundegard and Johnson, 2006; Luo et al., 2009; McHugh et al., 2010;
Lahvis et al., 2013; Hers et al., 2014) and modelling studies (e.g. Hers
et al., 2000; DeVaull, 2007; Abreu et al., 2009; Knight and Davis, 2013;
Hers et al., 2014; Verginelli and Baciocchi, 2014; Yao et al., 2014,
2015; Verginelli et al., 2016; Yao et al., 2016). It was found that, com-
pared to other volatile organic compounds (e.g. chlorinated solvents),
petroleum hydrocarbons can be rapidly biodegraded in the subsurface
by ubiquitous soil microbes (Bekele et al., 2013; ITRC, 2014; U.S.EPA,
2015). Specifically, under oxygen rich conditions petroleum vapor con-
centration can be attenuated by orders of magnitudewithin fewmeters
(Lahvis et al., 2013; Verginelli and Baciocchi, 2014; Verginelli et al.,
2016). The occurrence of natural attenuation in the subsurface is gener-
ally evaluated by employing multi-level soil gas sampling through the
installation of nesty probes (U.S.EPA, 2015) by applying the so-called
“gradient method” (ITRC, 2009). In this way, it is possible to assess the
vertical concentration profiles of vapors and oxygen above the source
of contamination and hence to evaluate the attenuation factors in
terms of soil gas fluxes through the subsurface (Lundegard and
Johnson, 2006; ITRC, 2014). Other techniques recently developed con-
sist in measuring CO2 flux at the surface (e.g. using carbon traps or
closed chambers) to calculate the hydrocarbon biodegradation rates in
the subsurface (Sihota et al., 2011;McCoy et al., 2014). Twomain cham-
ber-methods can be distinguished: static flux chambers and dynamic
flux chambers (Hudson and Ayoko, 2008). The static method consists
of inverted containers inserted into the soil inwhich the vapors emitted
at the soil surface are progressively accumulated (Gao and Yates,
1998a). By measuring the concentration of vapors inside the chamber
at different time intervals, it is possible to estimate the concentration
gradient and hence, based on the surface area in contact with the soil,
the flux of vapors emitted (Pihlatie et al., 2013). A major issue for static
chamber system is the headspace concentration increase during the
sampling period. Indeed the progressive accumulation of vapors inside
the chamber can alter the diffusion gradient that can lead to an under-
estimation of the flux (Norman et al., 1997; Gao and Yates, 1998b;
Kutzbach et al., 2007; Heinemeyer and McNamara, 2011). The dynamic
flux chamber method is similar to static chambers but in this case an
inert gas is continuously introduced at controlled rate during the incu-
bation period and an equivalent amount of the chamber gas is allowed
to leave the chamber (Eklund, 1992). After flowing three or four cham-
ber volumes the system can be considered at steady-state conditions
and afterwards the vapor concentration can be measured at the exit of
the chamber (U.S.EPA, 1986). The emission rate of VOCs is then calculat-
ed based upon the surface area in contact with the soil, the applied flow
rate and the measured gaseous concentration. The development of this
method was started already in the early 1980s for measuring emission
rates from hazardous waste sites (Eklund, 1992) but in recent years
flux chambers have been widely used for the assessment of pollutants'
emissions to the atmosphere from the subsurface (e.g. Tillman et al.,
2003; Tillman and Smith, 2004; Scheutz et al., 2008; Pedersen et al.,
2010; Ma et al., 2012; Sihota et al., 2013; Gallego et al., 2014; Cotel et
al., 2015; Sihota and Mayer, 2015).

In this work, we investigate an alternative approach to evaluate and
measure the occurrence of natural attenuation of volatile organic com-
pounds (VOCs) in the subsurface, based on the use of surface dynamic
flux chambers. The method is based on the combination of the data ob-
tained from standard source characterization with dynamic flux cham-
bers measurements. The natural attenuation rates are calculated as
difference between the flux of contaminants estimated with a non-reac-
tive diffusivemodel starting from the concentrations of the contaminants
detected in the source (soil and/or groundwater) and the effective emis-
sion rate of the contaminants measured using dynamic flux chambers

installed at ground level. The reliability of this approach was tested in a
contaminated site characterized by the presence of BTEX in soil and
groundwater. Namely, the BTEX emission rates from the subsurface
were measured in 4 seasonal campaigns using dynamic flux chambers
installed in 14 sampling points. First, we discuss and evaluate the out-
come of these field campaigns, in view of showing evidence of the occur-
rence of natural attenuation. Then,we compare themeasured fluxeswith
those predicted using a non-reactivemodel, starting from the source con-
centrations, and we then use the difference between them to obtain an
estimate of the BTEX natural attenuation rate in the subsurface.

2. Materials and methods

2.1. Case study

The site of concern is a petrochemical plant of Versalis located in Sar-
dinia (Italy) about 3.5 km north of the town of Sarroch and 15 km south-
west with respect to the town of Cagliari. From a geological point of view
the plant lies on heterogeneous terraced alluvial deposits, consisting
mainly of silty sand, sandy silt, locally gravel, and interbedded silty and
clay lenses. On the west area of the site, the subsurface is characterized
by the presence of backfill layers with thicknesses up to 20 m. The phre-
atic aquifer is located in the backfill layer and in alluvial sand deposits.

To evaluate the quality of soils and groundwater, the site was char-
acterized by realizing 271 soil surveys and 52 piezometers. It was
found that the site is characterized by the presence in the subsurface
(mainly in groundwater) of BTEX and light petroleum hydrocarbons.
To evaluate the volatilization of BTEX and petroleum hydrocarbons
from the subsurface 39 soil gas probes and 14 flux chambers were
installed. In this work, for sake of conciseness, we will focus only on
the results obtained for BTEX using the dynamic flux chambers.

2.2. Flux chambers installation and sampling

The emission rates of VOCs from the natural ground surface were
measured using 14 dynamic flux chambers. Two types of chambers
were used. In the first campaign (January 2015), the monitoring was
carried out by Labanalysis s.r.l. using a prototype domed cylindrical
chamber (U.S.EPA, 1986). The other field campaigns (August–Septem-
ber 2015; May–June 2016; November–December 2016) were carried
out by Theolab s.r.l. using a prototype cylindrical chamber (Saponaro
et al., 2016). Fig. 1 shows a schematic diagram of the two types of flux
chamber used in the different campaigns. Both flux chambers consist
of an open-bottom container in which the vapors emitted from the sub-
surface can be accumulated over time. The flux chambers used in the
first campaign consist of a domed cylinder made in Plexiglas® with an
inner diameter of approximately 40 cm and a height at the center of
the dome of approximately 28 cm. The flux chambers used in the
other campaigns consist of a cylinder made in Teflon®with an inner di-
ameter of approximately 48.5 cm and a height of 20 cm. This flux cham-
ber has also a tubular shapedwindbreak positioned at the top of the box
to avoid measurements being affected by wind (Saponaro et al., 2016).
Both types of flux chambers are equipped with a port to inject the inert
gas. In the chamber used in the first campaign, the injection of the car-
rier gas is ensured by a spiral distribution system with 4 equidistant
holes (U.S.EPA, 1986). In the chamber used in the other campaigns,
the injection is carried out through a port connected to a spiral distribu-
tion system with 8 holes spaced 20 cm apart from each other. In both
types of chambers, a pressure release port (vent) is present at the top
of the containers to avoid an over pressurization due to the inert gas in-
jection. Both types of chambers are also equipped with different ports
for the sampling of the air inside the container and for the monitoring
of the inside-outside differential pressure, temperature, oxygen concen-
tration and carbon dioxide concentration. For more details about the
configuration of the two types of chambers, readers are directed to
U.S.EPA (1986) and Saponaro et al. (2016).
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