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Abstract: The direct measurement of volatile compounds is becoming increasingly impor-
tant in assessing site contamination, particularly in relation to human health risk assessment
and the design of remediation procedures. This study assesses the influence of direct mea-
surements on the human health risk assessment conducted at a petroleum-contaminated
site. Specifically, it provides contaminated-site risk managers with a quantitative compari-
son of the assessed risks by using measured and modeled data. A total of 16 monitoring
campaigns were conducted at a Site of National Interest (SNI) located in Sicily (Italy),
during which the hydrocarbon vapor concentrations in the subsurface soil porosity were
measured using nested soil gas probes, while the related emitted fluxes were quantified
with dynamic flux chambers. Measured data were compared with those obtained with a
non-reactive diffusive model using the concentrations measured in the soil. The results
highlighted significant overestimations of the expected outdoor concentrations obtained
using non-reactive diffusive models by up to four orders of magnitude. These findings
underscore the intrinsic limitation of non-reactive diffusive models, which provide overly
conservative and unrealistic risk scenarios. Therefore, direct measurements might repre-
sent a cost-effective option to account for natural attenuation phenomena occurring in the
subsurface, leading to a more realistic human health risk assessment (HHRA).

Keywords: dynamic flux chamber; soil gas; volatile organic compounds; natural attenuation;
human health risk assessment

1. Introduction

The contamination of environmental matrices nowadays represents a major con-
cern due to the potential risk to humans, water, ecosystems, and other receptors [1].
Soil pollution due to petroleum hydrocarbons is a challenging threat due to their mu-
tagenic, carcinogenic, and toxic characteristics [2,3]. Their health impact depends on
factors such as their chemical composition, the duration of exposure, and the route of
contact. A major concern involves compounds such as benzene, toluene, ethylbenzene,
and xylene—collectively known as BTEX—due to their toxicological significance. Acute
exposure to volatile hydrocarbons may cause central nervous system depression, leading
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to symptoms such as headaches, dizziness, nausea, and in severe cases, unconsciousness.
Skin contact often results in irritation or dermatitis, while ingestion may lead to internal
organ damage or aspiration-induced chemical pneumonitis [4]. Chronic exposure has been
linked to more severe health outcomes. Benzene is classified as a human carcinogen, with
strong evidence associating it with bone marrow suppression and leukemia [5]. Chronic
exposure to toluene and xylene has been shown to affect cognitive and motor functions,
while other petroleum hydrocarbons are associated with liver and kidney damage, as
well as reproductive and developmental toxicity. Moreover, polycyclic aromatic hydro-
carbons (PAHs) have been linked to increased risks of lung, skin, and bladder cancers [6].
Children are particularly vulnerable due to developmental factors and behavior patterns.
Prolonged exposure to hydrocarbons has been associated with neurodevelopmental delays,
reproductive toxicity, and endocrine disruption [4].

For instance, Smith and coauthors [7] found that workers in petroleum refineries
exhibited a markedly increased incidence of leukemia, with a mortality rate 15% greater
than that observed in the general population. A recent study [8] reports that following
the 2010 Deepwater Horizon disaster, high exposures to volatile components of crude oil
were associated with deficits in the neurologic function among workers who were aged
50 years or older at the time of the study. Lv and coauthors [9] reported that benzene and
o-xylene in blood were positively and statistically significantly associated with chronic
obstructive pulmonary disease (COPD) prevalence. In more detail, as the concentration
of blood benzene and blood o-xylene increased, the risk of COPD varied from 15.43% to
78.31% and from 2.99% to 3.49%, respectively.

The human health risk assessment (HHRA) procedure provides a quantitative as-
sessment of the risks associated with the presence of contaminants in the subsurface and
thus represents a useful tool to manage contaminated sites. Indeed, depending on the risk
severity, the contaminated site might be subject to risk management measures consisting
of remediation and/or safety actions. The Italian legislation regulating the reclamation of
contaminated sites [10] assigns the status of “contaminated site” based on the assessment of
the potential risks to human health and /or groundwater. The risk for human health derives
from the application of HHRA carried out in accordance with the ASTM standard [11].

In this context, site investigation is of paramount importance, as it involves the collec-
tion of site-specific data and information on the contamination levels, pollutant migration
pathways, and target exposure, thereby allowing for the development of an accurate Con-
ceptual Site Model (CSM). Indeed, site heterogeneity, coupled with the complexity of the
physical, chemical, and biological phenomena occurring in the environmental matrices,
may hinder the realistic simulation of the pollutant transport to the targets. This aspect
is of particular concern in cases of contamination by volatile organic compounds (VOCs),
such as petroleum hydrocarbons, since the vapor transport assumes a major role for the
assessment of the health risk for selected targets, particularly through inhalation [2,3].

In recent years, the transport of petroleum hydrocarbon vapors in the subsurface has
been investigated in many studies, including field data collection campaigns [12-15] and
modeling investigations [16-22].

In many cases, it has been demonstrated that the fate and transport models, usually
applied in HHRA procedures, tend to overestimate the risks and provide overly con-
servative results that often do not represent the actual risk to which human targets are
exposed [23]. Indeed, such models are generally non-reactive, and thus the occurrence of
natural attenuation phenomena mainly related to biodegradation in the subsurface is not
considered [15]. The usefulness of non-reactive diffusive models relies on the fact that they
provide a basic, conservative, and simple estimate of how contaminants will move in the
environmental matrices without undergoing chemical reactions. Although they do not
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consider complex chemical reactions, they offer a valuable initial step in evaluating the
potential exposure or risk. Nevertheless, in cases of highly biodegradable compounds, they
can lead to unrealistic values. Indeed, it has been shown that, compared to other VOCs
that are poorly biodegradable (e.g., chlorinated hydrocarbons), petroleum hydrocarbons
can be rapidly biodegraded in the subsurface under oxygen-rich conditions by ubiquitous
hydrocarbon-degrading bacteria [23-26].

Several studies have highlighted that HHRAs based on VOC concentrations measured
in the soil and/or groundwater can lead to an overestimation of the emission rates, some-
times by orders of magnitude, when compared with direct measurements [13,16,27]. These
findings are mainly related to the fact that the aerobic biodegradation in vapor transport
assessments is often neglected, despite the fact that several studies have confirmed the
dominant role of biodegradation in controlling vapor-phase concentrations under oxygen-
rich conditions. Research by Johnson et al. [28], Molins et al. [29], McHugh et al. [30],
Lahvis et al. [13], and Hers et al. [14], among others, has consistently shown that petroleum
vapor concentrations can be attenuated by several orders of magnitude within a few meters
of vertical separation.

Therefore, direct measurements are gaining more attention in contaminated-site man-
agement procedures, both for HHRA as well as for the subsequent design of remediation
measures [31]. In this context, relying on field-measured data is particularly crucial for veri-
fying model-derived results, either in terms of the soil gas concentrations in the subsurface
or the emitted fluxes at ground level.

Field measurements of soil gas fall into two broad categories: static measurements
of gas concentrations, via a probe buried or inserted into the soil, and flux measurements
of gas emissions from the soil surface, either by chambers enclosing an area of soil or by
eddy-covariance towers [32]. While probe measurements can be used to generate a soil
gas profile, chambers can be used to estimate the soil flux by observing the accumulation
of gases inside the chamber over time. Both techniques can be used to obtain different
insights; indeed, because the soil gas flux is a surface-specific measure, it can be used to
determinate the soil emission factor that can be further extended to wider areas. Direct
measures instead provide information on the soil gas presence in soil, but this is not directly
related to soil emissions, the latter depending on local factors, such as soil capping or gas
permeability. For further information on both detection methods, the reader is addressed
to the literature [32-35].

In this light, the aim of the present study was to compare direct measurements of the
soil gas and emission fluxes, obtained using nested soil gas probes [3] and dynamic flux
chambers [36], with indirect estimates derived from non-reactive diffusive models based
on soil concentration data.

Specifically, we present the results of 16 monitoring campaigns conducted in the
area of a Site of National Interest (SNI) in Sicily (Italy), where the hydrocarbon vapor
concentrations in the subsurface soil porosity were measured using nested soil gas probes,
while the associated emitted fluxes were quantified with dynamic flux chambers. The
measured data were then compared with those obtained from a non-reactive diffusive
model to assess discrepancies in human health risk assessment.

2. Materials and Methods
2.1. Case Study Description and Previous Activities

The case study (Figure 1) is characterized by an overall surface of 21.340 m? that is
mostly paved, except for some small green areas. The area belongs to a wider industrial
area within a SNI located in Sicily (Italy). The area is still active and serves as a crude
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oil withdrawal and storage point, from which oil is transported to other collection points
through dedicated pipelines.

CASE STUDY AREA 7

o R R

Figure 1. Panoramic view of the case study area.

The industrial activity carried out at the site during the last decades has produced the
emissions of hazardous substances that have led to the need for urgent safety measures.
These measures include the realization of hydraulic containment (using a pump and storage
technique along with an on-site water treatment) combined with a soil-bentonite barrier
wall to contain the transport of pollutants in the groundwater, thereby preventing their
migration to the marine environment only a few meters away from the site.

An environmental site assessment was conducted in the case study area between
November 2006 and January 2007, during which eight boreholes were realized, five reaching
depths of 6 to 15 m below ground level and three extending to 30 m. The latter were also
equipped as piezometers for groundwater sampling within the superficial aquifer, which
is characterized by a water table depth of approximately 6.5 m below the ground level.
In total, 56 soil samples and 3 groundwater samples were collected and analyzed for the
requested contaminants. From the comparison with the screening levels of contamination,
the potential human health risk associated with heavy petroleum hydrocarbons (C > 12) in
the deep unsaturated soil was determined. Between 2013 and 2014, the area was subject to
an integrative site assessment to delineate the extent of the contamination sources. As part
of this investigation, 20 boreholes were further drilled, with the collection of 66 additional
soil samples. The laboratory analyses revealed significant exceedances of the screening
levels for light (C < 12) and heavy (C > 12) petroleum hydrocarbons, both in the surface
and deep soil. Consequently, five potential contamination sources were identified, one in
the surface soil and four in the deep soil.

The HHRA, performed by the company owner following the Risk-Based Corrective
Action (RBCA) procedure [11], highlighted the absence of risks for human targets for all
the contaminants investigated. Nevertheless, due to the presence of VOCs in the soil, it
was decided to integrate the results achieved with direct measurements of the soil gas and
emitted fluxes to validate the results obtained through the application of mathematical
models used for risk assessment.
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2.2. Experimental Campaign for Soil Gas and Emission Flux Measurements

The experimental design was developed by considering only four contamination
sources, referred to as S01 (surface soil) and S02-S03-S04 (deep soil); this assumption was
related to the position of the sampling points for the direct data measurement.

Figure 2 depicts the delineation of the contamination sources, showing both
surface (Figure 2A) and deep soil (Figure 2B).
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Figure 2. Delimitation of the contamination sources in the (A) surface soil and (B) deep soil.

The monitoring grid was designed to cover the most critical areas identified in the
previous site assessment, mostly based on the results of the hydrocarbon contamination
found in the soil matrix. The selection of the monitoring points was decided in coordination
with the control authority (Arpa Sicilia). The locations of the sampling points for the direct
measurements are shown in Figure 3.
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Figure 3. Positions of the sampling points for direct measurements.

Regarding the soil gas measurements, three nested soil gas probes were used, charac-
terized by a 30 cm length, a diameter ranging from 1/2” to 1”7, and a detection threshold
ranging between 1/10 and 1/100 ppb. The probes were positioned in the soil at depths
ranging from 0.9 to 1.2 m below ground level. The borehole bottom was sealed by adding
around 50 cm of sodium bentonite (referred to as camptonite, added in pellets) to prevent
particulate suction. The hole portion surrounding the perforated part of the probe was
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filled with a gravel drain, while the upper part was sealed with a mixture of bentonite
and concrete to minimize the suction of atmospheric gases through the soil during the
sampling operations. The nested soil gas probes were connected to the surface with Rilsan®
tubing and protected by a concrete cockpit. Figure 4 reports the details on the cockpit and
the sampling equipment (Figure 4A), as well as a schematic layout of the nested soil gas
probes (Figure 4B). Soil gas sampling was carried out with low-flow pumping (Figure 4A)

with a maximum flow rate of 0.3 L min~1!

, continuously monitored through a gas flow
meter. The collection of the soil gas samples was carried out using stainless-steel canisters
that were previously calibrated in the laboratory by applying a vacuum level to ensure
automatic gas sampling. Before sampling, it was waited for the re-equilibrium time after the
purging operation to dissipate the pneumatic vacuum generated. Each sampling operation

lasted almost 8 h.

( B) Gas tight valve
| Cockpit in concrete

1 Protecting PI'C tubing

Bentonite/concrete sealing

g Rilsan® flexible tubing
Compactonite sealing

Stainless steel gas permeable
nesty probe
Gravel drainage pack

Figure 4. Details of the cockpit and the sampling equipment (A) and schematic layout of the
experimental installation (B).

The emission flux measures were carried out using a dynamic flux chamber [15,37]
patented by Theolab s.r.l. The chamber consisted of a flat cylinder made of Teflon® with an
inner diameter of 50 cm and a height of 20 cm. Due to the expected low fluxes, the use of a
static chamber was not technically suitable, although it may be rather convenient during
the screening phase. The flux chamber was equipped with a tubular-shaped windbreak
positioned at the top of the box to minimize wind interference [38]. The inert gas carrier
(high-purity nitrogen) was introduced within the chamber through a multi-hole helical
tubing to guarantee complete mixing within the chamber. The gas carrier was introduced
at a flow rate of 4.5 L/min, and to prevent the overpressurization of the chamber, an
equivalent amount of the gas was allowed to escape through the vent present at the top
of the chamber. To avoid air entering from the outside, the side wall of the chamber (both
at the ground and at the windbreak system) were sealed with fine inert material (wet
sand). The achievement of steady-state conditions was evaluated based on the stabilization
of some parameters. In particular, the inside—outside differential pressure (measured
with a portable pressure differential manometer), the internal temperature (measured
with a digital thermometer with an insulated thermocouple probe), and the oxygen and
carbon dioxide concentrations inside the chamber (measured with a portable real-time
gas analyzer) were monitored through the dedicated ports. The sampling operation had
a duration of 8 h. The use of a dynamic flux chamber was in accordance with the Italian
guidelines [39]. Figure 5 shows a view of the adopted dynamic flux chamber (Figure 5a)
together with a schematic layout (Figure 5b).
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Figure 5. Panoramic view (a) and schematic layout (b) of the dynamic flux chamber used during

monitoring campaigns.

The gas samples collected in the field from soil gas probes and flux chambers were
analyzed by GC-MS at a certified laboratory for benzene, aliphatics C5-C8, aliphatics
C9-C12, aliphatics C13—C18, aliphatics C19—C36, aromatics C9—C10, aromatics C11-C12,
and aromatics C13-C22, according to the following methods: EPA 5021A 2014 + EPA 8260
C 2006 and EPA 3550 C 2007 + EPA 8270 D 2014 for the aromatic fractions [40-43], and EPA
5021A 2014 + EPA 3550 C 2007 + EPA 8015 D 2003 and ISO 16703:2004 for the aliphatic
fractions [40,41,44,45].

The direct gas measurements at the 3 monitoring locations were conducted during
16 sampling campaigns from February to December 2018 to evaluate both the daily and
seasonal variability.

2.3. Human Health Risk Assessment—HHRA

The HHRA was conducted using the Risk-net 3.2 toolkit, developed by RECON-
net (Italian Network on the Management and Remediation of Contaminated Sites) [46].
The software follows a procedure aligned with the Risk-Based Corrective Action (RBCA)
framework [11].

Risk-net enables the calculation of human health risks based on measured data from
soil and groundwater, applying the transport models specified in the ASTM standard.
Additionally, it incorporates data from direct measurements in soil gas or flux chambers.
In this work, to calculate the risks associated with the outdoor vapor inhalation pathway;,
industrial receptors were considered, applying the default exposure factors recommended
in the Italian national guidelines [47]. Representative concentrations in the soil, soil gas,
and flux chambers were determined based on the average values obtained from various
monitoring activities at each sampling point. The simulations assumed a sandy soil with
an organic carbon fraction of 0.001 g/g in the subsurface. The source dimension was set to
50 m. For the other input parameters required in the fate and transport models, the default
values suggested by the Italian national guidelines [47] were used.
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In view of quantifying the performance of the model compared to the measured data,
the Root Mean Square Error (NRMSE) was quantified according to Equation (1):

RMSE = 1)

where Y; and Y; represent the predicted and measured values of the ith analyte, and N is
the total number of measured data points.

3. Results
3.1. Comparison Between Soil Gas and Flux Chamber Data

Figure 6 shows the soil gas concentrations and fluxes measured at the three monitoring
points (MPs) during the 16 measurement campaigns using the soil gas probes (blue dots,
left y-axis) and flux chambers (red histograms, right y-axis). For illustrative purposes,
only benzene and aliphatics C5-C8 are shown in the figures, as they represent the only
compounds that were above the detection limit (DL) in almost all the campaigns. The other
hydrocarbon fractions analyzed, particularly the heavier ones (aliphatics C19-C36 and
aromatics C13-C22), were, in nearly all cases, below the detection limit.
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Figure 6. Time series of measured soil gas concentrations and vapor fluxes for benzene (left column)
and aliphatics C5-C8 (right column) at three different monitoring points (MPs). Soil gas concen-
trations, measured using subsurface gas probes, are shown as blue dots and are plotted on the left
y-axis. Vapor fluxes, measured using flux chambers at the ground surface, are represented by red
bars and are plotted on the right y-axis. The x-axis indicates the sampling dates over the duration of
the monitoring campaigns (March to July 2018).
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The data in Figure 6 show that the soil gas concentrations (blue dots) are, on average,
greater by one or two orders of magnitude than the vapor fluxes (red bars) both for benzene
and aliphatics C5-C8.

3.2. Comparison Between Model and Field Data

Figure 7 compares the concentrations and fluxes measured using the nested soil gas
probes (Figure 7a) and flux chambers (Figure 7b) at the three monitoring points across the
different campaigns with the values predicted by the fate and transport models, based on
the soil concentrations detected in the areas where direct measurements were conducted.
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Figure 7. Comparison of the concentrations and fluxes measured using nested soil gas probes
(a) and flux chambers (b) at the three monitoring points across the different campaigns with the
values predicted by the fate and transport models, based on soil concentrations detected in the areas
where direct measurements were conducted. Data are categorized by compound groups: aliphatics
C5-C8 (A), C9-C12 (M), and C13-C18 (#), and aromatics C9-C10 () and C11-C12 (x). The 1:1 solid
line denotes the condition for which the model provided results in line with the field measurements.
Data that fall above the solid black 1:1 line indicate cases where the modeled concentrations or fluxes
were higher than the values measured in the field.

Benzene was excluded from this comparison, as its concentration in the soil was
below the detection limit. Similarly, heavier hydrocarbons (i.e., aliphatics C19-C36 and
aromatics C13-C22) are not shown in the graphs, as they were below the detection limit in
all the campaigns. In the graphs reported in Figure 7, the diagonal black line represents
a 1:1 linear correlation, indicating the condition in which the model predictions matched
the direct measurements. Data that fall above the solid, black 1:1 line indicate cases where
the modeled concentrations or fluxes were higher than the values measured in the field,
meaning that the model tended to overestimate the actual observations. As a reference,
the dashed lines represent scenarios where the modeled values were significantly higher
than those measured. Specifically, the 1:100 line corresponds to modeled values 100 times
greater than the measured ones, while the 1:10,000 line indicates cases where the model
overestimated the field measurements by a factor of 10,000. These reference lines help to
assess the extent of the overestimation.

The quantified RMSE values confirm that there is a great discrepancy between the
modeled and measured data for all the analytes taken into account, especially for the flux
data. Indeed, by comparing the modeled and measured data of the soil gas, the RMSE
ranged between 1.24 x 10® and 6.46 x 108 for the aliphatics C5-C8 and the aromatics
C13-C22, respectively. Moreover, by comparing the modeled and measured data of the
fluxes, the RMSE ranged between 9.11 x 107! and 9.67 x 103 for the aliphatics C5-C8 and
the aromatics C13-C22, respectively.
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3.3. Role of Direct Measures in Human Health Risk Assessment

Table 1 reports the cumulative hazard index (HI) values related to the on-site outdoor
inhalation of vapors calculated with the software Risk-net (version 3.1.1 pro) for the different
classes of petroleum hydrocarbons measured in the soil (models), soil gas probes (SGSs),
and flux chambers (FCs). For this estimation, the average concentration values detected
at each monitoring point across the different campaigns were used. As a conservative
estimate, the concentrations that were below the detection limit were assumed to be equal
to the DL.

Table 1. Cumulative hazard index (HI) values related to the on-site outdoor inhalation of vapors
calculated with the software Risk-net for the different classes of petroleum hydrocarbons measured
in the soil (models), soil gas probes (SGSs), and flux chambers (FCs).

Cumulative Hazard Index Values for Total Hydrocarbons (HI)

Source
Model SGS FC
S01 31 x 101 46 x 107° 79 x 1073
502 32 x 1071 23 x 1074 81 x 103
S03 1.3 x 1071 45 x 107° 52 x 1073

4. Discussion

From the data reported in Figure 6, it can be observed that both the soil gas concen-
trations and fluxes varied significantly across the different monitoring campaigns, with
the differences spanning several orders of magnitude. These results highlight the extreme
fluctuations in volatilization processes, even on a daily basis, as they might be strongly
influenced by environmental conditions such as the barometric pressure, temperature,
soil moisture, wind, and water table depth [48,49]. This aspect is of particular concern
during the design phase of the experimental campaign [39]. Moreover, the comparison
between the soil gas probe measurements and flux chamber data reveals that the trends
in the flux and concentration changes do not always align across the campaigns. This
discrepancy could be attributed to the different dynamics governing the emissions and soil
gas concentrations. While soil gas concentrations are primarily influenced by subsurface
humidity and temperature variations, emissions are also affected by pressure fluctuations
at the soil-atmosphere interface [48]. Overall, these results highlight the importance of
direct measurements in capturing subsurface vapor dynamics.

In the graphs reported in Figure 7, it is observed that nearly all the data points fall
above the linear correlation line, suggesting that the standard fate and transport models,
based on soil concentrations, overestimated the hydrocarbon concentrations and emission
rates from the subsurface. Specifically, for soil gas probes, most of the data points lie above
the 1:10,000 line, indicating that the model generally overestimated the soil gas concentra-
tions by more than four orders of magnitude (Figure 7a). For the flux chambers (Figure 7b),
most of the data points fall between the 1:100 and 1:10,000 lines, suggesting that the model
typically overestimated the emission rates by two to four orders of magnitude. Similar
findings have been reported in previous field studies, which have shown that in the case
of petroleum hydrocarbons, the standard fate and transport models tend to overestimate
soil gas concentrations and vapor fluxes by several orders of magnitude [15,50]. These
overestimations are largely attributed to the fact that the standard models used in HHRA
typically do not account for natural attenuation processes [50]. Among these, aerobic
biodegradation in the unsaturated zone plays a particularly critical role. As discussed ear-
lier, microorganisms capable of oxidizing petroleum hydrocarbon vapors to carbon dioxide,
using molecular oxygen as electron acceptors, are widely distributed across a variety of
subsurface environments [51,52]. Since aerobic biodegradation generally occurs at rates
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faster than those of physical vapor transport via diffusion or advection, it can lead to sub-
stantial reductions in vapor-phase hydrocarbon concentrations over relatively short vertical
distances [3]. This phenomenon has been well documented in numerous field investiga-
tions, which consistently demonstrate the dominant role of biodegradation in controlling
vapor-phase concentrations under oxygen-rich conditions. Studies by Lahvis et al. [53],
Hers et al. [16], Roggemans et al. [54], Ririe et al. [55], Johnson et al. [28], Molins et al. [29],
McHugh et al. [30], Lahvis et al. [13], and Hers et al. [14], among others, have shown that
petroleum vapor concentrations can be attenuated by several orders of magnitude within
just a few meters of vertical separation. These findings are consistent across a variety of
hydrogeological settings and climatic conditions, emphasizing the importance of including
biodegradation in vapor transport assessments.

From Table 1, it can be observed that the cumulative hazard index (HI) values achieved
with direct measurements are always lower (from two to four orders of magnitude) com-
pared to those derived from the fate and transport models based on the concentrations
detected in the soil. Such results reflect the limited reliability of the standard fate and trans-
port models to predict the behavior of petroleum vapors in the subsurface (see Figure 7),
leading to overly conservative risk estimates for the volatilization pathway. This highly
conservative approach may lead to unrealistic risk estimates, potentially affecting decisions
on remediation or risk mitigation measures. The results of the present study in terms of the
HI confirm the usefulness of direct measurements in the risk assessment, which can lead
to a more realistic risk scenario, thereby providing a useful support for the final decision
by authorities.

5. Conclusions

In this study, human health risks associated with a petroleum hydrocarbon-contaminated
site were assessed using direct measurements of both the soil gas concentrations and emis-
sion flux rates, as well as modeled data based on soil measurements. The results highlighted
a significant overestimation of the human health risks (up to four orders of magnitude)
when using modeled data compared to those obtained by using direct measurements of the
subsurface soil gas and/or emission rates. These overestimations were attributed to the use
of simple diffusive, non-reactive models in the standard HHRA procedure, which do not
account for hydrocarbon biodegradation in the subsurface. Consequently, risk scenarios
may be overly conservative and not fully representative of the actual site conditions.

Opverall, the findings of this study underscore the value of incorporating direct vapor
emission measurements into risk assessments at petroleum hydrocarbon-contaminated
sites. This approach addresses the key limitations of conservative modeling techniques
and offers a more accurate and site-specific understanding of the exposure potential. From
a regulatory and operational standpoint, the results support a broader adoption of direct
measurement-based HHRAs in site investigations, particularly in cases where conventional
models may lead to overestimated risks and potentially unnecessary remediation actions.

Looking ahead, future research should aim to improve both the measurement pro-
tocols and modeling approaches. In particular, the development and application of less
conservative models that explicitly incorporate natural attenuation processes, such as aer-
obic biodegradation, could significantly enhance the accuracy of HHRAs. These models
would provide a more realistic representation of the subsurface petroleum vapor behavior,
especially under oxygen-rich conditions, where biodegradation is known to be effective.

Additionally, future efforts should also focus on establishing standardized guidelines
for the use of direct measurements in regulatory contexts, enabling more balanced and
evidence-based decision making in environmental risk management.
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