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Abstract Dense nonaqueous-phase liquids (DNAPLs) 
spilled on the soil migrate vertically depending upon 
gravity and capillary forces through the unsaturated 
zone of the porous aquifer, forming a vapour plume. 
These volatile organic compounds (VOCs) can be trans­
ferred by advection-diffusion to the groundwater or to 
the atmosphere. Evaluating DNAPL vapour fluxes at 
the soil-air interface is one of the key challenges in the 
remediation of contaminated sites. This work discusses 
the results of a large-scale vapour plume experiment 
with a well-defined trichloroethylene (TCE) spill, in­
cluding a sequential raising and lowering of the water 
table, where the TCE vapour fluxes at the soil surface 
were experimentally quantified in two ways: (i) directly, 
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with measurements at the soil-air interface using differ­
ent flux chambers at various operational modes under 
both transient and steady-state conditions of the vapour 
plume, and (ii) indirectly, using a quasi-analytical ap­
proach based on soil gas measurements. It was shown 
that upward displacement of the water-air front during 
the controlled raising of the water table (approximately 
10 cm h−1) increased the TCE vapour flux measured at 
the soil surface by factors of 4 to 10. Under steady-state 
transport conditions, TCE vapour fluxes measured using 
five types of flux chambers and three operational modes 
were similar. The effects of the flux chamber geometry, 
the accumulation of TCE vapours in the chamber head-
space or the air recirculation at a low flow rate on the 
measured TCE vapour fluxes were low. At steady-state 
transport conditions, TCE vapour fluxes measured with 
the flux chambers and estimated using the quasi-
analytical approach were of the same order of magnitude. 
However, under transient conditions of the vapour plume, 
the TCE vapour flux predicted by the quasi-analytical 
approach greatly underestimated or overestimated the real 
TCE vapour flux at the soil-air interface. 
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1 Introduction 

In many countries, industrialisation and technological 
development have led to increased use of dense 
nonaqueous-phase liquids (DNAPLs) such as 
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chlorinated solvents, e.g., trichloroethylene (TCE). 
Where these volatile organic compounds (VOCs) were 
accidentally spilled on the soil during transport or leaked 
from their storage places, large DNAPL vapour plumes 
and long-term solute plumes in the groundwater devel­
oped. Many recent studies have shown the high toxicity 
of TCE (Bahr et al. 2011; Rusyn et al. 2014). Solute 
plumes may have a serious direct impact on the quality 
of groundwater and soils. Vapour plumes often affect the 
quality of outdoor air by VOC fluxes from the vadose 
zone to the atmosphere and the quality of air inside 
buildings by migration of VOCs from the vadose zone 
through concrete floor slabs. Transport of VOCs in the 
vadose zone is primarily due to diffusion (Pankow and 
Cherry 1996; Choi et  al.  2002; Jellali et al. 2003; Bohy 
et al. 2006). However, advection can also contribute to 
mass transport of VOCs. Advective mass fluxes can be 
generated by density gradients within and along the 
fringe of the vapour plume (Sleep and Sykes 1989; 
Lenhard et al. 1995; Pankow and Cherry 1996; Cotel  
2008; Cotel et al. 2011) or by pressure gradients caused, 
for example, by variations in atmospheric pressure 
(Massmann and Farrier 1992; Pasteris  et  al.  2002) or  
by volatilisation of the DNAPL (Baehr and Bruell 1990; 
Altevogt et al. 2003). 

The impact of soil or groundwater contamination on 
indoor or outdoor air is directly linked to the VOC 
vapour flux from the subsurface to the building or 
atmosphere. From a technical point of view, it is impor­
tant to quantify this flux of pollutant (Baker et al. 2011; 
Traverse et al. 2013) because it may help to locate and 
identify source zones in the subsurface, to interpret 
VOC concentrations measured in indoor or outdoor 
air, to plan remediation processes or to contribute to 
the modelling of mass transfer in the atmosphere and 
vadose zone. Since the 1970s, a variety of direct or 
indirect experimental approaches have been used for 
the assessment of volatile pollutant flux to the atmo­
sphere. Vapour fluxes can be directly measured at the 
soil-air interface using static flux chambers (recent 
examples include Wang et al. 2013; Pihlatie et al. 
2013; Parker  et al.  2013a; Sihota et  al.  2013; Collier 
et al. 2014; Gallego et al. 2014; Happell et al. 2014; 
Miola et al. 2015) or using open or closed dynamic flux 
chambers (recent examples include Ma et al. 2013; 
Parker et al. 2013a; Parker et al. 2013b; Sihota et  al.  
2013; Carpi et al. 2014; Liu et al. 2014; Miola et al. 
2015). By definition, dynamic flux chambers differ from 
static flux chambers by the presence of a more or less 

high forced air flow passing through the measuring 
device (Hudson and Ayoko 2008). Vapour fluxes can 
also be indirectly quantified using either a quasi-
analytical approach based on Fick’s first law and soil 
gas measurements (recent examples include Marzougui 
et al. 2012; Happell et al. 2014; Maier and Schack-
Kirchner 2014) or micrometeorological methods based 
on atmospheric measurements (recent examples include 
Wang et al. 2013; Yu et  al.  2013). As flux chambers are 
universally applicable, easy to set up, usually low cost 
and allow for direct flux measurement, they have been 
widely used for assessing emissions of mercury, pesti­
cides, fertilisers, and greenhouse gases to the atmo­
sphere. However, they have been used little for 
assessing emissions of nonmethane VOCs from a sub­
surface source (Eklund et al. 1985; Batterman et al. 
1992; Smith et al. 1996; Jellali et al. 2003). 

Because all chamber types affect the object being 
measured, each chamber type has its own limitations 
(Davidson et al. 2002; Pumpanen et al. 2004). The main 
disadvantages of dynamic flux chambers are the strong 
dependence on the measured flux of the applied flushing 
air flow (Gao and Yates 1998; Wallschläger et al. 
Wallschlager et al. 1999; Lindberg et al. 2002; Eckley 
et al. 2010; Gallego et al. 2014) and of any significant air 
pressure difference between the inside and outside of the 
chambers (Kanemasu et al. 1974; Lund et al. 1999; 
Davidson et al. 2002; Pumpanen et al. 2004). The 
often-cited disadvantages of static flux chambers are 
underestimation of the pollutant vapour flux due to a 
pressure increase in the chamber headspace during in­
stallation of the device (Pumpanen et al. 2004; 
Christiansen et al. 2011; Rochette  2011; Gallego et al. 
2014) or due to pollutant accumulation in the chamber 
headspace after starting the measurements (Gao and 
Yates 1998; Davidson et al. 2002; Pumpanen et al. 
2004; Hudson  and  Ayoko  2008)  or  disturbances of the  
pollutant vapour flux due to punctuated gas sampling 
(Bekku et al. 1995; Christiansen et al. 2011). At a low 
flushing air flow, dynamic chambers produce the same 
underestimation of the pollutant vapour flux as static 
flux chambers due to pollutant accumulation in the 
chamber headspace after starting the measurement 
(Gao and Yates 1998; Lindberg et al. 2002; Eckley 
et al. 2010). A pollutant vapour accumulation in the 
chamber headspace decreases the vapour gradient be­
tween the near-surface soil air and the chamber indoor 
air and thus decreases the natural diffusive flux crossing 
the soil surface. Positive and negative relative driving 
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pressures between the chamber indoor air and the near-
surface soil air generate artificial advective vapour 
fluxes across the soil surface, and thus modify the va­
pour flux measured in the flux chamber. Moreover, 
except the flux chamber designed by Tillman (2003), 
all static flux chambers, which are closed by definition, 
and closed dynamic chambers allow for quantification 
of only the diffusive part of the total vapour flux emitted 
by the underlying subsurface source zone. 

In the past, a large number of flux chambers differing 
greatly in shape, size and operating conditions have 
been used to measure vapour fluxes (Hudson and 
Ayoko 2008). Studies comparing the measured flux 
using various devices indicated substantial differences 
(Lindberg et al. 2002; Pumpanen  et  al.  2004; Eckley 
et al. 2010; Pihlatie et al. 2013). Regardless of any air 
pressure difference between the inside and outside of the 
chamber, these differences have been explained by the 
operation mode (static or dynamic) or the choice of the 
flow rate of air flushing in dynamic flux chambers, by 
the geometric characteristics of the flux chamber 
(Pihlatie et al. 2013; Eckley  et  al.  2010) or by the lack 
or an excessive speed of a mixing fan in the chamber 
headspace (Christiansen et al. 2011; Pumpanen  et al.  
2004). 

The paper reports new findings on methodological 
aspects of and uncertainties in the evaluation of DNAPL 
vapour fluxes at the soil surface under both transient and 
steady-state conditions of the vapour plume. The pollut­
ant chosen was TCE, the solvent that is found most 
frequently in groundwater throughout the world 
(Lerner et al. 1991). We discuss the results of large-
scale vapour plume experiments with a well-defined 
TCE spill, including a sequential raising and lowering 
of the water table, in which the TCE vapour fluxes at the 
soil surface were experimentally quantified in two ways: 
(i) directly, with measurements at the soil-air interface 
using various closed flux chambers and operational 
modes under both transient and steady-state conditions 
of the vapour plume, and (ii) indirectly, using a quasi-
analytical approach based on soil gas and water content 
measurements and taking into account Fickian diffusion 
and advection. The tested operational modes of the flux 
chambers included a static configuration and two closed 
dynamic configurations at very low flow rates of air 
flushing. In one of the two dynamic configurations, a 
carbon trap was used to limit the accumulation of TCE 
vapour in the chamber headspace. A few studies used 
flux chambers that limit pollutant vapour accumulation 

in the headspace (Nômmik 1973; Nay et al. 1994; 
Tillman et al., 2003; Miola et al. 2015), but the 
nonsorbed pollutant part could not be taken into ac­
count. In our method of limiting the TCE vapour accu­
mulation in the chamber headspace, the sorbed and 
nonsorbed pollutant parts were taken into account in 
vapour flux calculations. The use of this quasi-
analytical approach in parallel with the direct measure­
ment of the vapour flux using flux chambers allowed not 
only  a  comparison of estimated  TCE  vapour fluxes with  
those measured but also the assessment of the advective 
part of the TCE vapour flux that is not taken into 
account by traditional closed flux chamber measure­
ments. The tests of the various operational modes of 
the flux chambers focused on the effect of both the 
accumulation of the TCE vapour in the chamber head-
space and the air circulation on the estimation of the 
diffusive mass flux. The tests of the various flux mea­
surement devices using the same operational mode 
allowed for highlighting of the impact of the geometry 
of the flux chamber on the measured TCE flux. 

2 Materials and methods  

2.1 Experimental setup 

The Site Contrôlé Expérimental de Recherche pour la 
réhabilitation des Eaux et des Sols (SCERES) facility is 
a watertight basin that is 25 m long, 12 m wide and 3 m 
deep which is protected against rainfall by a fixed roof 
(Fig. 1). The hydraulic gradient, flow rate, water table 
levels and water sampling can be managed and moni­
tored in two pits located at the upstream and down­
stream ends of the basin. SCERES recreates a three-
layer alluvial aquifer system with two local less-
permeable inclusions. The three-layer aquifer from top 
to bottom was composed of fine-grained sand with a 
thickness  of  0.5  m  (hydraul ic  conduct ivi ty  
K∼0.00005 m s−1), a medium-grained sand with a low 
organic content (foc=0.09 %, based on NF T 31-109) 
and a thickness of 2 m (hydraulic conductivity 
K∼0.0008 m s−1), and coarser sand with a thickness of 
0.5 m (K∼0.006 m s−1). The two local less-permeable 
inclusions composed of the fine-grained sand measured 
1 m×1m×0.5 m and 2 m×2m×0.8 m and were  inserted  
in the medium-grained sand 7.5 to 8.5 m from the 
upstream wall and 5.5 to 6.5 m from the lateral wall 
and 7.5 to 9.5 m from the upstream wall and 5 to 7 m 
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from the lateral wall, respectively (Fig. 1). An artificially 
fissured concrete slab with a thickness of 0.13 m 
(K∼0.00002 m s−1) was placed on the surface of the 
SCERES model over a 0.13-m-thick gravel layer. 

The experimental setup has been the subject of various 
large-scale studies (recent examples include Dridi et al. 
2009; Marzougui-Jaafar 2013; Traverse  et al.  2013). The 
basin was equipped with many measuring devices (e.g., 
anemometers, thermo-hydrometers, time-domain reflec­
tometers, capacitive probes, and pressure probes), several 
monitoring wells and a spatial network of air and water 
sampling points at various depths (Fig. 1). Gas sampling 
was performed using 1-cm-internal-diameter copper tubes 
fitted at their tips with a 4-cm-long screened head and 
covered with textile membranes. Available sampling 
depths were 0.2, 0.4, 0.6 and 0.9 m. The piezometer used 
in this study, designated P4, was located near the TCE 
source zone. The relative pressure measurements of the 

soil air were performed using high-sensitivity pressure 
probes (Greisinger GMH 3151) connected to flexible 
Teflon tubes fitted at their tip with a hydrophobic cup 
driven into the soil. Relative pressure measurements were 
taken at depths of 0.25, 0.45, 0.65 and 1.25 m. The vertical 
water content profile of the porous medium was measured 
using capacitive probes (Sentek EnviroSMART). Water 
content profile S2 crossed the fine and medium sand 
layers, whereas profile S1 also crossed the two low-
permeability block inclusions. The depth of investigation 
was 1.45 m along S1  and 1.95 m along S2, with near­
surface measurements at 0.15 and 0.25 m along S1 and at 
0.05, 0.15 and 0.25 m along S2. 

2.2 Experimental conditions 

DNAPL vapour migration experiments were conducted 
in the unsaturated zone of the artificial alluvial aquifer 

Fig. 1 Top view and central vertical cross section of the SCERES facility (Strasbourg-Cronenbourg, France) 



Water Air Soil Pollut (2015) 226: 356 Page 5 of 20 356 

for 2 months in 2011 and 2012 (Marzougui-Jaafar 2013). 
To create a DNAPL source zone, 3.9 and 5.5 L of TCE as a 
pure phase were allowed to infiltrate the vadose zone in 
2011 and 2012, respectively, 0.55 m beneath the soil 
surface, between 10.85 m and 11.35 m from the upstream 
wall and 5.75 m from both lateral walls. Day 0 of each 
experiment was the day of the creation of the source zone. 
The injection device was described in detail by 
Marzougui-Jaafar (2013). The main hydraulic conditions 
of this study were defined by a 1.2-m-thick saturated zone, 
a pore water velocity of 0.85 m day−1 in the medium sand 
and a highly water-saturated level at the base of the fine 
sand (see Fig. 1). In the 2011 experiment, 50 cm of raising 
followed up by 50 cm of lowering of the water table were 
created, respectively, on days 31 and 33. Raising and 
lowering of the water table in the SCERES facility were 
realised by raising and lowering weirs located in technical 
pits and connected to the upstream and downstream tanks. 
In the platform centre, the maximum rates of raising and 
lowering of the water table were approximately 1.7 and 
2.1 cm in 10 min, respectively. Later, the spatial distribu­
tion of the TCE vapour plume was strongly modified 
during various experiments conducted at the soil/air inter­
face or on the concrete slab. For example, on day 26, mass 
flux tests across the concrete slab were performed. Eight 
days later, the existing slab was replaced by a more-
permeable concrete slab to change the boundaries condi­
tions of the vapour plume within the frame of another 
experiment (Marzougui-Jaafar 2013). Then, on day 38, 
other mass flux tests across the concrete slab were con­
ducted, and between day 43 and day 47, additional flux 
chamber tests were performed. 

TCE vapour fluxes weremeasured at sampling points 
GM1, GA1 and GL, which were located, respectively, 
upstream, downstream and laterally of the TCE source 
zone (see Fig. 1). The distances between GM1, GA1 and 
GL and the source zone centre were 2.1, 2.95 and 2.1 m, 
respectively. Vertical TCE vapour fluxes were experi­
mentally determined in two ways: by direct flux moni­
toring at the soil-air interface using flux chambers (see 
Sect. 2.3) and by flux evaluation based on near-soil 
surface measurements of TCE concentrations in the soil 
air using a quasi-analytical approach (see Sect. 2.4). 

2.3 Vapour flux monitoring at the soil surface using flux 
chambers 

To monitor the TCE vapour fluxes at the soil surface, five 
flux chambers, designated CF1, CF2, CF3, CF4 and CF5 

(Table 1), were used. The majority of the measuring de­
vices were installed on the surface of the facility by em­
bedding the chamber edges 3 cm deep in the soil, except 
for CF1, which was placed on the soil surface. Only CF2 
and CF4 were equipped with a small fan to homogenise 
the TCE vapour concentration in the chamber headspace. 
The individual cross sections and volumes ranged, respec­
tively, from 7 to 25 dm2 and from 3 to 64 L. 

Flux measurements were performed in three ways: (i) 
with TCE vapour accumulation in the chamber and 
occasional concentration measurements in the chamber 
(method used by Pihlatie et al. 2013; Sihota et  al.  2013; 
Wang et al. 2013; Yu et al.  2013; Happell et al. 2014), 
(ii) with TCE vapour accumulation in the chamber and 
applying a recirculation of air at a low flow rate (method 
used by Di Francesco et al. 1998; Pumpanen  et  al.  2004; 
Christiansen et al. 2011), and (iii) without TCE vapour 
accumulation in the chamber and applying air recircu­
lation at a low flow rate (method used by Jellali et al. 
2003). The absence of vapour accumulation in the 
chamber was due to a carbon trap (Supelco, activated 
carbon trap Orbo 32) placed in the air recirculation 
circuit. With method (i), the total sampled volume for 
pollutant concentration measurements was low com­
pared to the internal volume of the flux chambers. 
With methods (ii) and (iii), the flux chambers worked 
in a closed-circuit manner with recirculation of the 
vapours to avoid forced suction of soil gas. The flux 
chambers using method (i) were so-called static flux 
chambers, whereas flux chambers using methods (ii) 
and (iii) were so-called closed dynamic flux chambers 
(Hudson and Ayoko 2008). Note that all three flux 
measurement methods allowed quantification of only 
the diffusive part of the TCE vapour flux crossing the 
soil surface because the walls of the chamber were no-
flow boundaries. 

TCE vapour fluxes at the soil surface (Fsoil/atm in 
mg m−2 s−1) were calculated specifically for each meth­
od. For methods (i) and (ii), TCE vapour fluxes per unit 
surface were quantified during the transient state of 
vapour transfer in the flux chamber headspace as fol­
lows (Matthias et al. 1980): 

dCch V chFsoil=atm ¼ � ð1Þ 
dt Ach 

where dCch (mg m−3) is the variation of the TCE vapour 
concentration in the chamber during dt (s), Vch (m

3) is  
the net volume of the chamber, and Ach (m

2) is the 
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Table 1 Characteristics of the  flux  chambers  

Name CF1 CF2 CF3 CF4 CF5 

Pattern 

Height (m) 

Net area (m2) 0.066 0.073 0.088 0.25 0.20 

Net volume (m3) 0.0032 0.019 0.021 0.028 0.064 

Material Stainless steel Polyvinyl chloride High-density Polycarbonate Polymethyl methacrylate 
polyethylene 

measured area on the soil surface. Based on the principle 
of vapour accumulation within the chamber, the slope of 
the measured vapour concentration-time curve early in 
the test is generally used to quantify the time derivative 
of Eq. (1). 

For method (iii), the TCE vapour flux per unit surface 
during a given time period was calculated using (Jellali 
et al. 2003) the equation 

Fsoil=atm ¼ ðmads þ Cch � VchÞ ð2Þ
Δt � Ach 

where mads (mg) is the TCE mass adsorbed on the 
charcoal trap, Cch (mg m−3) is the TCE vapour concen­
tration in the chamber headspace, and Δt (s) is the 
measured time interval. 

For methods (i), (ii) and (iii), the TCE vapour con­
centration in the chambers were measured either with 
portable photo-ionisation detectors (MiniRAE 2000, 
RAE Systems) or with a multigas monitor equipped 
with a photo-acoustic infrared detector (model 1312, 
INNOVA). The detection limit of the portable photo­
ionisation detectors RAE was 0.5 mg m−3 (at 20 °C), 
with an experimental relative measurement uncertainty 
of about 5 %. The detection limit of the multigas mon­
itor equipped with a photo-acoustic infrared detector 
INNOVA was 0.4 mg m−3 (at 20 °C), with a drift of 
about ±2.5 % of measured value per 3 months. 
Additionally, for method (iii), the TCE mass adsorbed 
on the charcoal was analysed after desorption in hexane 
containing dodecane as the internal standard (Jellali 
et al. 2003) using gas chromatography with a flame 
ionisation detector (Chrompack, CP 9000). The analysis 
lasted 10 min, and a volume of 0.5 μL was injected in 
the device using on-column injection mode. The tem­
perature of the injector was 250 °C, and the oven 

temperature varied between 40 and 250 °C. For method 
(ii), the air recirculation was produced either with the 
internal pump of the photo-acoustic device INNOVA or 
with the internal pump of a portable photo-ionisation 
detector, whereas for method (iii), a peristaltic pump 
(Masterflex) was used. 

All flux measurements spanned 35 min, and for 
methods (ii) and (iii), the air recirculation flow rate 
was 0.5 L min−1. During all measurements, the driving 
pressure difference between the air inside and outside of 
the chamber was monitored. A significant pressure dif­
ference can be generated, for example, by a high air flow 
rate used for air recirculation. Note that even low pres­
sure differences of approximately 1 Pa may cause mass 
flux errors (Kanemasu et al. 1974; Lund  et  al.  1999; 
Pumpanen et al. 2004). 

2.4 Prediction of vertical vapour fluxes based  
on a quasi-analytical approach 

In the vadose zone, the TCE vapour flux combines a 
diffusive portion governed by Fick’s law and an advec­
tive portion governed by the Darcy’s law that depends 
mostly on the driving pressure gradient between the soil 
and the atmosphere and on the density gradient between 
the gas mixture (soil air containing TCE vapour) and pure 
soil air. Generally, the dispersive mass flux of vapours is 
neglected. The total TCE vapour flux in the vertical (z) 
direction Fz (mg m−2 s−1) can be expressed as follows 
(Mendoza and Frind 1990; Marzougui et al. 2012): 

Fz ¼ −Deff dCa 
a dz 

þ Ca − 
krak

*ρairg dHa
* 

þ 
ρa−ρair ð3Þ 

μa dz ρair 
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where Da
eff (m2 s−1) is the effective air diffusion coeffi­

cient, z (m) is the elevation (note that in our case, z=0 
corresponds to the soil surface), Ca (mg m−3) is  the  
pollutant vapour concentration, kra (−) is the relative gas 
permeability, k* (m2) is the intrinsic permeability, ρair 
(kg m−3) is the density of the uncontaminated soil air, g 
(m s−2) is the gravity acceleration constant, μa (Pa s) is the 
dynamic gas viscosity, Ha* (m) is the pneumatic head of 
the gas mixture, and ρa (kg m−3) is the density of the gas 
mixture. It is assumed that the gas density is not signifi­
cantly influenced by the gas pressure because the variations 
of pressure in time and space are not expected to be large. 

The estimation of soil gas diffusivity is a major 
source of uncertainty in this type of quasi-analytical 
approach in field experiments (Maier and Schack-
Kirchner 2014). In this study, to estimate the effective 
gas diffusion coefficient, the empirical expression de­
veloped by Millington and Quirk (1961) was used: 

Deff ¼ SaετaD
0 ¼ S10=3ε4=3D0 ð4Þa a a a 

where Sa (−) is the gas saturation of the porous medium, 
ε (−) is the porosity, τa (−) is the tortuosity of the 
porous medium with regard to soil air and Da

0 

(m2 s−1) is the free air diffusion coefficient. 
The diffusion coefficient, which is dependent on the 

temperature, was expressed by Grathwohl (1998) as  
follows: 

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
10−6ðTa þ 273:15Þ1:75 ð1=Mair þ 1=MTCE  Þ D0 ¼a � �2


Pa Vair 
1=3 þ VTCE  

1=3


ð5Þ 
where Ta (°C) and Pa (Pa) represent the temperature and 
pressure of the gas mixture, Mair and MTCE (g mol−1) are  
the molar masses of the uncontaminated soil air and of the 
TCE, respectively, and Vair and VTCE (m

3 mol−1) represent  
the molar volume of the TCE-free soil air and of the TCE. 

To express the relative gas permeability, the 
Campbell-Mualem formulation introduced by Tuli 
et al. (2005) combined with the equivalence of the Van 
Genuchten parameter m and the Brooks-Corey parame­
ter λ given by Morel‐Seytoux et al. (1996) was used: 

aakra ¼ ð1−S�wÞ
h 
1−S�w 

1=m 
i2 

ð6Þ 

where S̄  
w (–) is the effectivewater saturation of the porous 

medium and aa denotes the tortuosity-connectivity pa­
rameter for gas flow in the porous medium. In our study, 
we set aa equal to 0.5 (Marzougui-Jaafar 2013). 

According to Thomson et al. (1997), when the com­
pressibility term is neglected, the density of the gas 
mixture can be expressed as follows: 

Mair ρa ¼ 10−6Ca 1− þ ρair ð7Þ 
MTCE  

In a similar way, the dynamic gas viscosity μa was 
expressed using a linear approximation between the 
fresh air viscosity and the TCE saturated air viscosity. 

The pneumatic head (Ha*) was obtained using the 
equation (Lusczynski 1960; Mendoza and Frind 1990) 

H*≡z þ 
Pa ¼ 

Pm ð8Þa
 ρairg ρairg


where Pm (Pa) is the driving pressure of the gas mixture. 
Numerical values of the physical and chemical prop­

erties of the TCE and the fine sand are given in Table 2. 
The vertical TCE vapour concentration gradients 

near the soil surface were estimated from the difference 
between the measured TCE vapour concentration at a 
soil depth of 0.2 m and the TCE vapour concentration at 
the soil surface. Because the TCE vapour concentrations 
measured 5 cm above the soil surface were several 
orders of magnitude lower than those measured at a 
depth of 0.2 m, we neglected the TCE concentration at 
the soil surface when calculating the vertical TCE va­
pour concentration gradient. The INNOVA photo-
acoustic device was used to measure the soil TCE 
concentrations. Because there was no pressure probe 
available at a depth of 0.2 m, the pressure gradients of 

Table 2 Physical and chemical properties of trichloroethylene at 
20 °C and properties of the fine-grained sand 

Property Value Reference 

TCE 

Density ρ [kg m−3]  1.46  Dridi  2006 

Molar mass MTCE [g mol−1]  131.39  – 

Molar volume VTCE [m
3 mol−1] 9.4×10−5 Reid et al. 1977 

Saturated vapour viscosity 1.7×10−5 Cotel 2008 
μa, sat [Pa s] 

Saturated vapour concentration 0.42 Ideal gas law 
Ca, sat [kg m−3] 

Sand 

Total porosity ε [–]  0.43  Dridi  2006 

van Genuchten parameter 0.92 Dridi 2006 
m [–] 

Intrinsic permeability k* [m2]  5.1×10−12 Dridi 2006 
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the soil gas were quantified from the measured values 
obtained between pressure probes installed at a depth of 
0.25 m and at the soil surface, except for the gas sam­
pling point GM1, where no pressure probe was 
installed. Because there was no measurement of water 
saturation available at the soil surface and at a depth of 
0.2 m, water saturation measured at a depth of 0.15 m 
was considered to be representative in all our predictions 
of vertical TCE vapour fluxes. 

Note that using the quasi-analytical approach to eval­
uate the TCE vapour flux at the soil-air interface is even 
more accurate when the steady state of the pollutant 
vapour plume near the soil surface is reached. 

During the TCE vapour migration experiment con­
ducted in 2011, both the transient and the steady-state 
transport conditions of the vapour plume were studied. 
The TCE vapour concentrations (see Sect. 3.1) and the 
TCE vapour fluxes from the soil to the atmosphere (see 
Sect. 3.2) were monitored. In the TCE vapour experi­
ment of 2012, the main goal was to study the steady-
state vapour plume to compare the TCE vapour fluxes 
measured using the various flux chambers at various 
operation modes (see Sect. 3.3). 

3 Results and discussion 

3.1 Fate of the TCE vapour plume 

The TCE vapour concentrations were monitored at points 
GM1, GL and GA1 at various depths, and the water 
saturation was measured along profiles S1 and S2, where 
capacitive probes were already installed (see Fig. 1). 
Figures 2a–c and 3 show the vertical TCE vapour con­
centration profiles and water saturation profiles at the 
three monitoring points at five times: at the beginning 
of the experiment (day 0), at day 5, at day 30 (before 
raising the water table), at day 31 (just after raising the 
water table) and at day 33 (just after lowering the water 
table). Furthermore, Fig. 2d shows the detailed TCE 
vapour concentration at a depth of 0.2 m at the three 
monitoring points during the first period of the experi­
ment. According to manufacturer data, there is ±2.5 % 
uncertainty (including the range drift during the experi­
ment) in concentration measurements using the INNOVA 
photo-acoustic device. There is ±3.4 % uncertainty in 
water saturation measurement using the Sentek 
EnviroSMART sensors. Because uncertainties in high 
concentration and water saturation values are slightly 

larger than the corresponding symbols used in the graphs, 
it was difficult to depict them in Figs. 2 and 3. 

During the first 30 days after creation of the source 
zone, the measured TCE vapour concentrations increased 
with time at all sampling points. This trend was due to the 
development of the TCE vapour plume from the source 
zone. At a depth of 0.2 m, the TCE vapour concentration 
increased over 30 days at GA1 and GL, whereas at GM1, 
the increase began to diminish strongly 14 days after the 
TCE injection. Between day 20 and day 26 (inclusive), the 
average daily increase in TCE vapour concentrations was 
3.1 % at sampling point GA1 and 14.2 % at GL. Between 
day 14 and day 26 (inclusive), however, it was 0.4 % at 
sampling point GM1, indicating that steady-state vapour 
transport had already been reached at GM1 at day 14 but 
had not yet been reached at sampling points GA1 and GL, 
even before raising of the water table (at day 30). The 
raising of the water table caused a general significant 
increase in TCE concentrations in the soil. The upward 
movement of the water table induces a driving pressure in 
the soil air resulting in an advective vertical mass flux of 
high vapour concentrations toward the soil surface. During 
the lowering of the water table, however, the TCE vapour 
concentrations decrease because the downward-oriented 
gradient of the driving pressure in the soil air caused an 
air flow with low TCE vapour concentration from the soil 
surface to extend deeper into the soil, thereby diluting the 
initial high vapour concentrations. These temporal varia­
tions caused by the water table fluctuations were greater in 
the soil in the upper 40 cm (Fig. 2a–c). 

From the first days after creation of the TCE source 
zone, the concentrations observed at the three monitor­
ing points were much higher at depth than those ob­
served near the soil surface. During steady-state trans­
port conditions, the TCE vapour concentrations mea­
sured at depths of 0.9 and 0.2 m were, respectively, 19 
and 5.1  g m−3 at GM1, 31 and 1.4 g m−3 at GL and 34 
and 1.3  g m−3 at GA1. The preferential migration of 
TCE vapours from the source zone toward the saturated 
zone was due not only to density-driven advection but 
also due to molecular diffusion, which was greater 
downward than upward. Indeed, the water content was 
much higher in the fine sand layer than in the underlying 
medium sand (Fig. 3a), thereby resulting in an effective 
gaseous diffusion coefficient that was lower in the sur­
face sand layer than elsewhere. For example, the mean 
effective gas diffusion coefficient obtained from Eq. (4) 
was 1.1×10−7 m2 s−1 at z=−0.45m and 1.5×10−6 m2 s−1 

at z=−0.55 m. 
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Fig. 2 TCE vapour concentrations measured at sampling points: TCE vapour profiles at a GA1, b GL, c GM1 and d TCE vapour 
concentrations at GA1, GL and GM1 at a depth of 0.2 m as function of time 

Just before raising of the water table, the shape of the 
vertical profile of TCE vapour concentrations measured 
at GL and GA1 were similar. Down to a depth of 0.2 m, 
the concentration gradient was low: 7.1 g m−4 at GL and 
6.6 g m−4 at GA1. The concentration gradients observed 
between depths of 0.2 and 0.9 m were much greater; for 
example, at GL and GA1, the mean gradients were 
approximately 47 and 54 g m−4, respectively. At sam­
pling point GM1, the observed vertical TCE concentra­
tion profiles differed from those at GL and GA1. Here, 
the gradients were high and relatively constant between 
the soil surface and at a depth of 0.6 m, with a mean 
value of approximately 26 g m−4, and very low between 
depths of 0.6 and 0.9 m, with a mean value of 

approximately 9 g m−4. This distribution may be ex­
plained by the presence of one of the two low-
permeability block inclusions located upstream of the 
monitoring point (see Fig. 1). The observed high water 
content between depths of 0.8 and 1.45 m (Fig. 3b) 
significantly reduced the effective gaseous diffusion 
coefficients in this area and thus hindered the upstream 
diffusive transport of the vapour plume. Because the 
vertical diffusive vapour flux at GM1 was greater than 
at GL and GA1, the TCE vapour concentrations ob­
served near the soil surface in the upper fine sand layer 
at this sampling point were therefore also greater. 

Conversely, just before raising of the water table, the 
TCE vapour concentrations measured at depths below 
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Fig. 3 Water saturation profiles measured with capacity probes a S2, profile without low-permeability blocks, and b S1, profile across the 
upper of the two low-permeability blocks 

0.6mwere generally greater at GA1 andGL than at GM1.  
In fact, GA1 and GM1 were, respectively, located down­
stream and upstream of the source zone. However, once 
reaching the groundwater, the low solubility and high 
density of the TCE vapours caused advective vapour flux 
toward the capillary fringe of the aquifer and in the flow 
direction of the groundwater. The TCE vapour concentra­
tions were therefore greater at GA1 than at GM1. At GL, 
which was located laterally and slightly downstream of 
the source zone, the measured TCE vapour concentrations 
were thus between those of GM1 and GA1. 

In Sect. 3.2.2, the vertical profiles of both the concen­
tration and water content are used in the evaluation of the 
TCE vapour flux based on the quasi-analytical method. 

3.2 TCE vapour fluxes at the soil surface 

TCE vapour fluxes from the soil to the atmosphere were 
monitored in two ways at sampling points GM1, GL and 
GA1: using measurements at the soil-air interface using 
flux chambers (Sect. 3.2.1) and using the quasi-
analytical approach (Sect. 3.2.2). 

3.2.1 Measured fluxes using a flux chamber  

The TCE vapour fluxes were monitored at the soil-air 
interface with flux chamber CF3. This flux measurement 
involved no vapour accumulation in the chamber (see flux 
measurement method (iii), Eq. (2)). TCE concentrations in 

the chambers were measured using the INNOVA photo-
acoustic device. During the large-scale experiment, ap­
proximately 20 TCE vapour flux measurements were 
performed at GA1, 12 at GL and 16 at GM1 (Fig. 4). 
These measurements included gas sampling during the 
raising and lowering of the water table, except at GL, 
where no measurement was performed during the raising  
step (Fig. 4). At the same time, the water table level was 
measured in piezometer P4. Uncertainty in the water level 
measurement was assumed to be equal to 0.002 m, and 
uncertainties in the measured  TCE mass fluxes could  be  
estimated within the range of 8.8 and 10.5 % using a total 
derivative expansion for correlated variables (details are 
presented in the Appendix A). 

The TCE vapour flux observed at GM1 was still much 
greater than the values observed at GA1 and GL which 
were in the same order of magnitude. This finding is 
directly linked to the measured TCE concentration gradi­
ent observed near the soil surface, which was high at 
GM1 and similarly low  at  GA1 and GL (see Fig.  2a–c). 

At all sampling points, before raising of the water 
table, the TCE vapour fluxes increased rapidly during 
the first time period due to the expansion of the vapour 
plume. Then, the increases in mass fluxes slowed weakly 
or gradually depending on the sampling point location 
when the TCE vapour concentration approached the 
steady-state transport condition. Between day 17 and 
day 28 (inclusive), the mean daily increase in TCE vapour 
flux was approximately 13 % at sampling point GA1 and 
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Fig. 4 Water table level 
monitored in P4 and TCE vapour 
fluxes measured at sampling 
points GA1, GL and GM1 

9.7 % at sampling point GL, whereas between day 14 and 
day 28 (inclusive), it was approximately 1.6 % at sam­
pling point GM1. This finding clearly indicates that the 
steady state of the vapour plume had already been reached 
at GM1 at day 14 but had not been completely achieved at 
sampling points GA1 and GL before raising of the water 
table. This observation is consistent with the state of the 
plume indicated by the follow-up of the TCE vapour 
concentrations monitored near the soil surface soil at each 
of the three sampling points (see Fig. 2d). 

The raising of the water table contributed to a high 
increase in TCE vapour fluxes: nearly ten and four times 
the initial fluxes at GM1 and GA1, respectively. This 
increase can be explained by the substantial increase in 
TCE vapour concentrations in the unsaturated zone near 
the soil surface due to upward advective flux induced by 
driving pressure (see Fig. 2a–c). After stabilisation of the 
water table, once the driving pressure of the soil air reached 
its initial equilibrium state, the TCE vapour flux decreased 
strongly. Over 20 h, the TCE vapour flux decreased by 
75 % at GA1 and by 59 % at GM1. Rebalancing of the 
vapour profile of TCE in the unsaturated zone, i.e., be­
tween the atmospheric air slightly charged byTCEvapours 
and the strong TCE vapour concentrations in the lower part 
of the vadose zone, caused rapid depletion of the first layers 
of the soil air near the soil surface, which resulted in very 
low TCE vapour fluxes. For example, at a depth of 0.2 m, a 
comparison of the TCE vapour concentrations at the end of 

the raising step with those 19 h afterward indicates de­
creases of 29 % at GA1 and 56 % at GM1. 

Conversely, lowering of the water table should cause a 
decrease in TCE vapour fluxes at the soil surface because 
the TCE vapour concentrations measured near the soil 
surface decrease (see Fig. 2a–c) due to downward advec­
tive fluxes induced by the driving pressure gradient and 
dilution by atmospheric air with low TCE vapour con­
centration from the soil surface. However, this pattern was 
present only at GM1, where there was a decrease in the 
vapour flux of approximately 67 %. At GA1 and GL, the 
vapour fluxes increased by as much as 310 and 170 %, 
respectively. This unexpected result was most likely due 
to a strong increase in the soil temperature during the 
lowering step. Note that the temperature at the soil surface 
increased from an average of 18.9 to 26.8 °C during flux 
measurements at sampling points GL and GA1. However, 
at sampling point GM1, the temperature decreased from 
21.6 to 16.7 °C during the measurements. A temperature 
increase is usually accompanied with an increase in both 
the molecular diffusion coefficient of TCE vapours and 
the TCE saturation concentration in the gas phase near the 
source zone (Cotel 2008). Note that in the present study of 
flux measurements, only the indirect effects of water table 
raising and lowering, such as the modified distribution of 
TCE vapour concentration in the unsaturated zone, were 
taken into account; the closed flux chambers did not allow 
for any measurements of advective vapour fluxes. 
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Once the water level reached its initial state, two peaks 
of TCE vapour fluxes were particularly evident at GM1 
and GA1 on day 34 and day 46. The first peak was likely 
caused by the replacement of the concrete slab by a more-
permeable one; the second peak resulted from additional 
flux chamber tests (see Sect. 2.2). The removal of the 
concrete slab most likely caused a suction of highly 
concentrated TCE vapours from deeper soil horizons to 
the soil surface and thus contributed to an increase in 
diffusive fluxes of TCE vapour at the soil-air interface. 
The additional flux chamber tests conducted between day 
43 and day 47 may have also strongly disturbed the TCE 
vapour plume in the vadose zone near the soil surface. 

3.2.2 Estimated fluxes using the quasi-analytical 
approach 

TCE vapour fluxes were calculated using Eq. (3). 
Uncertainties of approximately 16.5 and 16.1 % in the 
diffusive and advective portions, respectively, of the 
predicted fluxes were estimated based on the total de­
rivative expansions for correlated variables (for details, 
see Appendix B). 

Figure 5 presents the diffusive and advective vapour 
fluxes between a depth of 0.2 m and the soil surface at 
the three sampling points. The corresponding advective 
part of mass flux at point GM1 could not be calculated 
because there was no pressure sensor placed near this 
sampling point (see Fig. 1). 

The calculated vapour fluxes display essentially the 
same trends as the measured vapour fluxes: the predicted 
TCE vapour flux at GM1 nearly always exceeded the 
calculated value at sampling point GA1 or GL. An initial 
period of increase in diffusive vapour fluxes during the 
establishment of the TCE vapour plume was followed, on 
day 31, during the groundwater raising, by a stronger 
increase in these mass fluxes. At the end of the experiment, 
the diffusive TCE vapour fluxes diminished greatly due to 
the depletion of the TCE source zone. However, contrary to 
the mass fluxes measured at the interface soil/air, the diffu­
sive TCE vapour fluxes calculated using Fick’s law strong­
ly decreased in accordance with the expected decrease in 
vapour flux, on day 33, during the groundwater lowering. 

The calculated advective vapour fluxes were very low, 
apart from the groundwater raising and lowering periods. 
Advection was therefore only gravitational, and because 
the TCE vapour concentrations near the soil surface were 
very low, the advective mass fluxes were also low. 
Between a depth of 0.2 m and the soil surface, the 

maximum ratio between the density-driven advective 
fluxes and total mass fluxes were 0.47 % at sampling 
point GA1 and 0.16 % at GL. The density-driven advec­
tion was thus negligible during our experiment. During 
the groundwater raising and lowering, the TCE advective 
vapour fluxes, which were principally linked to gradients 
of the driving pressure, were significant although distinct­
ly lower than the diffusive TCE vapour fluxes. Between a 
depth of 0.2 m and the soil surface, they represented, for 
example at GA1, approximately 10.8 % of the total flux 
during the raising stage and 13.6 % of the total flux during 
the lowering stage. During the raising and lowering, the 
calculated advective vapour fluxes of TCE were greater in 
deeper soil horizons than near the soil surface due to the 
increase in recorded driving pressure gradients with depth. 

3.2.3 Comparison of measured and calculated TCE 
vapour fluxes 

Figure 6 shows a comparison between mass fluxes mea­
sured at the soil/air interface and diffusive fluxes calcu­
lated using Fick’s law between a depth of 0.2 m and the 
soil surface at sampling points GA1, GL and GM1. 

Before raising of thewater table, the TCEvapour fluxes 
measured at sampling points GA1 and GL were often 
much lower than the estimated vapour fluxes calculated 
between a depth of 0.2 m and the soil surface. However, at 
sampling point GM1, from day 11, the measured and 
calculated mass fluxes were very close. Indeed, at GM1, 
the vapour plume had already achieved steady-state trans­
port conditions on day 14, whereas at GA1 or GL, steady-
state conditions were not reached even on day 30 (see 
Sects. 3.1 and 3.2.1). Because steady-state transport had 
not yet been reached, the TCE gradients near the soil 
surfacewere lower than themean gradient between a depth 
of 0.2 m and the soil surface. The TCE fluxes measured at 
the soil-air interface directly related to these low TCE 
vapour gradients observed near the soil surface were there­
fore lower than the fluxes calculated using Fick’s law and 
based on a mean gradient between a depth of 0.2 m and the 
soil surface. In this case, using Fick’s first law to assess the 
TCE vapour flux from the subsurface to the atmosphere 
caused an overestimation of the diffusive TCE vapour 
flux, all the more important because the vertical concen­
tration profile was far from its equilibrium state. Only 
when steady-state transport was reached, the calculated 
diffusive mass fluxes between a depth of 0.2 m and the 
soil surface were representative of the diffusive mass 
fluxes at the soil-air interface (Dridi and Schäfer 2006). 
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Fig. 5 Diffusive, advective and total TCE vapour fluxes calculated between a depth of 0.2 m and the soil surface at sampling points a GA1, 
b GL and c GM1 

While the water table was raised, the ratio of the 
measured vapour flux to the calculated diffusive vapour 
flux increased greatly. The raising of the water table 
causes an upward displacement of the TCE vapour 
plume. This resulted, if a steady state was reached 
before the water table raising, in TCE vapour gradients 
near the soil surface much higher than the mean gradient 
between a depth of 0.2 m and the soil surface, based on 

Fig. 6 Water table level 
monitored in P4 and ratio 
between measured TCE vapour 
fluxes and calculated diffusive 
vapour fluxes at points GA1, GL 
and GM1 

the application of Fick’s law. The fluxes measured at the 
soil-air interface governed by these high vapour gradi­
ents near the soil surface were much higher than the 
diffusive fluxes calculated using Fick’s law.  

Following the raising of the water table, the fluxes 
measured at the soil/air interface were significantly af­
fected by a modification of the TCE vapour plume due 
to both the replacement of the concrete slab and 
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additional testing of flux chambers (see Sect. 3.2.1). 
Therefore, it is not very relevant to study the ratio of 
measured and calculated vapour fluxes. 

3.3 Comparison of flux measurements using various 
devices 

In the TCE vapour experiment of 2012, on day 35 after 
creation of the TCE source zone, five flux chamber devices 
(CF1, CF2, CF3, CF4 and CF5) were successively placed 
at measurement points GA1, GL and GM1. At each 
location and for each flux chamber, flux measurements 
were performed using the three previously described 
methods. To measure the TCE vapour concentration with­
in the flux chamber, the INNOVA photo-acoustic device 
was used at GA1, and two portable photo-ionisation de­
tectors were used at GL and GM1. Note that for flux 
measurement method (iii), the TCE mass adsorbed on 
the charcoal was additionally analysed (see Sect. 2.3). 
Using total derivative expansions for correlated variables, 
estimated uncertainties in measured fluxes were within the 
range of 9.2 and 34 %, considering, inter alia, uncertainties 
in the chamber section of 4 % and in the chamber volume 
of 4 % (CF2, CF3, CF4 and CF5) and uncertainties of 
25 % in the net volume of very small flux chamber CF1 
(for details, see Appendices A and C). 

Figure 7 shows the TCE vapour fluxes measured at 
the soil/air interface using the various flux chambers at 
sampling points GA1, GL and GM1. Additionally, for 
comparison purposes, the diffusive mass fluxes calcu­
lated between a depth of 0.2 m and the soil surface using 
Eq. (3), are also shown in the figure. Uncertainties of 

16.5 % in calculated diffusive fluxes were estimated (for 
details, see Appendix B). 

As in the flux measurements of 2011, the TCE va­
pour fluxes monitored at sampling point GM1 exceeded 
those measured at GL or GA1. At each sampling point, 
the vapour fluxes measured using the various flux cham­
bers and the various methods are of the same order of 
magnitude. The relative variability in measured flow is 
reasonable, with a standard deviation of 33 % at GA1, 
18 % at GM1 and 21 % at GL. The highest relative 
variability in fluxes measured at GA1 can be explained 
by the lower values of flux at this point, which made 
their measurement more difficult. 

As in the campaign of 2011, the measured fluxes 
were similar to the diffusive fluxes calculated at GM1 
and much lower at GA1, which may be explained by the 
steady-state condition of the vapour plume that had 
already been reached at sampling point GM1 but not 
at GA1. Contrary to what was observed in 2011, the 
mass fluxes measured at GL in 2012 were similar to the 
calculated diffusive mass fluxes. This pattern could be 
explained by the larger volume of TCE used to create 
the source zone and the delayed flux measurements, 
which left more time for development of steady-state 
conditions of the near-surface TCE vapour plume. 

Figure 8 shows the TCE vapour fluxes measured 
using the various flux chambers and flux measurement 
methods compared to the calculated diffusive fluxes. 
Table 3 summarises the average flux measured using 
each flux chamber and method. 

The geometry of the flux chamber did not have a 
significant effect on the TCE vapour flux measured at 

Fig. 7 TCE vapour fluxes measured at sampling points a GA1, b GL and c GM1 with various flux chambers and diffusive fluxes calculated 
between a depth of 0.2 m and the soil surface 
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Fig. 8 TCE vapour fluxes measured at sampling points GA1, GL and GM1 highlighting the use of a various flux chambers and b various 
flux measurement methods and compared to calculated diffusive TCE vapour fluxes 

the scale of the SCERES facility (Fig. 8a). There was no 
flux chamber associated with systematically higher or 
lower vapour fluxes than the others. The lowest fluxes at 
measuring points GA1, GL and GM1 were obtained 
with flux chambers CF4, CF1 and CF3, respectively. 
The highest fluxes at measuring points GA1, GL and 
GM1 were observed with flux chambers CF2, CF3 and 
CF1, respectively. The impact of the geometry of the 
chamber on the measured vapour fluxes was quite low 
with the measured mean fluxes, regardless of the meth­
od of measurement: between 2.9 and 4.3 μg m−2 s−1 at 
GA1, between 7.5 and 12.3 μg m  −2 s −1 at GL and 
between 12.7 and 18.3 μg m−2 s−1 at GM1 (Table 3). 
However, vapour fluxes measured with certain flux 
chambers were often either very close to the average 
flux measured at a sampling point or far away. Low 
deviations from the averages of 8 and 13 % were ob­
tained with flux chambers CF4 and CF5. High devia­
tions from the average of approximately 18, 25 and 
27 %, were obtained using CF2, CF3 and CF1, respec­
tively. The high deviations in the case of CF2 and CF3 
can be explained by the higher vapour fluxes measured 
in accumulation and recirculation mode at sampling 
point GA1 (see Fig. 7). However, only three locations 
were used for the comparison of the measured vapour 
fluxes with the various methods. The only flux chamber 
that may have had a less appropriate geometry appears 
to be CF1. Even if the results do not differ significantly 
from those obtained with the other flux chambers, its 
small height and volume may have caused large uncer­
tainties in the estimation of measured fluxes. 

The effect of the measuring method on the monitored 
TCE vapour fluxes was also low (Fig. 8b). Regardless of 
the flux chamber used, the mean fluxes varied between 

2.7 and 4.7 μg m−2 s−1 at GA1, between 9.3 and 
11.0 μg m−2 s−1 at GL and between 14.4 and 
17.1 μg m−2 s−1 at GM1 (see Table 3). The vapour 
fluxes did not display a general pattern associated with 
the measuring method. For example at sampling points 
GL and GM1, the measuring method without TCE 
vapour accumulation in the chamber nearly always 
yielded higher vapour fluxes than the two other 
methods, whereas at sampling point GA1, the same 
measuring method yielded the lowest vapour fluxes in 
each flux chamber. On average, the vapour fluxes mea­
sured at GL and GM1 without accumulation were, 
respectively 15 and 17 % higher than the mean flux 
measured using the accumulation methods. However, at 
sampling point GA1, it was 29 % lower than those 
obtained with the accumulation methods. Unlike many 
other studies (e.g., Gao and Yates 1998; Davidson et al. 
2002; Pumpanen et al. 2004), we did not observe a 
significant general underestimation of the measured 
TCE vapour fluxes using the methods with vapour ac­
cumulation in the chamber headspace. There may be 
various explanation for this finding: (i) the volume of 
the flux chambers was rather large for typical static or 
closed dynamic chambers, thereby causing a dilution of 
vapour concentration in the chamber headspace (Hudson 
and Ayoko 2008); (ii) the time interval used for the flux 
measurement was relatively short in accordance with 
recommendations for the use of flux chambers with 
accumulation of vapour in the chamber headspace 
(e.g., Gao and Yates 1998; Davidson et al.  2002; 
Hudson and Ayoko 2008; Rochette 2011); and (iii) the 
chosen flow rate of air recirculation used in the method 
without TCE accumulation was too low to efficiently 
avoid the vapour accumulation in the flux chamber 
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Table 3 Mean fluxes measured (with standard deviation) using the various flux chambers and methods 

Average on the fluxes measured with the three flux Average on the fluxes measured with the five 
measurement methods (μg m  −2 s −1) flux chambers (μg m  −2 s −1) 

Measuring point Flux chamber Flux measurement method 

CF1 CF2 CF3 CF4 CF5 Method (i)a Method (ii)b Method (iii)c 

GA1 3.3±1.0 4.3±1.3 3.8±1.3 2.9±0.6 3.0±0.5 3.0±0.4 4.7±1.2 2.7±0.5 

GL 7.5±1.2 9.3±0.8 12.3±2.2 11.9±0.7 10.0±0.1 10.3±2.2 9.3±2.0 11.0±2.0 

GM1 16.1±4.0 18.3±1.5 12.7±0.6 15.9±1.2 14.4±1.7 14.4±2.5 15.0±1.6 17.1±3.4 

a With TCE vapour accumulation without air recirculation 
b With TCE vapour accumulation with air recirculation at a low flow rate 
c Without TCE vapour accumulation in the chamber 

headspace. Note that the preliminary measurements of 
TCE vapour flux using flux chamber CF3 and an air flow 
rate of 1 L min−1 caused a driving pressure difference 
between the air inside the chamber and the atmospheric 
air that exceeded the desired maximum pressure differ­
ence of 1 Pa. 

Furthermore, based on a comparison of the vapour 
fluxes measured with the accumulation methods, the 
effect of the air recirculation was not significant. For 
example, the vapour fluxes obtained at GA1 and GM1 
with air recirculation often resulted in the highest mass 
fluxes, whereas at GL they were often lowest (see 
Fig. 8b). The vapour fluxes measured with air recircu­
lation in the chamber were 41 and 5 % higher at GA1 
and GM1, respectively, and 10 % lower at GL than those 
obtained without air recirculation. We did not observe a 
significant effect of the mixing fan in flux chambers 
CF2 and CF4 on the measured TCE vapour flux. Our 
findings do not favour any one of the three fluxes 
measuring methods; the three methods yielded vapour 
fluxes with similar averages and variances. Using the 
measuring method without vapour accumulation in the 
chamber, however, has the advantage of monitoring of 
the mass flux under more natural transfer conditions at 
the soil-air interface. Indeed in field sites, pollutant 
vapour concentration in the atmospheric air near the soil 
surface is in general very low due to the instantaneous 
dilution of TCE vapours emanating from the vadose 
zone by the lateral wind. 

4 Conclusions 

Based on controlled TCE vapour plume experiments 
performed on the large-scale artificial aquifer SCERES, 

TCE vapour fluxes at the soil surface were experimentally 
quantified using various flux chambers and operational 
modes under both transient and steady-state conditions of 
the vapour plume and using a quasi-analytical approach 
based on soil gas measurements. 

Upward displacement of the water-air front during 
the controlled raising of the water table increased the 
TCE vapour fluxes measured at the soil surface by 
factors of 4 to 10. At steady-state transport conditions, 
TCE vapour fluxes measured with the flux chambers 
and estimated using the quasi-analytical approach were 
of the same order of magnitude aside from a few dis­
crepancies. In the case where the steady-state of trans­
port of the vapour concentration was not yet reached, the 
TCE vapour flux predicted by the quasi-analytical ap­
proach can greatly underestimate or overestimate the 
real TCE vapour flux at the soil-air interface, depending 
on the level of instationnarity of TCE vapour concen­
trations in the vadose zone. This highlights the impor­
tance of steady-state conditions of the DNAPL vapour 
plume near the soil surface when using the quasi-
analytical approach. It was also concluded that the ad­
vective portion of TCE vapour fluxes at the soil surface 
of the artificial porous aquifer is relatively low com­
pared to the diffusive portion, even during the experi­
mental step of sequentially raising and lowering the 
water table. The calculated advective flux remained 
lower than 15 % of the total mass flux during all our 
experimentation. Neglecting the advective vapour 
flux, as is the case when using closed flux chambers, 
will thus not contribute to large errors in estimation 
of the total TCE vapour flux at the soil surface. At 
field sites, when diffusion processes are less dominant 
than in the studied experimental setup, this might not 
always be the case. 



� � 

Water Air Soil Pollut (2015) 226: 356 Page 17 of 20 356 

The three flux measurement methods using five types 
of closed flux chambers yielded similar results. It was 
shown that the effects of both the accumulation of TCE 
vapours in the flux chamber and the mixing fan on the 
measured TCE vapour fluxes are low. These results do not 
completely agree with certain previous findings (Gao and 
Yates 1998; Davidson et al.  2002; Pumpanen et al. 2004; 
Hudson and Ayoko 2008). Furthermore, the experiments 
do not favour any one of the threemeasuringmethods; the 
threemethods yielded vapour fluxeswith similar averages 
and variances. Nevertheless, air recirculation at a low flow 
rate combined with a charcoal trap generally has two 
major advantages: limiting vapour accumulation in the 
flux chamber and quantifying the individual mass fluxes 
in a multicomponent system. The latter is of practical 
interest in actual cases of site contamination. 

The study highlighted methodological aspects of and 
uncertainties in the evaluation of VOC vapour fluxes at 
the soil surface under both transient and steady-state 
conditions of the vapour plume. It thus helps to accu­
rately predicting the environmental impact of organic 
pollution of contaminated sites in terms of vapour fluxes 
from the subsurface to the building or atmosphere. 
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Appendices 

Appendix A Uncertainties in the experimental TCE 
mass fluxes measured without TCE vapour 
accumulation in the flux chamber (see Eq. (2)) 

Uncertainties in the TCE mass fluxes were determined 
using a total derivative expansion for correlated vari­
ables of Fsoil/atm: 

ΔFsoil=atm Δmads þ VchΔCch þ CchΔVch¼ 
Fsoil=atm mads þ CchV ch 

ΔAch Δ Δtð Þ  þ
Ach 

þ
Δt 

ð9Þ 

Here, Δmads and ΔCch are the errors in the fixed 
TCE mass and residual vapour concentration in the 
chamber. In addition, ΔVch, ΔAch and Δ(Δt) are the 
net volume, measured area and time measuring interval 

errors, respectively. By neglecting errors in time record­
ing and assuming relative uncertainties of 4 % in the 
sorbed TCE mass (gas chromatography analysis), 2.5 % 
in the TCE vapour concentration (INNOVA measure­
ments) or 5 % (photo-ionisation detectors measure­
ments), 4 % in the chamber section and chamber volume 
(CF2, CF3, CF4 and CF5) and 25 % in the net volume 
of very small flux chamber CF1, relative uncertainty in 
the pollutant vapour flux measured without TCE vapour 
accumulation in the flux chamber can be determined. 

For Sect. 3.2.1, relative uncertainties in the flux were 
within the range of 8.8 and 10.5 %. 

For Sect. 3.3, relative uncertainties in the flux were 
within the range of 9.2 and 23.1 %. 

Appendix B Uncertainties in the calculated TCE 
mass fluxes using the quasi-analytical approach 
(see Eq. (3)) 

Uncertainties in the diffusive portion of the predicted 
TCE vapour fluxes were determined using the equation 

ΔFdiff ;z 10 ΔSa 4 Δε ΔðdCa =dzÞ 
Fdiff ;z 

¼ 
3 Sa 

þ
3 ε 

þ
dCa =dz 

ð10Þ 

which follows from Eq. (3) using a total derivative 
expansion for correlated variables. Considering uncer­
tainties of 3.4 % in the gas saturation measurements 
(ΔSa/Sa), 2 % in the sand porosity (Δε/ε) and  2.5 %  
in the vapour concentration gradients (Δ(dCa/dz)/(dCa/ 
dz)) based on the INNOVA measurements and assuming 
no errors in the free air diffusion coefficient, a total 
uncertainty in the predicted diffusive vapour flux of 
approximately 16.5 % was obtained. 

In a similar way, assuming no error in the estimation 
of the density of the uncontaminated soil air and in the 
dynamic gas viscosity and neglecting error in the rela­
tive gas pressure (manufacturer data yield a relative 
uncertainty of 0.1 %), uncertainties in the advective 
portion of the estimated TCE vapour fluxes were deter­
mined using the equation 

ΔFconv;z ΔCa Δkra Δk* Δρa 

Fconv;z 
¼ 

Ca 
þ

kra 
þ

k* þ
ρa 

ð11Þ 

with 
Δkra ¼ aa þ 

2 ΔSw and 
Δρa ¼ 

ΔCa 

kra m Sw ρa Ca 
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Considering uncertainties of 2.5 % in the vapour 
concentrations (ΔCa/Ca) based on the INNOVA mea­
surements, 3.4 % in the water saturation measurements 
(ΔSw/Sw) and 2 % in the sand permeability (Δk*/k*), a 
total uncertainty of 16.1 % in the predicted advective 
vapour flux was obtained. 

Appendix C Uncertainties in the experimental TCE 
mass fluxes measured with TCE vapour 
accumulation in the flux chamber (see Eq. (1)) 

Uncertainties in the TCE mass fluxes were determined 
using a total derivative expansion for correlated vari­
ables of Fsoil/atm: 

ΔFsoil=atm ΔðdCch=dtÞ ΔVch ΔAch 

Fsoil=atm 
¼ þ þ ð12Þ 

dCch=dt Vch Ach 

Considering uncertainties of 2.5 % in the temporal TCE 
concentration variation (Δ(dCch/dt)/(dCch/dt)) (INNOVA 
measurements) or 5 % (photo-ionisation detectors mea­
surements), uncertainties in the chamber section of 4 % 
and in the chamber volume of 4 % (CF2, CF3, CF4 and 
CF5) and uncertainties of 25 % in the net volume of very 
small flux chamber CF1, the total uncertainty in the mea­
sured fluxes with TCE vapour accumulation in the flux 
chamber ranged between 10.5 and 34 %. 
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