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[1] In order to evaluate the influence of soil permeability on soil CO2 flux measurements
performed with the dynamic concentration method, several tests were carried out
using soils characterized by different permeability values and flow rates. A special device
was assembled in the laboratory to create a one-dimensional gas flow through a soil of
known permeability. Using the advective-diffusion theory, a physical model to predict
soil concentration gradients was also developed. The calculated values of CO2

concentrations at different depths were compared with those measured during the tests and
a good agreement was found. Four soils with different gas permeability (3.6 � 10�2 to
1.23 � 102 mm2) were used. The CO2 flux values were varied from 0.1 kg m�2 d�1 up
to 22 kg m�2 d�1. On the basis of these results, a new empirical equation for
calculating very accurate soil CO2 flux from dynamic concentration and soil permeability
values was proposed. As highlighted by the experimental data, the influence of soil
permeability on CO2 flux measurements depends on various factors, of which the flow
rate of the suction pump is the most important. Setting low values for the pumping flux
(0.4–0.8 L min�1), the mean error due to soil permeability was lower than 5%. Finally,
the method was tested by measuring the CO2 flux in a grid of 48 sampling sites on
Vulcano (Aeolian Islands, Italy), and the global error, affecting the CO2 flux
measurements in a real application, was evaluated.
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1. Introduction

[2] Soil gas emissions are widely used in many research
fields such as earthquake forecasting, the evaluation of gas
hazard in volcanic areas and geochemical investigations of
active faults [Allard et al., 1991; Badalamenti et al., 1988,
1991; Diliberto et al., 1993; Giammanco et al., 1998;
Chiodini and Frondini, 2001; Gerlach et al., 2001; Ciotoli
et al., 2003]. Periodic measurements of soil gas emissions
from active volcanoes can be very useful in monitoring the
change in volcanic activity, and many research and surveil-
lance projects based on their measurements are in progress
in several areas of the world [Wakita, 1996; Ciotoli et al.,
1998; Guerra and Lombardi, 2001; Rogie et al., 2001;
Spicák and Horálek, 2001; Salazar et al., 2002]. These
studies are mainly focused on measuring CO2 flux, the most
abundant volatile species in magma after water and, at the
same time, one of the less soluble species. During the
magma ascent toward the surface, diffuse soil CO2 is
therefore one of the geochemical parameters that can be
affected by significant variations.

[3] The gas flux through a natural soil is the result of two
different processes: diffusion and advection [Sahimi, 1995].
Molecular diffusion is the process where a gas species is
transported from a region of high concentration to a region
of low concentration, as the result of random molecular
movement. Advection is the process where a gas mixture, or
a single gas species, is transported in response to a pressure
gradient. In a natural context, gas transport occurs by a
combination of these two different processes and the total
flux is the sum of the advective and the diffusive compo-
nent. Generally, low flux values are associated with diffu-
sion, whereas high values occur when advection is the
prevalent gas transport modality [Gurrieri and Valenza,
1988].
[4] CO2 flux measurements can be performed using both

indirect and direct methods. The calculation of the CO2 flux
from the concentration gradients in the soil is an example of
an indirect method [Baubron et al., 1990]. In this case, the
flux values are calculated according to the one-dimensional
steady state model of gas transport through a homogeneous
porous medium. This methodology requires the knowledge
of some soil properties, such as air-filled porosity, tortuosity
and permeability, which are generally difficult to determine.
Other methods have been developed with which to perform
more accurate and rapid flux measurements. Some of these
are based on the absorption of CO2 in a caustic solution
(alkali adsorption method [Witkamp, 1966; Kirita, 1971;
Anderson, 1973]) and on the measurement of the difference
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in CO2 concentrations between inlet and outlet air in a
closed chamber (open flow infrared gas analysis [Witkamp
and Frank, 1969; Nakadai et al., 1993]). In volcanological
and geothermal studies, the most widespread methods for
measuring soil CO2 fluxes are the accumulation chamber
[Tonani and Miele, 1991; Bekku et al., 1955; Norman et al.,
1992; Chiodini et al., 1998] and the measurement
of dynamic concentration [Gurrieri and Valenza, 1988;
Giammanco et al., 1995]. The first method is based on
the CO2 accumulation rate inside an open box (the chamber)
of known volume. The measurement is performed at ground
level and the flux value is calculated by a theoretical
equation, according to the volume, pressure and temperature
values of the chamber atmosphere.
[5] The dynamic concentration method has been used in

several field applications since 1988 [Badalamenti et al.,
1988; Diliberto et al., 2002; De Gregorio et al., 2002;
Giammanco et al., 1995, 1998]. This method has been
principally applied to the monitoring of volcanic activity
and in the study of the relationship between soil degassing
and tectonics. The dynamic concentration method consists
of measuring the CO2 content in a mixture of air and soil
gas (Cd), which has been obtained by a special probe
(Figure 1). As deduced by Gurrieri and Valenza [1988],
the dynamic concentration is proportional to the soil CO2

flux according to an empirical relationship, which was
experimentally found for CO2 flux values ranging between
0.44 and 9.2 kg m�2 d�1 and a soil characterized by a
permeability of 24 mm2. The error in the flux measurements
referred to different working conditions from those above
indicated, such as different soil permeability and different
flux values was not known.

[6] Starting from these considerations a new apparatus for
simulating a natural degassing system under known labo-
ratory conditions was developed and several measurements
were taken using dynamic concentration method in order to
clarify the influence of soil permeability on the CO2 flux
measurements. The soil CO2 fluxes explored in this work
range from 0.1 to 22 kg m�2 d�1, and they cover more than
the natural flux range normally observed in volcanic and
geothermal areas. The permeability values of the media
used in the laboratory experiments varied by 4 orders of
magnitude (from 3.6 � 10�2 to 1.23 � 102 mm2); various
important characteristics of the measurement system, such
as the pumping flux, were also systematically varied during
the tests in order to define the most suitable operating
conditions for measuring CO2 flux from the soil with the
dynamic concentration method.
[7] In this paper, the results of the laboratory tests will be

presented and a new empirical relationship between the
dynamic concentration, the soil permeability and the soil
CO2 flux will be proposed. This relationship allows more
accurate CO2 flux measurements. Finally, the results of
some soil CO2 flux and permeability surveys performed in
a volcanic area (Vulcano, Aeolian Islands, Italy) are dis-
cussed in order to evaluate the errors in a real field
application.

2. Generalities Regarding the Dynamic
Concentration Method

[8] The system developed for measuring CO2 flux from
soils is schematically shown in Figure 1. The main compo-
nents are an infrared gas analyzer (IRGA), a pump and a

Figure 1. Schematic illustration of the system used for measuring soil CO2 flux. P, sampling pump;
G.L., ground level; IRGA, infrared gas analyzer.
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probe which is inserted into the soil at a depth of 0.5 m. Soil
gases and air can drain inside the probe through openings
located on the lower part of the probe and a calibrated tube
on the top, respectively. By pumping at constant flux, an air
and soil gas mixture is obtained inside the probe and, after a
given time, depending on the pumping flux and probe
geometry, this gas mixture reaches a constant composition.
Gurrieri and Valenza [1988] defined as dynamic (Cd) the
concentration values obtained by this method to distinguish
them from the static gas concentrations in soils (which are
generally measured to determine the soil concentration
gradients). The same authors observed that the dynamic
concentration of CO2 is mainly a function of soil CO2 flux
(JCO2

) according to the relationship

JCO2
¼ KCd ð1Þ

where Cd is the dynamic concentration of CO2 and K is a
constant, depending on the geometry of the probe, the soil
insertion depth, the pump flux and the soil permeability.

[9] A theoretical expression for the dynamic concentra-
tion can be deduced by making a mass balance between the
CO2 inlet and outlet in the probe. Figure 2 shows a scheme
of the probe, where all the lower openings of the sampling
probe have been assimilated into a single opening. The CO2

mass change within the probe, dMCO2
(t), can be expressed

as the difference between the CO2 entering the probe (from
the soil and atmosphere) and the CO2 outgoing from the
probe (to the IRGA) in a prefixed time interval, dt:

dMCO2
tð Þ ¼ VdCd tð Þ ¼ faCadt þ fsCs tð Þdt � fpCd tð Þdt ð2Þ

where V [L3] is the inner volume of the probe; Cd(t) [M L�3]
is the CO2 concentration of the gas mixture inside the probe
at time t; fa [L3 T�1] and Ca [M L�3] are the volumetric
flux and CO2 concentration in the air entering the probe,
respectively; fs [L3 T�1] and Cs(t) [M L�3] are the
volumetric flux and CO2 concentration in the soil gas
entering the probe, respectively; Cs(t) [M L�3] is the
CO2 concentration of the soil gas entering the probe at time
t; fp [L3 T�1] is the volumetric pumping flux. Assuming
that Ca = 0 and Cs remains constant during the necessary
time for reaching a steady state, Cs(t) = Cs, a first-
order homogeneous differential equation for Cd(t) can be
developed:

dCd tð Þ
dt

þ
fp

V
Cd tð Þ ¼ fsCs

V
;

whose the general solution is

Cd tð Þ ¼ fs

fp

Cs 1� ae� fp=Vð Þt
� �

; ð3Þ

where a is a constant and it can be calculated by assuming
that Cd at t = 0 is equal to the concentration of the soil gas

Figure 2. Simplified diagram of the probe used for
measuring soil CO2 flux. V is the inner volume of the
probe; Cd(t) is the CO2 concentration of the gas-air mixture;
fa and Ca are the volumetric flux and CO2 concentration in
the inlet air, respectively; fs and Cs (t) are the volumetric
flux and CO2 concentration (the static concentration) in the
sucked soil gas, respectively; fp is the volumetric pumping
flux; G.L., ground level.

Figure 3. Theoretical variation in the gas mixture
concentration Cd(t) versus time for two different values
of pumping flux: solid line, 4 L min�1; dashed line,
0.4 L min�1.
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entering the probe, Cd(0) = Cs. According to the specified
boundary conditions, equation (3) becomes

Cd tð Þ ¼ fs

fp

Cs 1�
fs � fp

fs

e� fp=Vð Þt
� �

ð4Þ

Equation (4) shows the temporal variation in the CO2

concentration of the gas mixture inside the probe by
pumping at constant flux. By using this equation, the
necessary time for reaching steady state can be calculated.
Figure 3 shows the theoretical Cd(t) values versus time at
different values of pumping flux, calculated by equation (4)
when Cs = 82 vol %, fs = 1 L min�1 and V = 2.3 � 10�3 m3

(inner volume of the probe). In each case, the concentration
of the gas mixture decreases as a function of time from Cs to
Cd. The time necessary for reaching a steady state
ranges from between 5 s for high values of pumping flux
(4 L min�1) and 25 s for lower flux values (0.4 L min�1).
As confirmed by experimental observations, the theoretical
values represent the minimum time necessary to carry out
the Cd measurement because the model does not take into
account various geometrical aspects, such as the length of
the tube between the probe and the IRGA and the volume of
the IRGA measurement cell. These discrepancies can range
from between 5 s (for a fp = 4 L min�1) and 60 s (fp =
0.4 L min�1).
[10] At steady state (t ! 1), the concentration of each

gas species in the gas mixture becomes constant and equal
to the limit for t ! 1, of equation (4):

Cd t ! 1ð Þ ¼ fs

fp

Cs ð5Þ

Cd does not depend on the inner volume of the probe (V),
whereas it is only a function of the pumping flux (fp) and
the flux and CO2 concentration of the soil gas entering the
probe (fs and Cs). Moreover, for fp = const, Cd is only a
function of Cs and fs.
[11] The starting assumptions are quite reasonable. As

confirmed by several measurements, Cs decreases apprecia-
bly only for high values of pumping flux and after several
minutes of pumping time (for fp = 4 L min�1, the Cs

decrement is less than 2% and 8% after 5 and 20 min,
respectively). At the measuring conditions fixed for this
method (fp = 0.8 L min�1 and pumping time <1 min) the Cs

decrement is sensibly lower than the measurement error.

3. Laboratory Experiments

[12] The relationship between Cd and JCO2
is a very

complex function which involves both the geometry of
the probe and the properties of the soil. To investigate this
relationship, several Cd measurements were performed in
the laboratory by simulating different soil gas regimens,
using an apparatus very similar to that described by Gurrieri
and Valenza [1988] (Figure 4). It consists of 700 kg of soil
which was stored in a cylindrical vessel, 0.58 m in diameter.
The soil layer (1 m high) was supported by a perforated disk
0.05 m off the bottom. Furthermore, eight sampling capil-
lary tubes were inserted at different depths in the soil
through which the CO2 concentrations could be measured.
Pure CO2 (99.99%) was admitted at the base of soil layer
with a constant flux. The flux rate was measured using three
in-line flowmeters with different full scale and sensibility, in
order to keep an high accuracy (<3%) in all investigated
range of CO2 fluxes (0.1–22 kg m�2 d�1).

Figure 4. Schematic illustration of the apparatus used in the laboratory for simulating CO2 transport
through a soil layer of known permeability. This consists of a cylindrical metallic container, 0.58 m in
diameter, fed by a known flux of CO2 at the bottom; sampling capillary steel tubes inserted at different
depths in soil. The capillaries for studying soil CO2 transport are placed 0.15 m from each other, and they
are hermetically sealed by spherical valves. The probe for measuring dynamic concentration was inserted
at 50 cm depth in the soil layer.
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[13] In order to study and define the relationship between
Cd and JCO2

at constant permeability, thirteen Cd measure-
ments at thirteen different CO2 fluxes were carried out in a
soil characterized by a permeability equal to 123 mm2 (S1
soil sample). Successively, the measurements were repeated
using soils characterized by different gas permeability. As
total, four different soils were used in these experiments (S1,
S2, S3, and S4 soil samples). The principal physical proper-
ties of these soil samples are reported in Table 1.
[14] The gas permeability values (k) of each soil sample

were obtained by measuring the pressure gradient in the soil
which was generated by different air fluxes (v), according to
the one-dimensional form of Darcy’s law [Scheidegger,
1974]:

v ¼ � k

m
P2
L � P2

0

2LPL

where m is the air viscosity, k is the intrinsic gas permeabil-
ity, L is the thickness of the soil layer, PL and P0 are the gas
pressure measured at 0 and L depths, respectively (in this
case, the soil surface in contact with the gas source was
assumed as 0 depth). The permeability of the each soil
sample was measured after the sample was placed inside the
cylindrical vessel. The PL and PO pressure measurements
were carried out using a digital differential manometer
(accuracy of 1 Pa), which was connected to the capillary
tubes of the simulation system (Figure 4). The measure-
ments were carried out under low-pressure conditions
ranging between 10 and 600 Pa m�1 in order to reproduce
the pressure gradients which can be normally measured in
active volcanic areas (<320 Pa m�1 [Natale et al., 2000]). In
this pressure range, the deviation induced by Klinkenberg’s
effect is very small and less than the measurement errors.
According to Klinkenberg’s equation [Klinkenberg, 1941],
the absolute permeability values measured using a gas flux
are significantly different from those measured in the same
soil using water. However, the values discussed in this paper
are more useful and reliable to discuss and model soil gas
transfers.
[15] S1 and S2 soil samples were obtained by grain size

separation of pyroclastic sand which had been collected
close to the isthmus of the island of Vulcano (Aeolian
Archipelagos, Italy). The S1 grain size ranged between 5 �
10�4 and 1 � 10�3 m, while it was smaller than 5 � 10�4 m
for the S2 sand. According to the Wentworth [1922] classi-
fication, the S1 sample is coarse sand while S2 is fine sand.
The S4 sample was a limestone powder produced by the
industrial processing of marble. Finally, the S3 sample was
obtained in the laboratory by mixing seven parts of S1 with
three parts of S4. These artificial soils resulted both homo-
geneous and stable in time, two necessary conditions for the

calibration purposes of this work. The gas permeability of
the investigated soils varied by 4 orders of magnitude
(Table 1). The values of gas permeability measured in
situ by other authors [Evans and Kirkham, 1949; Grover,
1955] and those discussed in this work fall inside this
range. Unfortunately, there are not others available data in
the literature because they generally refer to liquid
permeability and, due to the Klinkenberg effect, cannot
be directly compared.
[16] To simulate a real soil gas regimen, pure CO2 was

injected through the soil layer at a constant and known flux.
At the beginning of each test, the soil gas in each layer
consisted exclusively of air at atmospheric pressure. As CO2

entered the soil, the CO2 concentrations at different depths
increased with variable rates until steady state was reached.
For each test, these variations were monitored by sampling
the soil gas at different depths using the capillary tubes.
Figure 5 shows the CO2 concentrations measured at various
depths versus time for a test, where JCO2

= 0.34 kg m�2 d�1

and k = 123 mm2. A steady state for these specific boundary
conditions was reached after 28 hours; before it was
reached, the CO2 flux admitted at the base of the soil was

Table 1. Main Physical Characteristics of the Soil Samples Used in the Laboratory

Soil Sample k, mm2 Porosity, % Tortuosity Factor, t Bulk Diffusion Coefficient D, m2 s�1

S1 123 ± 7 39 1.38 4.5 � 10�6

S2 36 ± 2 38 1.39 4.4 � 10�6

S3 5.5 ± 0.7 34 1.41 3.8 � 10�6

S4 0.36 ± 0.02 28 1.46 3.0 � 10�6

Figure 5. Temporal variations in soil CO2 concentra-
tions at different depths (k = 123 mm2 and JCO2

=
0.34 kg m�2 d�1).
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higher than the CO2 flux released by the system into the
atmosphere. The difference between the two CO2 amounts
was stored inside the soil and it determined the increase in
the CO2 concentration at various depths. When the steady
state had been reached the CO2 flux inlet was equal to the
CO2 flux outlet.
[17] Thirteen different CO2 fluxes ranging from 0.1 up to

22 kg m�2 d�1 were investigated. Within this range, the
CO2 transport regimen in the soil changes from mainly
diffusive (where the CO2 flux is mainly driven by concen-
tration gradient) to mainly advective (where the CO2 flux is
mainly driven by pressure gradient). The imposed fluxes
maintained through the soil samples were little higher than
those normally measured in soil respiration studies (3.6 �
10�3 to 14 � 10�3 kg m�2 d�1 [Monteith et al., 1964];
3.4 � 10�3 to 56 � 10�3 kg m�2 d�1 [Lunderghard, 1927]),
but they were within the range of CO2 fluxes which are
normally encountered in active volcanoes and geothermal
areas [Badalamenti et al., 1991; Chiodini et al., 1998;
Diliberto et al., 2002].
[18] Figure 6 shows some examples of the experimental

concentration profiles obtained for each soil sample at
different JCO2

. The CO2 profiles are linear at low JCO2
but

they curve progressively at higher fluxes. As suggested by
Gurrieri and Valenza [1988], this trend represents the
change from conditions where CO2 transport is dominated
by diffusion to conditions dominated by advection. Figure 6
shows the theoretical profiles (solid lines) calculated
according to the equation (Appendix A):

CCO2
zð Þ ¼ C0 þ

CL � C0ð Þ
e v=Dð ÞL � 1ð Þ e v=Dð Þz � 1

� �
ð6Þ

This equation was deduced from the one-dimensional form
of the advective-diffusion equation [Isachenko et al., 1980;
Sahimi, 1995] where CL and C0 are the CO2 concentration
of soil gas measured at depth of 0 and L, respectively, z is
the depth, v is the measured advective gas flux and D is the
bulk diffusion coefficient expressed by the following
relation:

D ¼ Dmn

t

where Dm is the molecular diffusion coefficient of CO2 in
air, n is experimental air-filled porosity and t is the
tortuosity value relative to each soil sample (Table 1). The
Dm value at T0 = 273.2 K at P0 = 1.013 (Dm,(STP)) is equal to
1.39 � 10�5 m2 s�1 Pa. The Dm value used in the [CO2]
calculation under other conditions of temperature, T and
pressure, P, was estimated from this relation [Campbell,
1985]:

Dm ¼ Dm; STPð Þ
T

T0

� �1:75
P0

P

� �

The tortuosity factor is defined as the ratio of the effective
path length to the linear sample length and it was calculated
from the relation [Fang and Moncrieff, 1999]

n

t
¼ n2a

n

nt

� �2

where nt is the total porosity of the medium (air and
water filled porosity) and a is an empirical coefficient

Figure 6. Experimental (symbols) and theoretical (lines) CO2 concentration profiles of six different
JCO2

, for each investigated soil sample (S1, S2, S3 and S4): solid circles, JCO2
= 0.1 kg m�2 d�1;

open circles, JCO2
= 0.5 kg m�2 d�1; solid diamonds, JCO2

= 1.2 kg m�2 d�1; open diamonds, JCO2
=

2.4 kg m�2 d�1; solid triangles, JCO2
= 3.5 kg m�2 d�1; open squares, JCO2

= 22 kg m�2 d�1.
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determined from the relation [Millington and Shearer,
1971]

n2a þ 1� nð Þa¼ 1

As suggested by Figure 6, a good agreement was
found between the theoretical and the experimental soil

CO2 profiles for each permeability and explored CO2

flux.

4. Results and Discussions

4.1. Experimental Conditions

[19] In order to test the dynamic concentration method,
the measurement probe of Figure 1 was inserted at 0.5 m
depth in the soil of the experimental apparatus described in
the previous paragraph (Figure 4). The dynamic CO2

concentration was measured using a portable IR spectro-
photometer and a pump connected to the probe. During all
experiments, the probe geometry and the insertion depth in
the soil of the measurement probe remained unvaried. The
probe employed in these experiments (Figure 1) was char-
acterized by a greater number of openings than the probe
used by Gurrieri and Valenza [1988]. Indeed, for the same
soil flux, a greater CO2 inlet surface determined a higher
amount of soil gas in the gas mixture and, consequently, it
provided higher Cd values. This solution was preferred
because it determines an increase in sensitivity at the lowest
soil CO2 fluxes.
[20] For each imposed value of CO2 flow admitted trough

the soil layer, several Cd measurement were taken,
when steady state had been reached. The experimental
conditions can be summed up as follows: JCO2

= 0.1–
22 kg m�2 d�1, k = 0.36–123 mm2, pumping flux = 0.4–
4 L min�1.

4.2. Laboratory Experiments at Constant Soil
Permeability and Pumping Flux

[21] The first set of measurements was performed on
soil sample S1 (k = 123 mm2) at a constant pumping flux
of 4 L min�1. Figure 7 shows the relationship between the
measured Cd values (expressed as a molar fraction) and the
imposed fluxes (JCO2

). As a first consideration, Cd changes
as a linear function of JCO2

at low and high fluxes (JCO2
<

3 kg m�2 d�1 and JCO2
> 9 kg m�2 d�1, respectively). An

abrupt change in slope is achieved at JCO2
= 5 kg m�2 d�1.

This general behavior characterizes also the measurement
sets performed at other pumping fluxes and permeability
conditions and it represents the transition from a diffusion-

Figure 7. Relationship between Cd and JCO2
at constant

soilpermeability (k = 123 mm2) and pumping flux (fp =
4 L min�1). The symbols represent experimental values
(error bars are also reported). The solid line shows the
best fitting curve, calculated according to equation (8).
The dashed area indicates the range of JCO2

where CO2

flux is mainly driven by advection. Cd values are
expressed as molar fraction.

Figure 8. CO2 concentration [CO2 (0.45 m)] measured at
a depth of 0.45 m in the S1 soil sample as a function of JCO2

.
The dashed area indicates the range of JCO2

where CO2 flux
is mainly driven by advection.

Figure 9. Relationship between Cd and JCO2
for each

investigated pumping flux and a constant soil permeability
(k = 123 mm2). Cd values are expressed as molar fraction.
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advective regimen to a pure advective regimen of the soil
CO2 transfer. In the first part of the curve, the Cd/JCO2

slope
is sensibly higher because reflects a simultaneously change
in soil CO2 concentration (Cs) and soil gas pressure. In the
second part, as suggested by the Figure 8, the soil CO2

concentration reaches the saturation and Cd/JCO2
slope is

only due to the gas pressure variation in the soil.

4.3. Influence of the Pumping Flux (Fp) and the Soil
Permeability (k) on the Dynamic Concentration
Measurements

[22] In order to investigate the influence of the pumping
flux on the relationships between Cd and JCO2

, several Cd

measurements were repeated at different values of pumping
flux, ranging from 0.4 to 4 L min�1. Figure 9 shows the
results of these tests performed on a soil whose permeability

was 123 mm2. Significant discrepancies can be observed
between the Cd-JCO2

lines, especially for high JCO2
values,

and conversely, small differences are observed at low JCO2

values.
[23] More interesting results are shown in Figure 10,

where the experimental relationships between Cd and JCO2

in each soil are compared in relation to different values of
the pumping flux. The dashed area in these plots indicates
the range of CO2 flux normally measured in volcanic and
geothermal areas (JCO2

< 11 kg m�2 d�1 [Badalamenti et
al., 1991; Chiodini et al., 1998; Diliberto et al., 2002]).
Large discrepancies can be observed in relation to different
values of soil permeability, especially at higher values of the
pumping flux (1–4 L min�1). On the contrary, at low values
of the pumping flux (0.4–1 L min�1) and for realistic soil

Figure 10. Relationship between Cd and JCO2
for each investigated soil permeability and different

pumping fluxes. Open circles, k = 123 mm2; solid circles, k = 36 mm2; open diamonds, k = 5.5 mm2; solid
triangles, k = 0.36 mm2. The dashed area indicates the range of JCO2

which is normally observed in
volcanic and geothermal areas. Cd values are expressed as molar fraction.
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flux values (dashed area), these differences significantly
decrease and become negligible.
[24] As suggested by these data, the dependence of the

measured CO2 flux on the soil permeability is a function the
pumping flux. At high values of the pumping flux, a high
pressure deficit inside the probe is generated (	40 Pa)
inducing a forced gas flux from the soil to the probe. This
flux is obviously related to the permeability of the soil being
measured. In particular, for a fixed pressure deficit between
the soil and the probe, the gas flux sucked out from a high
permeability and porosity soil will be higher than that from
a low permeable soil. This effect strongly decreases at low
values of the pumping flux and theoretically disappeared for
pumping fluxes close to zero; in this last condition, no
pressure deficit between the probe and the soil is generated,
and therefore no forced gas flux from the soil is induced.
For a pumping flux equal to 0.8 L min�1, the discrepancies
caused by the soil permeability are on average less than 5%
of the measured absolute value. A lower pumping flux

generates lower errors but, at the same time, it determines an
increase in the time necessary for performing the Cd

measurements. The measurement time was less than 40 s
for a pumping flux equal to 0.8 L min�1.

4.4. Relationship Between JCO2
, Cd, and Soil

Permeability (k)

[25] The relationship between JCO2
and Cd observed at

constant soil permeability and at constant pumping flux (see
Figure 7) is a very complex function: it is linear for low and
high JCO2

and it is not linear for intermediate fluxes. An
analytical function capable of describing this relationship
can obtained by the sum of the linear and power terms of
Cd:

JCO2
¼ cCd þ aCb

d ð7Þ

Fitting this model to the experimental data (Figure 7), a
good agreement is found (R = 0.996). The values of the a, b,
and c coefficients of equation (7) are a function of the soil
permeability and the pumping flux. Table 2 reports the
values of these coefficients found for each permeability and
for a constant pumping flux of 0.8 L min�1. The values of
coefficients a and c of equation (7) change as a function
of the soil permeability in accordance with a power function
(a = 6.3 � k0.6, b = 32–5.8 � k0.24), while the b value was
constant and equal to 3. Therefore equation (7) can be
modified in order to consider the soil permeability in the
CO2 flux calculation:

JCO2
¼ 32� 5:8k0:24

� �
Cd þ 6:3k0:6C3

d ð8Þ

Equation (8) can be used for taking accurate measurements
of soil CO2 flux by measuring the dynamic concentration of
CO2 with a probe whose geometry is indicated in Figure 1
and by setting a pumping flux which is equal to 0.8 L min�1

and measuring the soil permeability. Similar expression can
be deduced for different pumping fluxes.

4.5. Reproducibility of the Method

[26] Several measurements of soil CO2 flux were per-
formed in a selected area on Vulcano (Aeolian Islands,
Italy), close to Grotta dei Palizzi (Figure 11) to verify the
reproducibility of the flux measurements performed with
this method. Soil CO2 flux measurements were repeated ten
times at four sites over a 1 hour period. The results of these
flux measurements are reported in Table 3 with the some
statistical parameters. The reproducibility of this method

Table 2. Values of a, b, and c Coefficientsa

k, mm2 a, kg m�2 d�1 b c, kg m�2 d�1

123 115.8 3.021 14.10
36 59.61 2.949 18.73
5.5 13.21 3.083 23.39
0.36 2.385 3.044 27.58
aThe a, b, and c values were computed fitting equation (8) to

experimental Cd and JCO2
data for a constant pumping flux of 0.8 L min�1.

Figure 11. Location of the 48 permeability and flux
measurement sites.

Table 3. Reproducibility of the Flux Measurementsa

Site

CO2 Flux,
�10�3 kg m�2 d�1

s CVRange Mean

1 132–139 136.2 3 2%
2 27–30 27.9 1 5%
3 458–475 468.2 9 2%
4 797–831 817.4 13 2%
aCO2 flux measurements (kg m�2 d�1) repeated at four sites located close

to Grotta dei Palizzi (Vulcano Island, Italy); s and CV refer to standard
deviation and coefficient of variation of the measured data, respectively.
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was assessed by using the coefficient of variation (CV),
which is the standard deviation of the measurements divided
by their arithmetic average and reported as a percentage; the
CV values obtained for each site were lower than 5%. This
value indicates that the flux measurements performed with
this method are characterized by a good reproducibility.

4.6. Field Applications

[27] Two surveys of both soil CO2 flux and soil perme-
ability measurements were performed on Vulcano (Aeolian

archipelago, Italy) in April and June 2003. The island is an
active volcano which last erupted in 1888–1890 and, at the
present, is characterized by solphataric activity. The ex-
plored area (Figure 11) covers about 2.2 km2 and it is
located on the western flank of La Fossa cone, between the
isthmus of Vulcanello (to the north) and Grotta dei Palizzi
(to the south).
[28] Soil permeability and flux measurements were per-

formed in 48 fixed measurement sites where, since 1984,
soil CO2 flux measurements are periodically carried out for

Table 4. Soil Permeability and CO2 Flux Values Measured in the Surveyed Area in the April and June 2003a

Sites

k, mm2
JCO2

,
�10�3 kg m�2 d�1

JCO2
(k = 37 mm2),

�10�3 kg m�2 d�1 d, %

April 2003 June 2003 April 2003 June 2003 April 2003 June 2003 April 2003 June 2003

2 50.1 47.7 200 74 215 78 �7 �5
3 33.6 21.4 137 33 137 31 0 6
4 44.6 61.6 2823 524 2928 587 �4 �11
6 25.1 29.1 2 2 2 2 0 0
7 26.0 35.5 12 15 12 16 0 �6
8 40.2 66.4 7 3 7 4 0 �29
9 71.0 71.9 25 14 29 16 �15 �13
10 24.4 35.5 16 15 16 15 0 0
11 32.3 29.1 20 14 20 14 0 0
12 22.3 45.2 249 204 235 215 6 �5
13 44.6 50.6 1476 629 1545 676 �5 �7
14 6.4 28.1 7 159 6 155 15 3
15 44.6 45.2 698 78 733 82 �5 �5
16 53.2 66.4 18 12 20 14 �11 �15
17 19.0 29.1 13 8 12 8 8 0
18 21.1 23.9 13 9 12 9 8 0
19 53.2 61.6 27 122 29 137 �7 �12
20 50.1 35.5 22 23 23 23 �4 0
21 42.4 71.9 28 32 29 37 �4 �14
22 20.0 26.2 15 4 14 4 7 0
23 44.6 57.4 28 21 29 23 �4 �9
24 26.0 34.0 12 8 12 8 0 0
26 16.9 25.4 11 5 10 5 10 0
27 17.3 21.4 11 6 10 6 10 0
28 21.1 25.4 13 8 12 8 8 0
29 25.1 37.1 22 17 22 18 0 �6
30 12.7 15.1 13 10 12 9 8 11
32 26.6 23.2 6 25 6 23 0 8
33 61.2 74.4 9 10 10 12 �11 �18
34 28.8 19.3 3 2 3 2 0 0
35 17.7 61.6 69 56 63 63 9 �12
36 40.2 29.1 19 22 20 22 �5 0
38 24.4 18.7 8 6 8 6 0 0
39 64.2 71.9 24 25 27 29 �12 �15
41 60.9 61.6 37 39 41 44 �10 �12
42 60.9 31.4 7 17 8 17 �13 0
43 26.0 22.6 12 4 12 4 0 0
44 14.4 17.5 2 15 2 14 0 7
45 60.9 40.7 25 15 27 16 �8 �6
46 21.1 40.7 27 26 25 26 8 0
47 32.3 37.1 10 13 10 14 0 �7
48 60.9 61.6 415 1212 463 1346 �11 �10
49 18.6 21.4 34 178 31 166 9 7
80 16.6 19.3 2 4 2 4 0 0
81 17.3 21.4 11 10 10 10 10 0
82 49.9 71.9 24 23 25 26 �4 �12
83 27.0 31.4 13 10 13 10 0 0
84 19.5 27.2 17 7 16 7 6 0
85 21.1 57.4 6 7 6 8 0 �13
86 18.1 21.4 21 36 20 33 5 9
Mean 33.4 39.6 134 76 139 82 4 7

aThe first flux (JCO2
) values are calculated using permeability values reported; the second flux values are calculated using the mean permeability value of

the surveyed area (37 mm2). Furthermore, the differences d between the fluxes corrected for the measured permeability and those corrected for the mean
permeability of the investigated area are also reported.
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Figure 12. Spatial distributions of (a and b) the soil permeability and (c and d) CO2 flux measured in
the surveyed area of Vulcano Island, in April and June 2003, respectively.
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volcanic surveillance purposes [Badalamenti et al., 1988;
Diliberto et al., 2002].
[29] The gas permeability was measured in situ by the

radial advection method [Camarda et al., 2006]. These
measurements were performed using a special probe which
generates a gas source at a depth of 0.5 m and it permits
measurement of the relative induced pressure in nearby soil
at different depths. The gas permeability was computed
according to the following equation:

jr¼R1
¼ 2kp

m
R1R2

R1 � R2

P2
2 � P2

1

� �
P1

which predicts the gas flux crossing a spherical shell of
radius R1, when a radial and continuous gas source is
generated in a porous medium of permeability k and the gas
pressure at R1 and R2 radii is equal to P1 and P2,
respectively.
[30] The flux measurements were performed exactly in

the same site as the permeability measurements, using the
dynamic concentration method and setting a value of
pumping flux of 0.8 L min�1. As generally made in the
fumarolic gas sampling, before the introduction of the
measuring probe into the soil, a cylindrical metal bar was
inserted inside the probe. This prevents the occurrence of
random occlusions of the gas inlets. The soil fluxes were
calculated by equation (8) and the results are shown in
Table 4. The measured permeability and flux values range
from between 5 and 74 mm2 and from 2 � 10�3 to 2.8 �
10�3 kg m�2 d�1.
[31] The maps of Figure 12 show the spatial distribution

of the soil permeability (Figures 12a and 12b) and the CO2

flux (Figures 12c and 12d), measured in the surveyed area
of the island of Vulcano, in the April and June surveys. The
most permeable areas are located close to the Forgia
Vecchia, the Lentia and Il Faraglione areas. The highest
CO2 fluxes for both the April and June surveys were located
in the areas of Grotta dei Palizzi and Faraglione, while
lower fluxes were recorded in the areas to the north of the
Grotta dei Palizzi and the area close to the Lentia. Flux and
permeability maps show that high soil CO2 fluxes are
located both in low and high permeability areas. This result
suggests that the permeability of the upper soil layers have a

negligible influence on the spatial distribution of diffuse soil
gas emissions.
[32] Figure 13a shows the cumulative frequencies

(expressed in probability scale) of the CO2 flux values
measured in the selected area in April 2003. In these kinds
of plots [Sinclair, 1974], changes in slope are indicative of
separate populations of data with lognormal distributions.
The presence of an inflection point at the 72% cumulative
percentile allows us to distinguish two populations of data
with a lognormal distribution: a low flux population A,
representing 72% of the entire data set, and an anomalous
flux population B, representing 28% of the entire data. In
Figure 13b, a similar plot of the flux data relating to the
April survey has been reported. Figure 13b differs from
Figure 13a because the plotted flux data have been calcu-
lated using equation (8) and a constant value of permeability
for each site, which was set equal to 37 mm2 (the mean
permeability value found in the surveyed area). The results
of these flux calculations have also been reported in Table 4
for both the April and June surveys, together with the
difference (d), expressed as a percentage between these
values and those (fourth and fifth column) corrected for
the permeability of each site. As shown in Table 4, d value is
always lower than 20%, with a mean value equal to 4% and
7% for the April and June surveys, respectively. Moreover,
Figure 13 shows that although an error was made when
calculating the CO2 flux using an equal value of perme-
ability for each site, this error was not large enough to cause
any significant changes in the statistical distribution of the
calculated soil CO2 fluxes.

5. Conclusions

[33] The influence of soil permeability and pumping flux
on soil CO2 flux measurements, which were performed
using the dynamic method [Gurrieri and Valenza, 1988],
were investigated by means of several laboratory experi-
ments and field investigations. An acceptable compromise
in reducing response time and error in the flux measure-
ments was achieved by setting a pumping flux of
0.8 L min�1. In this case, a new empirical equation was
deduced in order to include soil permeability in flux
measurements. Very accurate measurements for soil CO2

Figure 13. Cumulative frequency plot of the soil CO2 fluxes relating to the April survey with (a) flux
values corrected for the soil permeability measured in each site and (b) flux values computed using the
mean permeability value of the surveyed area (37 mm2).
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flux can be performed by applying this equation and
measuring in situ soil gas permeability and the value of
dynamic concentrations.
[34] Several in situ soil gas permeability measurements

were performed using the radial advection method
[Camarda et al., 2006] over a large sector of the island of
Vulcano (Aeolian Islands, Italy), the results of which
identified a range of values of between 4 and 80 mm2.
The permeability values were compared with the soil CO2

fluxes which had been measured at the same site at the same
time using the dynamic concentration method, according to
the new empirical equation, as deduced in this study. A low
correlation between these two parameters was obtained,
confirming the low importance of the permeability of the
upper layers of the soil in determining the spatial distribu-
tion of soil gas emissions. Moreover, for each site of the
surveyed area, CO2 flux was also calculated by utilizing a
single value of soil permeability, which was set equal to the
mean value of permeability for the area under investigation.
The error committed in this case was generally low and it
did not cause significant changes in the statistical distribu-
tion of soil CO2 flux.

Appendix A: Solution of Steady State
Advective-Diffusion Equation

[35] The general solution of the steady state one-dimen-
sional form of the advective-diffusion equation is
[Isachenko et al., 1980]

C zð Þ ¼ A
D

v
e v=Dð Þz þ B ðA1Þ

where the A and B constants are calculated as a function of
the boundary conditions.
[36] In order to describe the change in CO2 concentration

as a function of depth in a finite porous medium of
thickness L, the following boundary conditions have been
adopted:

C z ¼ 0ð Þ ¼ C0

C z ¼ Lð Þ ¼ CL

where CL and C0 are the concentrations of gas at 0 and L
depths, respectively. Under these conditions, the expression
for the constants A and B can be easily found:

A ¼ v

D
CL � C0ð Þ e v=Dð Þz � 1

� �

B ¼ C0 � CL � C0ð Þ e v=Dð Þz � 1
� �

Replacing A and B terms in (A1), equation (6) is obtained:

C zð Þ ¼ C0 þ
CL � C0ð Þ

exp v
D
L

� �
� 1

� � exp
v

D
z

� �
� 1

� �
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