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[1] Numerous soil gas measurements of four gaseous species with very different
geochemical behaviors were performed in the Fucino Basin, an area characterized by
known and inferred structural discontinuities. A comprehensive statistical and
geostatistical treatment of these data followed in order to provide insight into the spatial
influence of tectonic discontinuities and geology on deep-seated gas migration toward
the surface. The results yielded anomalies with different features, reflecting the different
gas-bearing properties of the eastern seismogenic faults related to the 1915 earthquake
(M, = 7.0) and the hidden structural features occurring in the western side of the plain. In
particular, this approach demonstrates that soil gas concentration (i.e., Rn and CO,) can
identify the simpler normal faults of the eastern sector of the plain. In contrast, the more
pervasive fracturing and faulting, as well as the occurrence of coarser deposits, on the
western side of the area, make the location of faults less clear. The results show that
gases migrate preferentially through zones of brittle deformation by advective processes,
as sug%ested by the relatively high rate of migration needed to obtain anomalies of short-
lived “*?Rn in the soil pores. Furthermore, a geostatistical study of soil gas data was
conducted to quantify the spatial domain of correlation and the gas-bearing properties of
faults on the basis of shallow soil gas distribution (i.e., anisotropic behavior). The results
provide a clear correlation between the shape and orientation of the anomalies and the
different geometry of the faults recognized in the plain.

Citation: Ciotoli, G., S. Lombardi, and A. Annunziatellis (2007), Geostatistical analysis of soil gas data in a high seismic
intermontane basin: Fucino Plain, central Italy, J. Geophys. Res., 112, B05407, doi:10.1029/2005JB004044.

1. Introduction

[2] Distinguishing an “active fault” from one which is
“inactive” is one of the most important problems of neo-
tectonics because of the seismic hazard commonly associ-
ated with fault activity. Although the term active fault is in
current use, no definition is universally accepted, because
the adopted criteria are based on the tectonic setting and
style of seismicity of an area, and on the specific target of
study (e.g., seismic zonation for an urban settlement). In
general, scientists define as active those faults showing
(1) evidence of historical and/or instrumental seismic
activity and/or (2) stratigraphic/morphologic displacements
within a time period which can span from the Holocene
(10,000 years) to the entire Quaternary period [Slemmons
and McKinney, 1977; Vittori et al., 1991].

[3] Azzaro et al. [1998] argue that the concept of fault
activity appears too generic when dealing with hazard
evaluation, and that a more useful term is fault capability
as applied to a subset of active faults with evidence of
surface slip and therefore those which are potentially most
harmful [Slemmons and McKinney, 1977].
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[4] Not all capable faults are directly evident on surface
(especially where the sedimentation rates on the fault trace
is higher than the slip rate) and thus geophysical and
geochemical methods are necessary for their detection.
Moreover, it is important to remember that fault slip
behavior is often complicated by the mixture of two end-
member styles: stick slip (coseismic fast slip) and stable
sliding (continuous slow creep), which can occur in differ-
ent sections of the same fault or alternating in time. While
the first tends to rejuvenate and keep the fracture network
open near the fault, the second allows for crystallization and
hence fault self-sealing.

[5] Recent advances in the study of fluid geochemistry
(i.e., soil gas surveys) related to structural geology have
shown the potential of this method for studying both fault
activity and seismic hazard [Lombardi et al., 1999; Ciotoli
et al., 1999, 1998]. The importance of fluid geochemistry
is rooted in the fact that the Earth is an open system and
that fluid-releasing crustal phenomena are a major means
for the exchange of matter and energy at different depths.
As such, fluid-releasing channels like active faults and
fractures are actually a “window” on subterranean phys-
ical and chemical variations, as well as seismotectonic
processes.

[6] In terms of seismicity, degassing has been shown to
occur mainly by advection in fractured areas and/or free gas
phase release from mineral springs due to the pressure drop
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which occurs during ascent of the fluid toward surface
[Toutain and Baubron, 1999]. In particular, moderate
to large ecarthquakes cause pore pressure changes along
fracture and fault surfaces, resulting in sharp variations in
the movement and concentration of some gaseous species
due to the evolution of the local stress regime, particularly
evident when the seismic event is approaching (i.e., dilat-
ancy and related phenomena: for a detailed review, see
Sibson [1990], Zhang and Sanderson [1996], and Hickman
et al. [1995]).

[7] On the basis of these variations, a geochemically
active fault zone has been defined as a wide belt character-
ized by high geochemical contrast (either in space or time)
with respect to the surrounding geochemical ““background”
[Ciotoli et al., 2005, 1998; King et al., 1996; Zhang and
Sanderson, 1996; Zhiguan, 1991; Sugisaki, 1983]. In this
sense an active fault zone (defined in a strictly tectonic
sense by paleoseismology and/or neotectonics), may or may
not correspond to a geochemically active fault zone.

[8] It has been shown that the permeability of the fault
gouge and highly fractured zones generate complex geo-
chemical patterns in the soil air [Ciotoli et al., 2005, 1998;
King et al., 1996; Zhang and Sanderson, 1996; Zhiguan,
1991; Sugisaki, 1983]. Generally, all types of faults should
be considered as anomalous for fluxes and concentrations of
all types of gases [Klusman, 1993]. This characteristic has
been used to highlight active faults by using radon emana-
tion from soil, but also using CO,, He and H, distribution in
the shallow environment.

[o] Field data have shown the usefulness of the soil gas
method for detecting crustal discontinuities even when
faults are buried or cut noncohesive clastic rocks, which
makes surface recognition difficult using traditional field
methods [Ciotoli et al., 1998; Lombardi et al., 1996;
Duddridge et al., 1991; Durrance and Gregory, 1988].
These characteristics, the rapidity and the low cost of the
soil gas survey, make this method a powerful tool for
geological investigation which can significantly contribute
to seismic hazard assessment and to seismic forecasting
when continuous monitoring is performed [Klusman, 1993;
Reimer, 1990; King et al., 1996; Sugisaki, 1983].

[10] Soil gas distribution is also affected by surface
features such as pedological, biogenic, and meteorological
factors; however, these are expected to have a subordinate
effect on gas leakage from deep faults. To best understand
the system as a whole, however, it is necessary to study the
association of various gases, to collect a large number of
samples during periods of stable meteorological and soil
moisture conditions (e.g., during the dry season), and to
statistically treat the data using appropriate methods. In this
study we analyzed radiogenic trace gases (He and Rn) and
“diagenetic” gases (CO, and CH,) which act as carriers for
the trace gases in an effort to understand what information
soil gas geochemistry can give regarding the location,
activity, and tectonic style of faults.

[11] The Fucino basin (central Italy) was chosen as a test
site because it displays a network of surface and shallow
active faults within the valley floor that were partially
reactivated during the 1915 Avezzano earthquake (Ms =
7.0) [Oddone, 1915].

[12] In detail, the primary goals of this study are (1) to
test the sensitivity of the soil gas method for locating fault
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or fracture systems masked by plastic, unconsolidated
lithologies (e.g., lacustrine clays); (2) to investigate the
gas-bearing properties (i.e., gas associations and their
spatial correlation) of visible and/or hidden faults (recog-
nized by geophysical surveys); (3) to apply geostatistical
methods in order to study the influence of the spatial
domain of these faults on the gas distribution (i.e., anomaly
shape, extent and trend); and (4) to evaluate the link
between the sampling density (regional and detailed) and
the spatial distribution of soil gas anomalies.

2. Geostatistics

[13] Geostatistics offers a group of methods to quantita-
tively describe the spatial continuity that is an essential
feature of many natural phenomena [Ciotoli and Finoia,
2005; Houlding, 2000; Goovaerts, 1997; Deutsch and
Journel, 1997; Krajevskj and Gibbs, 1996; Pannatier,
1996; Isaaks and Mohan Srivastava, 1989; Journel,
1987]. For the application of this methodology two assump-
tions are required: (1) spatial stationarity, which assumes
that the studied variables remain constant across the inves-
tigated area; and (2) ergodicity, which assumes that the
spatial statistics measured across the investigated area are
unbiased estimates of the studied variables [Matheron,
1971].

[14] In geostatistics, modeling of spatial data is accom-
plished through the calculation of the experimental vario-
gram, showing the increase in variability between sample
locations as distance between the samples increases [7obler,
1970]. The variogram describes the spatial relationship
between the sample values as a function that relates the
variance () to the distance of sample separations, usually
called lag (h). The variogram equation is given as

= LS ) - 2+ )P )

x=1

v(h)

where () is the semivariance, Z(x) and Z(x + k) are the
observation values of the studied variable measured at point
x and at a point separated by /4, respectively, and n is the
numbers of sample pairs.

[15] Two-dimensional variograms (i.e., the variogram
surface) are usually displayed as contour lines and can be
useful for revealing anisotropy in the data. The anisotropy
of the variogram surface reveals a covariance structure
(values tend to be more similar in one or more preferred
directions than in others) that is usually related to the
orientation of natural phenomena acting in the studied area.

[16] The experimental variogram is commonly fitted by
using a mathematical equation whose main parameters (i.e.,
sill, range, and nugget) are used to calculate values at
unsampled locations via interpolation. In the field of Earth
sciences kriging is one of the most commonly used estima-
tion technique that uses variogram model parameters [Stein,
1999; Krige, 1966].

[17] Kriging is a linear interpolation technique that uses
randomly distributed measured data, x;, to predict (interpo-
late/extrapolate) values at any unsampled location within
the area of interest. This prediction makes use of the spatial
dependencies of the measured values. This technique is
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Figure 1.

Generalized geologic and structural map of the central Apennines [Cavinato and De Celles,

1999]. Numbers indicate radon data from other investigated intermontane basins compared in the Table 1.

often associated with the acronym BLUE for best linear
unbiased estimator of the unknown parameters being stud-
ied; “linear” because its estimates are weight-linear combi-
nations of the available data, “‘unbiased” since it tries to
have the mean residual or error equal to 0, and “best”
because it aims at minimizing the variance of the errors [see
Goovaerts, 1997; Krajevskj and Gibbs, 1996; Isaaks and
Mohan Srivastava, 1989; Journel, 1987; Matheron, 1971,
Krige, 1966].

[18] In this work geostatistical analysis was performed to
investigate the presence of phenomena acting along specific
directions (e.g., fault-related anisotropy effect). The
geostatistical approach consisted of the following tasks:
(1) construction of experimental directional variograms to
investigate the spatial dependency of gas concentrations
(i.e., calculate the main variogram parameters: nugget,
range, and sill); (2) determination of directional differences
(anisotropy) which are important for defining the anisotropy
parameters for the kriging estimation (i.e., directions and
ratio between the major and minor anisotropy ellipse axes);
and (3) estimation of the spatial distribution of the studied

variables using variogram model parameters in the kriging
algorithm to construct contour maps.

3. Geological and Structural Setting

[19] The Fucino basin is a rombhoidal intermontane
tectonic depression located in the middle of Apennine
mountains (central Italy) (Figure 1), a Cenozoic thrust and
fold belt which is has been undergoing uplift and extension
since the late Pliocene [Cavinato et al., 2002; Cavinato and
De Celles, 1999; Galadini and Galli, 1999; Galadini et al.,
1997; Blumetti et al., 1993, 1988; Mostardini and Merlini,
1988; Bally et al., 1986]. During the Quaternary the basin
has been generally deprived of a natural outlet and has
hosted a wide lake (artificially drained in the second half of
19th century [Giraudi, 1989]), thus collecting a thick
sequence of Pleistocene and Holocene silty lacustrine
deposits interbedded with coarse alluvial fan deposits at
its borders. The long-lasting activity of the normal faults
bordering the basin [Cavinato et al., 2002; Galadini et al.,
1997; Michetti et al., 1996] is testified by the terraced
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Figure 2. Detailed geological map of the Fucino basin. The map shows the main buried and/or visible
faults in the plain, the trace of the geological and soil gas profile cross section (A-B), as well as the
isochron contour map (interval 100 ms) of the alluvial and lacustrine deposits that represents the isopach
map of the sedimentary cover [Cavinato et al., 2002; Ciotoli et al., 1998].

middle-upper Pleistocene alluvial fan and fluvial-lacustrine
deposits hanging for hundreds of meters above the present
valley floor in the north and northeastern borders of the
basin, the thickness and geometry of the buried sediments,
and the high and rectilinear mountain fronts [Bosi et al.,
1995; Giraudi, 1989].These faults are part of a fault and
seismicity belt extending along the mountain chain from the
northern Apennines to Calabria, with major earthquakes
having magnitudes >6.5 [Vittori, 1994].

[20] The main faults (Figure 2) recognized in the Fucino
basin are (1) the Tre Monti (TMF) and Avezzano-Celano
(ACF-inferred) faults (ENE trending, SE dipping) in the
northern sector; (2) the San Benedetto—Gioia dei Marsi
fault (SBGMF), reactivated during the 1915 Avezzano
earthquake, the Parasano (PF) and the Statale Marsicana
(SMF) faults in the eastern sector; (3) the Ortucchio fault
(OF-inferred) near the center of the basin; and (4) the
Trasacco (TF) and Luco dei Marsi (LF) faults (NW trend-
ing, SW dipping) in the southwestern sector [Cavinato et
al., 2002; Galadini et al., 1997; Michetti et al., 1996].

[21] Data from remote sensing [Giraudi, 1986] and sub-
surface investigations [Cavinato et al., 2002; Galadini and
Messina, 1994], as well as geophysical surveys (seismic,
gravimetric and electrical surveys), demonstrate that a
network of capable faults affect the very recent deposits
of the basin floor, and outline two subbasins that are
separated by a near-surface horst located along the north-

western prolongation of the Vallelonga-Trasacco ridge. The
two subbasins appear to be half grabens with the main
normal faults (SBGMF and TF) dipping southwest without
any significant listric component (Figure 3).

[22] The cumulative vertical offset across the PF and
SBGMF in the middle and late Pleistocene very likely
exceeds 300 m, providing a rough slip rate on the order
of 1 mm yr71 [Michetti et al., 1996; Galadini et al., 1997].
Along the SBGMF, up to 0.9 m of vertical coseismic offset
was measured after the magnitude 7.0 Avezzano earthquake
of 13 January 1915 [Ward and Valensise, 1989; Oddone,
1915]. During the earthquake, typical seismogeological
effects, such as liquefaction, spring anomalies, and gas
and water emissions, were observed at several sites inside
the plain [Oddone, 1915]. Furthermore, faults both border-
ing and cutting the basin show evidence of Holocene
reactivation. Moreover, paleoseismic studies performed at
several sites along the San Benedetto—Gioia dei Marsi fault
(SBGMF) have demonstrated that coseismic displacement
of magnitudes comparable to 1915 earthquake occurred at
least once and possibly twice during the Middle Ages
[Michetti et al., 1996; Galadini et al., 1997]. Evidence of
recent activity has also been found on the Trasacco fault,
which may have also been reactivated in 1915 [Galadini et
al., 1997]. Therefore recent and present-day activity (stron-
ger on the eastern sector) appears to affect a network of
capable fault segments distributed over the entire basin. The
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Figure 3. Seismic profile interpretation with permission of the Edison Gas, Elf, and Eni-AGIP division
[after Cavinato et al., 2002]. TWT, two-way traveltime.

pattern of active fault segments in the Fucino area suggests
that at segment boundaries the offset is minimal and the
deformation is distributed in a volume of rock instead of
being concentrated on a fault plane [Roberts et al., 2004,
2002; Morewood and Roberts, 2002].

4. Soil Gases as a Tool for Tectonic Investigations

[23] Many gas species occur in the soil air, including
those originating from atmospheric, biogenic, and deep
(e.g., mantle degassing, radiogenic production, rock alter-
ation) origins. As several phenomena such as mixing and
dilution, chemical and biological reactions, and differential
solubility may alter the original gas concentration, a wide
variation of concentrations can occur for a single species
even in restricted areas. A wide suite of gases having
different origins and behaviors in soils are expected to
provide suitable constraints for characterizing a fracture
network allowing degassing.

[24] In this work we focused our interest on the distribu-
tion of Rn, CO,, He, and CH4 concentrations in the soil air
of a large database of samples distributed throughout the
Fucino Plain. Radon is used as a tracer gas to provide a
qualitative idea of gas transfer (velocity and flux), carbon
dioxide is believed to act as a carrier for other gases (i.e., Rn
and He), helium is used as a shallow signal of crustal leaks
along faults [Ciotoli et al., 2005], and methane is considered
both a characteristic biogenic indicator of lacustrine depos-
its and a tracer of major crustal discontinuity (as supported
by bursting phenomena occurred during the Avezzano
earthquake [Oddone, 1915]).

4.1. Origin and Behavior of Gases

[25] 1. Radon (***Rn) is inert, colorless, odorless, and is
the heaviest rare gas occurring in nature under standard
temperature and pressure conditions. With a half-life of
3.8235 days, ***Rn is the only natural occurring isotope that
can be used in geological, seismic and tectonic studies. The
release of *’Rn atoms from mineral grains to the soil pore
space can result through diffusion or throu%h a recoil effect,
caused by the « decay of its parent nuclide “*°Ra. The ***Rn
diffusion coefficient in mineral grains (10~'°—10"**m?s ™)
is quite small, so recoil is the dominant process in grains. The
fraction of **Rn atoms which enters the pore space is called
the emanation coefficient or emanation power [Nazaroff and
Nero, 1988; Tanner, 1980; Schroeder et al., 1965]. The most

important influence on **?Rn emanation is the **°Ra con-
centration of the host rocks and soils, which have an average
value of 40 Bq kg~ ' [Flexer et al., 1993]. In general, soils
have higher emanation rates than the rocks from which they
have developed, and a fine-grained soil with its large overall
grain surface usually has a larger emanation rate than a
coarse-grained one. Another important parameter influenc-
ing the **’Rn emanation is the amount of soil moisture.
Investigations by Strong and Levins [1982], Stranden et al.
[1984], and Washington and Rose [1992] show the positive
correlation between emanation coefficient and soil moisture
content. There are two **Rn transport mechanisms: diffusion
and advection. The diffusion coefficient (D) of ***Rn in soil
varies from 0.04 to 0.004 cm? s [Schroeder et al., 1965],
but the effective diffusion coefficient (D.) is greater due to the
influence of porosity (n): D, =D/n [Tanner, 1980]; most soils
have a coefficient on the order of 1072~10° cm? s™*
[Nazaroff and Nero, 1988]. During advective transport
222Rn is moved passively in flowing water or soil gas (like
CO, or CHy). It therefore highlights not only fractures which
undergo fluid circulation, but also those in which U-bearing
minerals are commonly associated with clays. These charac-
teristics allow radon to be used as a tool for the mapping of
active faults in seismotectonic environments [Zoutain and
Baubron, 1999; Ciotoli et al., 1998; King et al., 1996; Wang
et al., 1991; Hauksson and Goddard, 1981; Birchard and
Libby, 1978].

[26] 2. Helium (*“He) is a product of the uranium-thorium
decay series. This rare gas is a good fracture tracer because
it is chemically inert, physically stable, highly insoluble in
water, and as such, it is highly mobile and able to pass
through great thicknesses of fractured overburden [Oliver et
al., 1989, 1984; Andrews, 1983; Pogorsky and Quirt, 1981].
The concentration of helium in the atmosphere is constant
(5.220 £ 0.015 ppm [Holland and Emerson, 1990]) as the
result of the dynamic budget between degassing from the
Earth and diffusion into space. Mainly generated by U-
enriched rocks (1 m® of rock containing 1 ppm of ***U
produces about 1036 cm® of helium per million years),
helium migration, as well as other gases, occurs primarily
by advection from deep accumulations (geothermal fluids,
uraniferous ore and hydrocarbon reservoirs) toward the
surface along permeable fault and fracture systems. It is
considered an exceptional marker of crustal discontinuities
[Eremeev et al., 1973; Lombardi and Reimer, 1990;
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Figure 4. (a) Different types of geochemical anomalies in
relation with their spatial dimension. (b and c) Section and
plan view of the possible types of geochemical anomalies
occurring in faulted areas [after Ciotoli et al., 2005].

Duddridge et al., 1991; Ciotoli et al., 1998] due to its high
mobility and low reactivity.

[27] 3. Carbon dioxide is the most abundant gas species
from hydrothermal to volcanic environments. The presence
of carbon dioxide in fault zones may be the result of mixing
of some of the following potential sources: mantle degass-
ing, carbonate metamorphism, carbonate dissolution with
subsequent CO, release, organic material oxidation, and
microorganism or plant respiration [Sugisaki, 1983]. Iso-
topes of carbon allow one to discriminate between the
different sources: §'°C/'2C values are about 25%., 7 to
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4%o, and 0%o for organic, mantle and sedimentary carbon,
respectively [Allard, 1986]. Finally, one has to consider
phase fractionation processes with care because CO, reacts
with gaseous, liquid or solid constitutive components of
hydrothermal systems. Dissolution of CO, in deep alkaline
waters is a frequent feature and can lead to subsequent
enrichment of poorly soluble elements such as He [Sugisaki
et al., 1980]. High CO, fluxes are often correlated with high
heat flux areas (associated with active or ancient volcanism)
and limited areas having deep fractures (carbon dioxide
mainly originating from the mantle or crustal metamor-
phism). CO, discharges may indicate high pore pressure at
depth, and therefore may serve to identify potential seismic
regions [[rwin and Barnes, 1980]. Carbon dioxide is used
for fault mapping [Annunziatellis et al., 2003; Beaubien et
al., 2003; Sugisaki et al., 1980] as well as for monitoring in
both seismic and volcanic areas [Baubron et al., 1991;
Shapiro et al., 1982].

[28] 4. Methane is a reduced form of carbon which is
thought to derive from a variety of sources. Major processes
involved in CH4 genesis are microbiological (bacterial) and
thermogenic, both operating on biologically formed organic
matter [Klusman, 1993]. In active tectonic environments,
methane is released close to major crustal discontinuities
that show heat anomalies, and therefore is often associated
with indicators of deep leaks such as He. CHy-bearing
spring gases are also known in volcanic environments (from
central discontinuities to adjacent sedimentary basins).

4.2. Tectonic Signature of Soil Gas Leaks

[29] Recent works observed anomalous gas concentra-
tions over faults and confirmed these gases as a deep fault
indicators [Baubron et al., 2002; Ciotoli et al., 2005, 1999,
1998; Zhang and Sanderson, 1996; Lombardi et al., 1996;
Klusman, 1993; Zhiguan, 1991]. Active faults favor gas
leaks because they usually increase rock and soil perme-
ability, and thus the presence of linear soil gas anomalies
longer than several meters are often taken as strong evi-
dence of tectonic features [Ciotoli et al., 1998; Fridman,
1990]. It is important to note that faults are typically wide
fracture zones that can also be crosscut by other structures,
thus resulting in diffuse or “halo” anomalies, respectively
[Matthews, 1985; Sokolov, 1971]. Recent research has
demonstrated that the gas-bearing properties of faults are
not necessarily continuous along a tectonic structure [Etiope
et al., 2005; Ciotoli et al., 2005; Baubron et al., 2002;
Lombardi et al., 1996; Ciotoli et al., 1998]. In these cases
isolated points with high concentration values (““spotty
anomalies”), are frequently observed. When multiple
“spot” anomalies occur along a linear trend, one can infer
that they lie along a structural feature which has a spatially
discontinuous in terms of its gas conduction [Ciofoli et al.,
1998; Lombardi et al., 1996].

[30] Extensive experience in soil gas prospecting by the
authors indicates that soil gas anomalies generally occur as
linear, fault linked, anomalies, as well as in irregularly
shaped diffuse or halo anomalies and irregularly spaced
plumes or spot anomalies [Ciotoli et al., 2005, 1999;
Lombardi et al., 1996]. These features reflect gas migration
dominated by brittle deformation both at macroscale and/or
microscale. Therefore spatial patterns of soil gases in faulted
areas appear to be suitable tools for identifying active
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Figure 5. Location map of the soil gas samples (solid diamond) and of flux measurements (solid
circles). For a better data interpretation the Fucino Plain was divided in two sectors (boxes A and B)
characterized by the presence of different type (i.c., geometry) of tectonic elements. Samples collected in
these two sectors have been elaborated separately by means of geostatistical techniques.

tectonic structures also in areas characterized by thick clay
cover whose plastic behavior could mask the identification
of faults by mean of other geological (field mapping) and
geophysical methods (Figure 4).

5. Methods
5.1. Soil Gas Sampling and Analysis

[31] Soil gas surveying consists of the collection and
analysis of gas samples from the unsaturated or vadose
zone. In the present study samples were collected using a
stainless steel probe driven into the ground to a depth
between 0.7 and 1.0 m, depending on the soil consistency
and thickness; this depth is considered below the major
influence of meteorological variables [Hinkle, 1994; Segovia
et al.,1987]. Furthermore, the collection of a large number of
samples statistically minimizes sampling/analytical error and
bias caused by individual samples [Ciotoli et al., 2005, 1999,
1998; Beaubien et al., 2003; Annunziatellis et al., 2003;
Lombardi et al., 1996, Hinkle, 1994; Reimer, 1990].

[32] Radon is analyzed immediately in the field, due to its
half-life of 3.8 days, using an EDA-200 radon active
detector (Scintrex Ltd.) with a Lucas cell. A 60 mL sample,
collected from the septum-capped probe via a syringe, is
inserted into the radon cell (160 mL) and analyzed over a
5 min period, with counts per minute (cpm) values recorded
every minute. The final 1 min value is used to calculate the
222Rn, as it includes only a negligible amount of the **’Rn
daughters. A second 60 mL gas sample was placed in a
previously evacuated, 25 mL volume, stainless-steel canis-
ter for transport and storage. Once in the laboratory, each
gas sample was also analyzed for major (N,, O,) and minor

(C_4hydrocarbon) gas species using two Fisons 8000 series
packed-column gas chromatographs (GC). In addition to the
GC analyses, all samples were also analyzed for helium
using a Varian Portatest leak detector (model 938-41).
Measurements of carbon dioxide, hydrogen sulphide and
hydrogen were also made in situ by connecting the probe, via
silicon tubing to a portable detector (Driager Multiwarn II)
equipped with an infrared sensor for CO, (0—25% v v~ ") and
electrochemical sensors for H,S (0—100 ppmv) and for H,
(0—1000 ppmv).

[33] A soil gas survey was performed over the Fucino Plain
(about 220 km?) according to a regional sampling with a
density of 4—6 samples km 2 (548 samples, Figure 5).
Furthermore, three high-resolution surveys (297 samples,
about 80—100 samples km~?) were performed within de-
tailed areas (transects) across the TF, ACF, and SBGMF to
enhance the chances of properly recording the fault gas signal
and to study fault influence on shallow soil gas distribution
[Ciotoli et al., 1998]. Transects were planned during the
regional survey and sized (6 x 1,3 x 1,and 0.5 x 1 km) with
an average sampling density of 10—-20 samples km 2 for
transects 1 (Luco dei Marsi) and 2 (Paterno), and 80—100
samples km 2 for transect 3 (San Benedetto dei Marsi) in
order to obtain the background gas variations in unfaulted
arcas as well as the fault-related anomalies. Furthermore, in
order to have a semiquantitative idea of the gas leakage in the
faulted and unfaulted zones, 16 measurements of soil gas
exhalation (radon, carbon dioxide and methane, black circles
in Figure 5) were made by using a 13 x 13 x 9 cm flux box.
Measurements were made on site using the Rn detector
described above and an in-house developed CO,/CH,4 flux.
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Figure 6. Flowchart of the statistical and geostatistical
techniques used for soil gas data elaboration and mapping
procedure.

Both soil gas sampling and exhalation measurements were
accomplished in about 20 days (summer 1995).

5.2. Statistical and Geostatistical Analysis

[34] Geostatistical techniques were applied for the study
of spatially correlated data, as described above. The flow-
chart of the general steps followed in this study is shown in
Figure 6.

[35] Exploratory data analysis (EDA) was first performed
to evaluate the basic characteristics of the data (i.e., sum-
mary statistics and statistical distribution of each variable).
Univariate and bivariate statistical and graphical methods
were used to study each variable independently, the rela-
tionship between variable pairs, as well as to highlight the
presence of multiple populations, and to compare data with
a large database of Italian soil gas.

[36] Exploratory spatial data analysis (ESDA) consisted
of preliminary spatial data representation by using classed-

Table 1. Main Statistics of Soil Gas Data®

B05407

post maps to show value distribution and to visualize the
intersample distance, which is useful to determine the
grouping intervals for experimental semivariogram calcula-
tion and to choose search radii in estimation routines
(kriging).

[37] Variogram analysis is performed to check spatial
continuity of the data values and the presence of anisotro-
pies. Once spatial continuity is characterized it is modeled
with variogram functions that form the basis for kriging
estimation. Finally, cross validation was used to validate the
model parameters used for the estimation.

[38] Collected data were computer processed by using the
following software: Statistica 6.0 (StatSoft, Inc.), GS+,
Geostatistical Software for Environmental Science (Gamma
Design Software, LLC) and Surfer 8 (Surface Mapping
System, Golden Software, Inc,).

6. Results
6.1. Exploratory Data Analysis

[39] The exploratory data analysis (EDA) shows that Rn,
CO,, N, and O, have low dispersed distributions, as
highlighted by the low value of the coefficient of variation
(CV) (Table 1). Otherwise, the wide ranges, as well as the
high skewness values, for CH, and He indicate the presence
of outliers. The mean and median values for CH4 (14.03 ppm
and 1.12 ppm) and He (5.33 ppm and 5.28 ppm) highlight
that the frequency distribution of these gases are positively
skewed (18.99 and 9.34, respectively), indicating an expo-
nential or lognormal distribution. In the case of skewed
distributions, the median and the interquartile range (IQR)
(1.12 and 1.18 for CH4 and 5.28 and 0.17 ppm for He),
are better than the mean and the standard deviation to provide
data dispersion and to highlight values that may be
considered anomalous. Results of the Kolmogorov-Smirnov
test (p < 0.01) confirms a nonnormal distribution for all
variables, and as geostatistical analysis provides poor results
with nonnormal sample distributions, the data have been log
transformed to improve the fit with a normal distribution.

[40] In this study a comparison with a large soil gas
database collected in Italy by the authors since 1975 has
been performed in order to validate the Fucino data set in
terms of bias errors (sampling and analysis), as well as of the
detection of a possible anomaly cutoff. Table 2 shows the
main statistical parameters for radon for both this study and
the complete Italian database, as well as a subset of data
collected in other intermontane basins. Box plot are used to
display and compare the distribution of the Fucino data set

Samples Mean Median Min Max Lower Quartile Upper Quartile IQR SD Skewness
Rn, kBq m > 845 19.40 14.80 0.00 119.51 7.40 27.01 19.61 16.76 1.60
CO,,% 845 3.35 2.64 0.02 20.54 1.24 4.36 3.12 3.11 2.18
CHy4, ppm 844 14.03 1.12 0.01 3913.50 0.69 1.87 1.18 168.96 18.99
He, ppm 845 5.33 5.28 433 13.46 5.20 5.37 0.17 0.50 9.34
N, % 586 76.69 77.41 60.64 81.35 76.47 78.18 1.71 2.81 —3.11
0,,% 586 18.61 18.78 9.20 23.53 17.64 20.00 2.36 2.06 —0.98

“The main statistics of soil gas data show that Rn, CO,, N, and O, have low dispersed distributions as highlighted by the low value of the standard
deviation. Otherwise, the wide ranges, as well as the high values of the skewness, for CH4 and He concentrations indicate the presence of outliers. The
mean and the median values for CH, and He highlight that the frequency distribution of these gases are positively skewed, indicating an exponential or
lognormal distribution of these variables. In the case of skewed distributions, the median and the interquartile range (IQR) of CHy, and of He, are better than
the mean and the standard deviation to provide data dispersion and to highlight values that may be considered as anomalous.

8 of 23



B05407 CIOTOLI ET AL.: SOIL GAS GEOSTATISTICS—FUCINO PLAIN B05407
Table 2. Main Statistical Parameters of Radon Data Collected in Different Geological Scenarios®

Samples Mean Median Min Max Lower Quartile Upper Quartile SD Skewness
1, Fucino 794 20.50 15.50 0.37 120.00 8.50 28.00 16.80 1.60
2, South Vittorino 379 20.80 11.50 0.10 599.80 6.70 22.00 40.20 9.80
3, Tagliacozzo 196 84.90 58.80 0.37 519.90 22.00 129.00 83.60 1.80
4, Val Roveto 100 29.90 24.80 333 112.50 19.20 33.00 19.20 2.00
5, Val Comino 491 72.40 48.50 1.11 483.20 27.00 87.00 71.80 2.50
Intermontane basins 2890 32.70 17.70 0.10 599.80 8.90 36.00 48.20 4.40
Neogenic basins 717 15.40 7.80 0.37 121.40 3.00 21.00 18.20 1.90
Foredeep basins 2359 19.10 12.90 0.37 241.20 3.10 26.00 22.90 3.20
Volcanic areas 3664 47.60 31.82 0.00 480.26 14.06 63.64 49.82 2.39

“Comparison among soil gas radon values measured in different intermontane basins, with those measured in neogenic and foredeep and volcanic areas
in Italy. Numbers in the location column correspond with the numbers in Figure 1.

with those collected in different geological scenarios in Italy
(volcanic areas, neogenic basins, foredeep basins, intermon-
tane basins, mining areas) (Figure 7). The graphs indicate that
(1) the median value of radon activity (14.80 kBq m ) is
comparable with that calculated for other intermontane basins
in Ttaly (17.70 kBq m ), which is the highest compared with
the other studied geological scenarios (excluding the value
45.81 kBq m ™ for volcanic areas, highlighting the influence
of active tectonic structures); (2) the median value of CO,
(1.93%) is the highest among the considered geological
scenarios (the median value of the entire CO, database,
about 11000 data, is 0.81%); and (3) the median values of

CH,4 (1.09 ppm) and He (5.24 ppm) are the lowest among the
considered areas.

[41] These preliminary considerations indicate that active
gas-bearing faults present in the seismic intermontane basins
favor gas leakage. In particular, the high median values of Rn
and CO, confirm the presence of high gas microseeps, as
well as the known behavior of carbon dioxide acting as
carrier for trace gases (i.e., radon). The low median values of
He and CH,4 concentrations could be due to dilution by major
atmospheric components, i.e., nitrogen, oxygen, and carbon
dioxide. Furthermore, dilution by surface gases of biological
origin may also alter CO, and CH, signatures. In this case the
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Figure 7. Box plots show the comparison between the concentration of different soil gas species in
different geological settings on the basis of more than 20,000 samples collected in central Italy since
1975. Plot highlights that radon concentrations measured in the Fucino Plain (FP) show the highest
median value, excluding the volcanic areas (VA) where high radon values are linked to the high radium
content (Figure 7a). Carbon dioxide concentrations also shows the highest values mainly linked to gas

migration along the main faults (Figure 7b).
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Figure 8. Quantile-quantile plots (Q-Q plot) calculated for trace (He and Rn) and minor gases (CO, and
CHy,). Plots highlights anomaly threshold values of 5% for CO, (Figure 8b), 5.37 ppm for He (Figure 8c),
and 3 ppm for CH, (Figure 8d). The Q-Q plot of logarithmic transformed Rn data shows a linear
distribution of the points (Rn has a lognormal distribution), so it is not possible to highlight a well defined

threshold of anomaly.

shallow distribution of fault-related anomalies of these minor
and trace species can be shown by spot values that could
show a linear pattern. These soil gas anomalies, however,
may display a complex character, both in space and time. For
example, anomalies may differ according to the structure of
the faults, such as fault gouges versus intensely sheared
zones, resulting in a different shallow pattern due to the
low gas permeability of fault gouge materials compared to
high permeability of fractured rocks in the adjacent shear
zones [Ciotoli et al., 2005; King et al., 1996; Sugisaki et al.,
1980]. On this basis gas anomalies in correspondence of
active faults can be either “direct leak anomalies” indicating
a deep gas origin, or “secondary anomalies” linked to the
shallower chemical-physical nature of the fault-constituting
rocks.

[42] Because soil gases have a different abundance with
respect to the atmospheric air, (0.01 kBq m > for ***Rn,
0.036 for CO,, 1.4 ppm for CHy, 5.20 ppm for He, 78.08%
for N,% and 19.4% for O,), the detection of an anomaly
threshold constitutes a fundamental step in the exploratory
statistical analysis for further discussion about the possible
sources of the studied gases. Various statistical methods can
be applied to assess the anomalies relative to background
[Ciotoli et al., 2005; Beaubien et al., 2003; Sinclair, 1991].
In general, our experience, based on the collection and
analysis of more than 30,000 soil gas samples in different

geological scenarios, highlights a strong correspondence
between the upper quartile and the anomaly threshold. In
should be remembered, however, that soil gas anomalies
cannot be fixed absolutely, but rather must be defined
locally due to their complex origins.

[43] According to Sinclair [1991] the normal probability
plot (NPP) or the quantile-quantile plot (Q-Q plot) provides
a good method to distinguish different, often overlapping,
populations (i.e., background, anomalous values, and out-
liers) and a more objective approach to statistical anomaly
threshold estimation (Figure 8). Figure 8 highlights the
anomaly threshold values for He (5.37 ppm) CO, (5%)
and CH4 (3 ppm). The NPP of logarithmically transformed
Rn data shows a linear distribution of the points, so it is not
possible to define a clear anomaly threshold. In this case the
radon anomaly cutoff was calculated using the **’Rn
activity at equilibrium with parent radionuclides (**°Ra) in
collected soil samples [Ciotoli et al., 1998], using the
Akerblom formula [Akerblom, 1993]

CRn = CRa€p n_l (2)

where Cg, and Cg, are radon in soil gas (Bq L") and
radium in soil (Bq kg '), respectively, and, ¢ is the
emanation power coefficient (dimensionless), p is soil
density (kg L"), and n is the effective porosity coefficient
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Figure 9. Classed post maps show that (a) radon and (b) carbon dioxide anomalous values highlight the
shallow scarps of the seismogenic and recently activated normal faults in the eastern sector (i.e., SBGMF,
OF), as well as the buried structural elements in the western sector (i.e., the southern part of the TF,
ACF). Highest (c) helium and (d) methane values prevail in the western side of the studied area along the
TF, ACF, LF. Helium distribution locally also corresponds the ACF in the northwestern sector of the plain
and with a wide anomalous zone located in the central part of the plain where liquefaction-induced

deformations occur.

(nondimensional). Assuming € = 0.2 typical of fine-grained
soil, n = 0.3, as suggested by geotechnical studies in the
Bacinetto area [Burghignoli et al., 1991] and substituting the
measured mean Ra activity sample densities, the formula
yields a mean value 0f26.41 kBq m > of radon at equilibrium
with its parent nuclide. This value can be considered as the
anomaly threshold, and thus radon concentrations greater
than this can be linked to an upward migration along
enhanced permeability pathways (i.e., faults).

6.2. Exploratory Spatial Data Analysis

[44] The basic elements of ESDA include data visualiza-
tion using postplots (classed-post), or indicator postplots to
study spatial patterns.

[45] The radon distribution in the Fucino Plain is different
for faults bordering versus those cutting the Fucino Plain
(Figures 9a, 9b, 9c, and 9d). This difference likely origi-
nates from tectonic features such as geometry (high angle,
listric faults), seismic activity (seismogenic faults or cosei-
mic fractures), and depth (blind faults). Anomalous radon
values strike along the shallow scarps of the seismogenic
and recently activated normal faults in the eastern sector
(i.e., SBGMF, OF, the N-S fault recognized by Oddone
[1915] near the village of Pescina). Otherwise, they mark
NW-SE trending belts of enhanced permeability, located
along buried structural elements which are known or
inferred on the basis of structural interpretation of field or
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Figure 10. The scatterplot of CO, versus N,-O, shows the
presence of two populations of samples: (1) an in situ
consumption of O, (e.g., chemical and/or biological
reactions) shown by the stoichiometric 1:1 decrease in
oxygen (a and a; solid lines) and (2) an inverse relationship
between CO, versus both N, and O, caused by a dilution of
these two major species implying a deep input of carbon
dioxide (b and b; dotted lines).

subsurface data, in the western sector (i.e., the southern part
of the TF, ACF).

[46] Anomalous carbon dioxide values agree well with
the shallow radon activity highlighting a strong fit with the
fault systems of the Fucino basin (Figure 9b). This strong
correlation supports the presence of buried gas-bearing
channels in the plain where the migration of CO, acts as
carrier for trace species, suggesting a potential deep origin
of these gases. This hypothesis is strengthened where
methane and helium anomalies are also measured (particu-
larly in the western sector). Furthermore, a scatterplot of
CO, versus N,-O, (Figure 10) shows the presence of two
populations of samples: (1) an in situ consumption of O,
(e.g., chemical and/or biological reactions) shown by the
stoichiometric 1:1 decrease in oxygen; and (2) an inverse
relationship between both N, and O, versus CO,, caused by
the dilution of the first two by the latter and implying the
upward flux of deep carbon dioxide. However, to reinforce
the hypothesis about the origin of CO,, carbon isotopic
analyses are required.

[47] Highest helium values prevail on the western side of
the studied area along the TF, ACF, an LF (Figure 9c),
appearing to characterize a fracturing zone linked to the
buried carbonate structural high located on the northwestern
prolongation of the Vallelonga-Trasacco ridge (see
Figure 3). It is possible that the pervasive fracturing of this
relatively shallow structure enhances helium leakage from a
deeper source. Furthermore, most of the CO, values above
4% agree with the highest helium concentrations (above
5.37 ppmv), suggesting that the TF and ACF could be
preferential pathways for the ascent of CO, enriched in a
component coming from carbonate dissolution. Helium
distribution also corresponds locally with coseismic rup-
tures that intersect the ACF in the northwestern sector of the
plain, and with a wide anomalous zone located in the central
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part of the plain where liquefaction-induced deformations
occur. In the eastern sector of the plain high He values occur
close to the OF, but slightly displaced toward west with
respect to the Rn anomalous samples.

[48] The interpretation of CH,4 data is generally complex
because this gas can be biologically produced in an-oxic
lacustrine sediments which are commonly rich in organic
matter but can be biologically consumed in oxic soils.
Figure 9d shows that anomalous samples are located mostly
in the western side of the plain in correspondence with the
ACF and LF. The origin of methane can be interpreted
based on isotopic signatures (6'°C and associations with
other gases (e.g., heavier hydrocarbons).

[49] The high sampling density used in the detailed
surveys carried out across the main fault systems highlight
that a sampling scale effect could affect the observed soil
gas distribution, as they show slightly higher values than the
local background (see Figure 5). In particular, it is worth
noting that almost all the samples collected within the
transect crossing the SBMF show anomalous gas concen-
trations: up to 92 kBq m ™ of radon, 2520 ppm of methane,
17.2% of carbon dioxide, and 6.2 ppm of helium. At high-
resolution scale this behavior, linked to the different con-
tribution of phenomena acting along specific directions (i.e.,
fault-related anisotropy) versus those acting randomly (i.e.,
isotropic field of background), is less apparent than at the
regional scale. This may originate because of a “scale
effect,” when sampling is performed within the influence
“domain” (spatial range) of a structure (e.g., a fault).
Nevertheless, channeling phenomena, because of their very
close spatial influence, can also be clearly seen by high-
resolution surveys. Coupled regional and high-resolution
sampling provides information about the spatial influence of
the structural features on the soil gas data. Variogram
elaboration and analysis can greatly enhance the sampling
strategy (see section 6.3).

[50] Among the ESDA techniques, moving window sta-
tistics is used for spatial trend visualization and variable
stationarity assessment. A regular grid (3 x 3 km) was
applied over the data, and several local statistics, such as
mean or median and standard deviation, were calculated in
each grid cell and their spatial variation was studied over the
area; cells containing less than 4 measurements were dis-
carded. In general, the mean and the standard deviation of a
lognormal distribution are not independent of one another.
The consequence is that when different sample sets are
taken from the same lognormal distribution the standard
deviation of the samples is directly proportional to their
mean. As an example of this technique the results obtained
by a moving window statistics of radon values are shown in
the classed post map and in the scatterplot of Figures 11a,
11b, and 1lc. Figure 11 highlights the following features:
(1) constant low and high mean radon levels in the western
and eastern sector of the plain, respectively (Figure 11a);
(2) a slightly increasing NE trend; and (3) a clear linear
relationship between local mean radon levels and standard
deviations (R* = 0.86), pointing out the presence of a strong
proportional effect that implies heteroscedasticity of raw
data, i.e., the variability depends on the mean value
(Figure 11c).

[s1] This analysis gives a first impression about the
spatial distribution of soil gas data, suggesting stationarity
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for radon levels in the western and eastern sectors of the
plain. Stationarity or quasi-stationarity of the variable are
required to perform a variogram analysis and modeling.
[52] Exhalation measurements show mean flux values of
Rn, CH4 and CO, comparable with those measured in
faulted and unfaulted zones of other tectonic basins of
the central Italy (i.e., Siena basin, Table 2). In particular,
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the highest fluxes were measured in correspondence of the
recently activated faults of the eastern sector (i.e., SBGMF
and OF), and the similar behavior of Rn and CH,4 provides a
further proof of carrier action of methane (and subordinately
CO,) versus radon (Figure 12).

6.3. Geostatistical Analysis

[53] The difficulty of variogram analysis, or “variogra-
phy,” depends on the quality and quantity of data and on the
complexity of the studied phenomenon. Variography is a
stepwise process, since the user will decide what variogram
models will be fitted, thus influencing the interpolation
which will be done using the kriging method.

[s4] In linear geostatistics, as in conventional statistics, a
normal distribution for the variable under study is desirable.
Even though normality may not be strictly required, high
skewness and outliers can impair the variogram structure
and the kriging results. For this reason, the variographic
study was performed only for CO, and Rn, both because
they constitute a typical carrier/trace gas association and
because they show a less skewed data distribution than He
and CHy4. Furthermore, as CO, and Rn have generally a
lognormal distribution, data was log transformed in order to
reduce the influence of outliers [Annunziatellis et al., 2003;
Beaubien et al., 2003; Astorri et al., 2002].

[s5] Preliminary ESDA (dot maps) highlights that radon
can be considered as a stationary variable within the two
separate sectors. In order to study the different contribution
of direction-specific versus random phenomena a geostat-
istical analysis was performed using Rn and CO, subsets
collected in the two sectors of the plain (dashed rectangles
in Figure 5). If experimental variograms are constructed on
different sets of samples within an area, the proportional
effect can have a radical effect on the appearance of the
variograms, especially in the construction of experimental
variograms in different directions when studying anisotropy.
In this case directional variograms can differ in total sill
value, highlighting a false “zonal anisotropy.” For this
reason it is recommended to remove the proportional effect
by calculating “‘relative variograms,” where each pair
difference is divided by the average of the individual pair
of samples. The relative variogram is analogous to the
variogram calculated using the logarithmic of the sample
values. Logarithmic variograms were calculated here since
this calculation is simpler and because the calculation of
“semivariance” becomes more sensitive and stable. The
average distance between samples (about 650m) was used
as the lag distance (x axis of the experimental variogram
graphs) to calculate the ~ difference between sample pairs.

Figure 11. Results obtained by a moving windows
statistics of radon values shown (a and b) in the classed
post maps and (c) in the scatterplot. The following are
highlighted: (1) a constant low and high mean radon levels
in the western and eastern sector of the plain (Figure 11a);
(2) a slightly increasing NE trend; and (3) a clear linear
relationship between local mean radon levels and standard
deviations (R = 0.86), pointing out the presence of a strong
proportional effect (i.e., the variability depends on the mean
value, Figure 11c). This analysis suggests a stationarity for
radon levels in the western and eastern sectors of the plain.
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Figure 12. Exhalation measurements show mean flux values of Rn, CHy, and CO, comparable with
those measured in faulted and unfaulted zones of other tectonic basins of the central Italy (i.e., Siena
basin, Table 2). Figure highlights that highest fluxes were measured in correspondence of the recently
activated faults of the eastern sector (i.e., SBGMF and OF), and a similar behavior of Rn and CH,. This
fact provides a further proof of carrier action of the methane (and CO,) versus radon.

[s6] Figure 13 shows the variogram surface maps for
carbon dioxide and radon, as well as the modeled experi-
mental variograms for the eastern sector calculated along
different orientations. The various orientations are presented
to visualize anisotropies, thereby improving the choice of
orientations along which to calculate the directional vario-
grams. The elongated shapes highlighted by the lower ~
values (dark gray-toned squares) in the variogram maps
(Figure 13) indicate an anisotropic distribution, as well as
the presence of a spatial correlation domain. The axes of the
ellipse show the directions and ranges (i.e., distances in field
units) of the minimum and maximum axes of anisotropy.
The variogram maps stress the following features:

[57] 1. Minimum ~ values occur along the maximum
anisotropy axis (145° for CO, and 130° for Rn. Note that in
variogram analysis, angles are measured counter clockwise
the trigonometric 0 angle, i.e., east), correspond to the
direction of maximum data continuity, and in agreement
with the Apennine direction of the recognized faults in the
sector.

[58] 2. Maximum -~ values along the direction of the
minimum axis of anisotropy (55° for CO, and 45° for Rn)
correspond to the direction of high spatial data variability,
orthogonal to the direction of the main faults.

[59] 3. The anisotropy ratio (R), given by the relation
Anmax/Amin (Where A and A, are the lengths of the
maximum and minimum anisotropy semiaxes, i.c., the
ranges of the experimental variograms), has a value of
R =~ 5 for both gases, suggesting the effective influence
of anisotropy-inducing factors (fault-linked) and a quantitative

measure of the distance along which the fault influences
shallow CO, and Rn distributions.

[60] The experimental variograms of CO, and Rn for the
eastern sector were calculated along the maximum and
minimum anisotropy axes (Figures 13a and 3b); they
confirm the presence of anisotropy as they reach the same
sill value at different ranges. In particular, the CO, exper-
imental variogram calculated along the maximum anisotropy
direction (145°) shows a maximum range value of 5.5 km,
while the experimental variogram calculated in the orthog-
onal direction (55°) shows the minimum range value of
1.6 km. Rn experimental variograms also show similar
ranges of 6 and 1.2 km along the maximum (135°) and
minimum (45°) anisotropy directions, respectively. It is
worth noting that the orientation of the maximum anisotropy
axis fits well with the orientation of the OF and SBGMF
(N315) occurring in the eastern sector of the plain. Further-
more, the short range in the directional variogram (calcu-
lated orthogonal to the main anisotropy) explains the high
gas concentrations measured in the detailed sampling (about
1 km long) across the SBGMF, and confirms that all
transect samples were collected in the spatial domain of
the fault along the minor anisotropy axis.

[61] The CO, and Rn experimental variograms for the
eastern sector were then modeled along the maximum
anisotropy direction (145° and 135°, respectively). Two
selected spherical models have the following equations:
~v(h) = 0.07 + 0.015 Sph. (5.5) for carbon dioxide
(Figure 13a) and (h) = 0.04 + 0.06 Sph (6) for radon
(Figure 13b).

Figure 13. Variogram surface maps of carbon dioxide and radon data, as well as modeled experimental variograms
calculated for data collected in the (a, b) eastern and (c, d) western sectors of the Fucino Plain. The variogram maps
highlight maximum axes of anisotropy oriented 145° for CO, and 135° for Rn in the eastern sector and 135° for CO, and
135° for Rn in the western sector. These directions are in agreement with the Apennine direction of the recognized faults.
Experimental variograms calculated for the eastern sector (Figures 13a and 13b) are modeled by using a simple spherical
model (bold line), whereas experimental variograms calculated using CO, and Rn data collected in the western sector
(Figures 13c and 13d) show are modeled by using nested models (e.g., two spherical models; bold line). The parameters of
the model equations will be used in the kriging algorithm to calculate contour maps.
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Figure 14. Contour maps of (a) Rn and (b) CO, in the Fucino Plain. Radon and carbon dioxide
anomalies well fit with the trend of known structural features both in the eastern and western sectors.
Higher Rn levels and CO, concentrations characterize the eastern sector of the Fucino Plain where the
most active/recently activated faults (OF and SBGMF) occur. In the western sector, radon distribution
defines the southern and the northern segments of the known Trasacco Fault (TF) in agreement with the
structural observations. The lateral diffusion of the anomalies in the area of the TF confirms the rotation
of the anisotropy axis toward the E-W direction probably due to the presence of a more complex fault

geometry (wide fracturing).

[62] The fitted models consist of a nugget value (0.07 and
0.04) and a spherical function (Sp#), for which at distances
greater than range values (5.5 and 6) pairs of points will no
longer be autocorrelated and thus the semivariogram rea-
ches the asymptotic sill value v = Cy + C. For example, the
sill value of the radon variogram model consists of a nugget
variance (Cy = 0.04) and a structural variance (C = 0.06)
(y = 0.04 + 0.06 = 0.1).

[63] The CO, and Rn variogram maps for the western
sector highlight a quite different spatial domain (Figure 13).
They stress the following features: (1) a maximum anisot-
ropy axis (135° for CO, and Rn, Figures 13¢ and 13d)
which corresponds to the direction of maximum data
continuity, and in agreement with the Apennine direction
of the recognized TF in the sector; (2) a minimum anisot-
ropy axis (55° for CO, and Rn) which corresponds to the
direction of high spatial data variability, orthogonal to the
direction of the main fault; (3) further anisotropies (dotted
line) along directions 5° for CO, and 0° for Rn; and (4) the
anisotropy ratio (R) is 2 for both gases, suggesting that in
this sector the anisotropy-inducing factors (fault-linked)
produce a reduced spatial continuity for both shallow CO,
and Rn.

[64] In fact, the experimental variograms calculated using
CO, and Rn data from the western sector of the plain show
a more complex structure. The experimental variograms of
both gases calculated along the 135° (N315) direction show
a simple structure, suggesting also for this sector of the plain
the presence of an anisotropic phenomenon linked to the
Apenninic fault system (TF). In contrast the experimental
variograms calculated along the E-W direction shows two

sills (domain of spatial influence) at different ranges of 1.2
and 7 km for CO, data and 2.25 and 7 km for Rn data.

[6s] The computed experimental variograms were studied
using simple models along the maximum anisotropy axis
(135°) and nested models along the E-W direction
(Figure 13c). The model equations of CO, experimental
variograms are y(h) = 0.12 + 0.119 Sph. (2.6) and ~(h) =
0.0575 + 0.147 Sph. (1.3) + 0.05 Sph. (7). The model
equations of Rn experimental variograms are y(h) = 0.07 +
0.075 Sph. (4.5) and ~(h) = 0.08 + 0.27 Sph. (2.25) + 0.025
Sph. (7) (Figure 13d). These variograms highlight that shallow
gas distribution in the E-W direction shows a spatial continuity
linked to phenomena acting at two scales: a minor (local) scale
up to about 2 km and a major (regional) scale up to about 7 km.

[66] The parameters of the fitting models are used in
the kriging algorithm calculations to predict (interpolate/
extrapolate) “observation” values at unsampled locations
within the area of interest. The prediction makes use of the
spatial dependencies of the measurement values of the input
data provided by the variograms.

[67] Figures 14a and 14b show the contoured radon and
carbon dioxide values in the Fucino Plain using the param-
eters of the selected variogram models. The cross validation
technique is used to provide the goodness of fit of the
selected models at unsampled locations. Cross validation
removes a known sample value at a given location and
estimates its value by using the selected parameters of the
variogram models and the surrounding values. This proce-
dure follows for all known samples, thereby calculating the
biases of the estimation algorithm. Figure 15 shows an
example of the cross-validation technique used to validate
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Figure 15. Scattergram of measured versus estimated values calculated in the cross-validation analysis.
The interpolation line (continuous line) is very close to the theoretical line providing that the calculated

model well fit with the data spatial behavior.

the selected variogram models for radon for the eastern
(Figure 15a) and western (Figure 15b) sectors. The corre-
lation coefficients of 0.7 for the data of the eastern sector
and 0.5 for the data of the western sector indicate a good
quality of the selected variogram model in the first case, as
well as an acceptable selected variograms model in the
second case, it means that only where sample density I low
the error of the estimation could be higher (e.g., at the
boundaries of the study area). Otherwise, considering that
the environmental variables are often skewed is very diffi-
cult to obtain very high correlation coefficient of cross
validation graphs.

[68] There is also a possibility of a smoothing effect of
the kriging estimation, in this case a distinction needs to be
made between a true nugget and a measurement error. If
there is only small-scale variability (e.g., nugget effect) and
no measurement error, then the repeated measurements at
the same location would be identical. In this case the kriging
variance is zero, e.g., exact interpolation. If the nugget
represents a measurement error rather than a small-scale
variability, repeated measurements at the same locations
would be not perfectly correlated. This results in a predictor
that does not exactly interpolate the data, but smoothes the
measured data to account for the measurements errors.

[9] Radon and carbon dioxide anomalies (Figure 14) fit
well with the trend of known structural features both in the
eastern and western sectors, mimicking the general NW-SE
(N305-310) fault orientation of the area. Higher Rn and
CO, concentrations characterize the eastern sector of the
Fucino Plain where the most active/recently activated faults
(OF and SBGMF) occur. The shape of the anomalies
confirms the highly anisotropic behavior shown by the
experimental variograms and shows the spatial domain of
the faults affecting the radon distribution.

[70] In the western sector radon distributions define the
southern and the northern segments of the known Trasacco
Fault (TF), in agreement with structural observations. This
feature was observed in the field (F. Galadini, personal
communication, 2004) to change along strike from brittle

deformation in the SE, to ductile and less evident deforma-
tion (manifest as gentle surface undulations), to an area of
no visible deformation to, finally, another zone of brittle
deformation in the NW. This trend is clearly represented in
the Rn contour map, going from a large, concentrated
anomaly in the SE which decreases, disappears, and then
returns as one moves to the NW. The elongation of
anomalies agrees with local TF orientation and coincides
with the main 135° (N305) anisotropy axis of the variogram
map. Yet it is quite clear that the anomalies are smeared
laterally, confirming the rotation of the anisotropy axis
toward the E-W direction. In this sector this phenomenon
is probably linked to a more complex fault geometry (wide
fracturing) associated with a shallow structural high of
carbonate substratum. Furthermore, in the northwestern
sector of the plain very high radon anomalies clearly define
the WSW-ENE ACF, as well as some associated minor
Apenninic faults oriented toward the center of the plain.

[71] The CO, contour map shows low values with respect
to the eastern sector, but an anomalies distribution similar to
that of radon. The anomalies are located in correspondence
with the TF and with the minor Apenninic faults in the
northwester sector of the plain. Minor CO, anomalies are
located in the center of the plain where fault-induced
liquefaction was recognized during the Avezzano earth-
quake, and along a WSW-ENE buried fault.

[72] A W-E soil gas profile constructed along one of
the seismic lines performed during a geophysical survey
[Cavinato et al., 2002] highlights a good correlation of Rn
and CO, peaks with the fault traces obtained by the seismic
data interpretation (Figure 16).

7. Discussion

[73] In general soil gas surveys exhibit different gas-
bearing properties for faults bordering versus those cutting
the Fucino Plain. This difference likely originates from
features such as geometry (high angle, listric faults), seismic
activity (seismogenic faults or faults related to surface
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Figure 16. Soil gas and geological cross section profiles highlights a good correlation of Rn and CO,
peaks with the fault traces obtained by the seismic data interpretation.

ruptures along changes of lithology), and depth (capable or
blind faults). Soil gas anomalies are mainly clustered around
specific locations or mark belts of enhanced permeability
along the NW-SE direction, located along structural ele-
ments which are known or inferred on the basis of mor-
phological interpretation or subsurface data, both in the
eastern and in the western sectors of the Fucino Plain.

[74] Radon and carbon dioxide appear to better outline
the structural features known and/or buried in the plain with
respect to other studied gases. In particular, as shown in
Figures 14a and 14b, gas anomalies clearly strike along the
direction of the SBGMF, OF, and the N-S fault recognized
by Oddone [1915] near the village of Pescina in the eastern
sector while in the western sector anomalies also highlight
the ACF and the southern part of the TF but show a more
pervasive distribution.

[75] The strong Apennine anisotropy of the anomalies is
linked to the spatial domain of the faults which are charac-
terized by different geometries and depth. The SBGMF
consists of NW-SE trending, 80°—90° dipping, dip-slip fault
scarps that occur in fluvial and lacustrine gravels or silt.
According to seismic interpretation and paleosismological
data (G. P. Cavinato, personal communication, 2004), the
fault is more than 5 km deep and about 12 km long,
although it because less well defined when the scarps affect
silty sediments. In contrast the OF is a buried structure only
inferred by geometric-structural considerations and proba-
bly linked to the Alto-Sangro fault, which cuts the carbonate
ridge to the south of Ortucchio. In this sector the thickness
of the sedimentary cover is about 700—800 m.

[76] Inthe western sector the NW-SE trending TF runs for
about 7 km across the inner portion of the basin. Paleoseis-
mological trench studies and seismic profiles highlight a fault
plane dipping 60° toward the SW up to a depth of about 1 km.

In this sector of the plain the thickness of the sedimentary
cover is of about 100-200 m [Cavinato et al., 2002;
Cavinato and De Celles, 1999; Galadini and Galli, 1999].

[77] Fault-related radon anomalies are unlikely to origi-
nate from a great depth because of the short half-life and
low rate of subsurface diffusive migration of this gas
[Tanner, 1980]. A probable crustal process for radon trans-
port is linked to the existence of a naturally occurring
microflux of gas (“geogas’) which is enhanced along the
recognized crustal faults. This microflow regards advective
movement of a mixture of naturally occurring gases, formed
by carrier gases (CO,, CHy, N,) which transport rare gases
(He, Rn) [Morner and Etiope, 2002; Etiope and Lombardi,
1995; Malmqvist and Kristiansson, 1984]. High Rn emis-
sions are generally related to U-rich soils and bedrock;
however, it is not rare to find soil gas Rn values above fault
zones which are much higher than the level attributable to in
situ U decay. The observed linear Rn trends of the anoma-
lies cannot be accounted for by the very thin, discontinuous
U and Ra-rich volcanic deposits scattered throughout the
plain. As described above the **°Ra content measured in
soil samples collected throughout the plain is in equilibrium
with a 222Rn concentration of about 25 Bq L™'. (see
Figure 9a). Radon concentrations above this value generally
occur along faults and provide evidence for trace gas
transport from deeper source by a carrier gas, mainly
CO,, as shown in the carbon dioxide distribution map
(Figure 14) and by the measured flux data (Figure 12).
According to Etiope and Martinelli [2002] gas migration at
relatively high speed can be due to (1) pressure-driven
continuous gas-phase flow through dry fractures; (2) pressure-
driven continuous gas phase displacing water in saturated
fractures; and (3) buoyancy of gas bubbles in aquifers and
water-filled fractures.
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[78] The bubble movement has been theoretically and
experimentally recognized as a fast gas migration mecha-
nism [Varhegyi et al., 1992]. The key parameters constrain-
ing validity of these types of advective gas migration is the
intrinsic permeability of rocks and the fracture width.

[79] Excluding faulted and fractured rocks, crustal per-
meability is on the order of 107%° to 10~'® m? [Manning
and Ingebritsen, 1999]. In fault zones, at a regional scale,
the permeability is higher than these values, and is much
higher at local (m) scale in fractured rocks. In this case gas-
phase migration involves water displacement and bubble
flow. Considering that values of fracture aperture at depth
vary from 10 to 100 pm for low-permeability saturated
clays and in accordance with Stokes’ law, theoretical gas
velocity of bubble flow is in the range of 0.01—0.1 cm s~
[Etiope and Martinelli, 2002].

[so] In this regard, the occurrence of bubbling (mainly
CO, and CH,) in some wells and drainage channels
throughout the Fucino Plain suggest that large amounts of
gas occur in basin aquifers. This suggests that in faulted
zones near-surface gas oversaturation occurs and bubbles
migrate to the surface of the water table. As such the trace
gases may advect upward within bubbles consisting of more
concentrated carrier gases such as CO, or CHy, as supported
by the similar soil gas distribution of Rn and CO, (Figure 14),
and CHy4, Rn, and CO, exhalation values (Figure 12).

[s1] Although the isotopic signatures (613CCH4, 83Cco2,
and *He/*He) to label the genetic processes of sampled
gases are not available, the mainly biogenic origin of
methane and carbon dioxide produced by degradation of
organic matter in lacustrine sediments is a feasible mecha-
nism (see Figure 10), even if the figure does not exclude
partial dilution by deep origin CO,. In fact, the presence in
the plain of macroseepage phenomena, occurring as circular
or elliptical areas of various sizes (gas vents) and enriched
in CO, and CHy, is usually indicative of underlying
thermogenic gas reservoirs, leaking upward along discrete
pathways (i.e., faults) through the softer and more deform-
able shallow cover sediments. Gas vents occur along the TF
in the vicinity of the drainage channel, along the SBGMF
near the villages of San Benedetto dei Marsi and Venere dei
Marsi, and in the center of the plain (north of Borgo
Ottomila) where liquefaction-induced deformations occur
due to the presence of coseismic ruptures. The widely
accepted explanation of this macroseepage is that gas
pressure builds up in a shallow reservoir until a critical
overpressurizing point is exceeded. Gas migration is
thought to follow paths of least resistance and gas release
is a sudden event, especially just before an earthquake (i.c.,
prewarning signal). In general, the linear arrangement of
these spotty phenomena may define the strike of the
underlying faults and fractures.

[s2] Furthermore, the observation that Rn anomalies more
effectively outline faults (re)activated during the 1915
carthquake (SBGMF and ACF) is consistent with an en-
hanced emanation power due to the fracturing and crushing
phenomena induced by stress-strain related to the high
seismicity of the plain. A possible mechanism is related to
an increase of grain surface and porosity, as well as grain
comminution by coseismic cracks, thereby producing high
active surface area and circulation pathways, as well as high
radon emanation rates [Holub and Brady, 1981].
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[83] Helium distribution appears as spot anomalies that,
in the western sector, match with the orientation of the TF
(Figure 9c). Consistently, in this sector the spatial distribu-
tion of the high He values and their association with CO,
and CH,4 anomalies could be indicative of gas microseepage
from radiogenic/deep sources along this fault system. In this
sector of the plain the presence of a buried structural high of
the carbonate substratum suggests that the TF is a more
complex structure that can act as a main route of migration
for a deep geogas mix, though a likely prevailing radiogenic
“He versus primordial *He could be hypothized.

[84] The medium to high permeability of sediments
filling the basin in the westernmost sector probably affect
the shallow soil gas distribution. In contrast the finer-
grained, low-permeability and freshly faulted deposits on
the eastern side of the plain result in transport channeling
[Ciotoli et al., 2005; Lombardi et al., 1996], whereby high
gas fluxes are confined along segments of discontinuities.
Furthermore, the thickness of the sedimentary cover, which
varies from about 150 m in the southwestern corner of the
plain up to 800 m in the northeastern part, does not seem to
affect soil gas migration and shallow distribution in faulted
zones.

[85] The geostatistical analysis of radon and carbon
dioxide concentrations greatly improved data interpretation,
outlining different domains of spatial autocorrelation linked
to the gas-bearing properties of faults bordering versus those
cutting the Fucino Plain. The geostatistical approach pro-
vides a clear correlation between the shape and orientation
of the gas anomalies, and the different geometry and geo-
structural characteristics of the faults recognized in the
western and eastern sectors of the plain.

[86] Fault geometry (simple high-angle dip-slip faults)
and high seismic activity of the SBGMF and OF in the
eastern sector of the plain produce the Apenninic elongation
of shallow gas anomalies characterized by a high anisotropy
ratio. In this sector the variogram analysis shows a main
direction of anisotropy (N305—315) along the SBGMF and
OF, and in this direction the spatial domain of the faults
affect the soil gas distribution within a range of about 6 km.
In contrast along the orthogonal direction the spatial domain
of autocorrelation is very narrow and affects the shallow
distribution of the gas anomalies according to a single-scale
phenomenon (simple model variogram) within a range of
about 1 km both for CO, and Rn. The high-resolution
sampling (rectangular transect of 0.8 x 0.2 km), carried out
along the minor axis of anisotropy (orthogonal to the
SBGMF) near the village of San Benedetto dei Marsi,
shows very high values of all gas species. The reason of
these results, as described above, could be due to the fact
that the sampling was conducted within the spatial domain
of the fault and for a distance smaller than the calculated
range (see Figure 13). This sampling did not, unfortunately,
include the background values occurring beyond the influ-
ence of the structure, as indicated by the range of the
variogram calculated along the minimum axis of anisotropy
(Figure 13).

[87] In the western sector the broader distribution of the
anomaly implies that the TF is not a simple planar (i.e., dip
slip) structure like the SBGMF, but rather is wider fault
system (i.e., listric fault) with complex geometry which has
a wide fracture zone surrounding the main fault. In this
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Table 3. Comparison Between Geological and Structural Information of the SBGMF and TF and the Summary Statistics of Soil Gas
Samples Collected in a Buffer Area Around the Faults Identified by the Variogram Models

Rn CO, CH4 He
Depth Length Cover Thickness Median Max Median Max Median Max Median Max
SBGMF >5 km 12 km 800 m 24.4 119.5 3 15.2 1.6 27.6 5.2 6.1
TF 1.5 km 7 km 150 m 18.3 53.3 2.7 18.5 1.1 4.4 5.3 5.9

sector the variogram analysis shows two main directions of
anisotropy: N305—315 along the main elongation of the TF
and N85-90 along the orthogonal direction. In particular,
the latter indicates that the TF fault system affects the
shallow distribution of the gas anomalies in this direction
according to a double-scale phenomenon (nested vario-
gram): (1) at local scale with a range of 1.3 km for CO,
and 2.25 km for Rn and (2) at regional scale with a range of
7 km for both gases.

[88] In particular, this fault has been observed in the field
(F. Galadini, personal communication, 2004) to change
from SE to NW along strike from brittle deformation, to
ductile and less evident deformation (manifest as gentle
surface undulations), to no visible deformation and to,
finally, another zone of brittle deformation. This trend is
represented quite clearly in the Rn and CO, soil gas contour
maps, going from a large, concentrated anomaly in the SE
which decreases, disappears, then returns as one moves to
the NW. The elongation of anomalies agrees with local fault
orientation and coincides with the main anisotropy axis. Yet
it is quite clear that the anomalies are smeared laterally in
the direction of the second anisotropy axis (E-W) due to the
presence of a more complex fault geometry (i.e., diffuse
fracturing). The different ranges for the two gases at local
scale could be linked to their different geochemical behavior
in the shallow environment: The carbon dioxide is more
soluble in groundwater and more reactive than radon in the

vadose zone, making it difficult to distinguish CO, anoma-
lies from the background. In contrast, shallow fracturing
could increase the production of radon, as well as aiding in
its transport over a greater distances.

[so] High He concentrations occur in this sector relative
to the eastern one. This could be linked both to U mobili-
zation by active fluid circulation in the carbonate structural
high, and to the presence of a thin sedimentary cover
ranging from 100 to 200 m. Helium migration is enhanced
by the action of the CO, and CH, carrier gases which
characterize the bubbling phenomena in the drainage chan-
nel in the central part of the plain, and some gas vents
located along the prolongation toward north of the TF. A
comparison of soil gas concentrations (i.e., anomalies of
CO,, He, Rn, CH,) relatively to some fault parameters (i.c.,
depth of structures, sizes, thickness of cover, etc.) is
reported in Table 3.

[90] The results of the geostatistical analysis of soil gas
data help create a schematic model showing how the spatial
domain of faults with different geostructural features could
affect shallow soil gas distributions. In fact, the variogram
models of CO, and Rn data highlight a different spatial
behavior within the western and eastern sector of the Fucino
Plain (Figure 17). The proposed model can be tested by
applying the same geostatistical technique to soil gas data in
other areas of the Apennine chain with similar geological
scenarios. Furthermore, the geostatistical analysis (i.e.,

y(h) Nested model
C,+C +C,|------------=
1
Co + CI - = A :
I I
1 1
Gl I
1 1
a, a h a, h
0
= 1
E Meso-Cenozoic
) carbonate substratum
2 T T T T T T
4 8 12

Distance (Km)

Figure 17. Sketch model of the shallow Rn spatial distribution inferred by the different variogram
models calculated in the eastern and western sectors of the plain where faults with different geometries
and activities were recognized. On the eastern sector the Rn and CO, spatial domains is well defined by a
simple variogram model that agrees with the simple geometry of the SBGMF and OF (i.e., dip-slip
faults). In contrast, the nested variogram model selected for the Rn and CO, data of the western sector
may be the result of the complex geometry of the TF (i.e., listric fault), which has a wide fracture zone
surrounding the main fault. The two types of variogram models are reported above the W-E oriented
cross section (A-B in Figure 2) constructed by using data from seismic survey [Cavinato et al., 2002].
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Table 4. Main Statistical Parameters Calculated for Transects 1
and 3%

Samples Mean Median Min Max IQR SD
Luco dei Marsi Transect
Rn, kBq m 76 926 7.60 0.00 31.08 9.60 7.42
CO,.% 76 2.80 240 0.02 9.04 2.80 2.04
CHy, ppm 76 494 046 001 3.26 1.00  37.32
He, ppm 76 530 522 500 6.70 0.07 021
San Benedetto Gioia dei Marsi Transect
Rn, kBq m 84 29.88 2530 2.58 9398 23.50 19.83
CO,,% 84 3.47 3.00 0.10 17.15 3.00 2.83
CHy, ppm 84 64.73 090 0.01 2520.00 1.50 131.40
He, ppm 84 528 530 470 6.20 027 025

“Transect 1 (Luco dei Marsi, 10—20 sample km2) and transect 3 (San
Benedetto Gioia dei Marsi, 80—100 sample km~?). Data show that the
spreading of the variables, in general, increases with the sample density.

variography) quantified the spatial domain of anomalies in
correspondence with different faults in terms of distances
along the major/minor axes of anisotropy. This information
will be useful for the planning of future samplings (i.c.,
directional high-resolution profiles, transects, etc.).

[o1] In general, additional high-resolution samplings are
often aimed at better delineating anomalous zones, but the
decrease of the sampling grid size has the effect of increasing
the spread of the variable (i.e., the interquartile range and the
standard deviation increase). In contrast, as the sampling grid
size increases the distribution gradually becomes more sym-
metric and thus the difference between the median and the
mean becomes smaller. Statistical parameters calculated for
Rn and CO, concentrations measured in samples collected in
transects 1 and 3 show that the median, IQR and standard
deviation increase as the sampling density increases (Table 4).
This effect in the changes of the sampling grid size will be
greatest for data sets in which data are spatially uncorrelated
(i.e., variogram with high nugget).

[92] A by-product of kriging is the kriging variance. The
kriging variance is a measure of estimate confidence and is a
function of the variogram parameters and the sampling
configuration. Observations are frequently obtained along a
transect to provide data for this purpose. Once a representa-
tive variogram has been obtained and a model has been fitted
the coefficients of the model can be used to compute the
maximum kriging variance for different sample spacings.
Contour plots of the kriging standard deviation can be used to
delineate areas of large uncertainty in the kriging estimates.
Further sampling from these locations can substantially
improve the accuracy of predictions. In this work the kriging
standard deviation maps show uncertainty in the kriging
estimates only at the boundaries of the study area due to
the low sampling density. Furthermore, it is worth to note
that the reduced kriging errors are approximately normally
distributed.

[03] It is then possible to ascertain the largest sample grid
spacing that could be used to achieve the lowest kriging
variance. If the variogram has a short range a fine grid needs
to take advantage of spatial dependence (i.e., high cost/
benefit ratio); if the variogram has long range a coarse grid
will give similar results. In this study prediction locations
are assumed not to coincide with measurements locations in
this case no distinction needs between the nugget and the
measurements error. Given a mean sample spacing (g) of
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0.65 km and total area (A) of 220 km?, the number of sample
points (n) required to cover the area is calculated with

2 2
n_<g+1> :(@Jrl) =576 (3)

This number of samples corresponds remarkably well with
the total number of samples actually collected in the
preliminary regional survey.

[94] In exploration the final decision on additional sam-
pling is based on the following criteria: (1) subareas with
high values are more interesting than others; (2) high
extension variance requires to reduce large sampling grids;
and (3) high local variability require a denser sampling.

[os] The importance of these criteria may differ for differ-
ent study sites. The calculation and plotting of the moving
window statistics for variable values are a basis for the
evaluation of the existing sampling pattern and support
decision for locating additional samples (Figure 11) (some
commercial GIS packages contain Voronoi tessellation mod-
ules, e.g., ARC/GIS 8.0, Esri Inc.). This can enhance the soil
gas interpretation, especially when soil gas surveys are used
for seismic microzonation or for gas hazard evaluation
studies.

8. Conclusions

[96] The fundamental goal of this study is to detect
evidence of deep origin fluids in the shallow environment
which are due to gas ascent along enhanced permeability
pathways, such as deep regional faults.

[97] Numerous soil gas measurements of four gaseous
species with very different geochemical behaviors were
performed in the Fucino Basin at different scales across
known and inferred structural discontinuities. In the eastern
sector of the Fucino Plain the relatively simple dip-slip
geometry of the SBGMF and the OF (recently activated
during the 1915 Avezzano earthquake, M, = 7.0), affects
the distribution of high Rn and CO, values according to a
clear linear Apenninic trend. In contrast, on the western side
of'the plain the TF, an inferred listric fault which is not visible
on surface, has lower radon and carbon dioxide values that
are more diffusely distributed, but coupled with high values
of helium.

[98] On the basis of these observations radon and carbon
dioxide appear to be good tracers of faults (re)activated
during the 1915 earthquake. The fact that the highest values
are observed over the coseismic fractures may be an
indication of the more open nature of these features and
thus higher permeability. However, independent of gas
origin, the results show that gases migrate preferentially
through zones of brittle deformation by advective processes
as a geogas mixtures, as suggested by the relatively high
rate of migration needed to obtain anomalies of short-lived
?22Rn in the soil pores.

[99] A comprehensive statistical and geostatistical treat-
ment of this data followed in order to provide insights into
the spatial influence of tectonic discontinuities which affect
deep-seated gas migration toward the surface. Geostatistical
analysis greatly enhanced soil gas data interpretation and
highlighted different gas-bearing properties for the various
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faults. The results yielded anomalies with different shapes,
reflecting the different gas-bearing properties and geometry
of the eastern seismogenic faults (SBGMF, OF) and the
buried structural system (TF) occurring in the western side
of the Fucino Plain. In particular, the broader distribution of
the anomalies around the TF implies that this is not a simple
planar feature like the SBGMF, but rather is wider and
highly fractured zone linked to the presence of a structural
high of the carbonate substratum.

[100] The high-resolution sampling performed over de-
tailed areas indicated that at the high-resolution scale the
different contribution of phenomena acting along specific
directions (i.e., fault-related anisotropy effect) versus phe-
nomena acting randomly (i.c., isotropic background field)
could be less apparent than at a regional scale. This may be
due to the scale effect, when sampling is performed within
the influence range of a structure (e.g., a fault), as occurs in
the transect carried out across the SBGMF. In this case the
geostatistical approach can be useful to greatly enhance the
sampling strategy.

[101] In fact, the proposed methodology (soil gas pro-
specting coupled with the geostatistical analysis), provides
(1) the quantification of the spatial domain of structural
discontinuities, with different activity and/or geometry, on
the shallow distribution of soil gases; (2) the relationships
between the size of the target (i.c., regional faults) and the
sampling design; and (3) the evaluation of the sampling
pattern in the framework of future sampling schemes (i.e.,
the location of additional samples).

[102] This approach may constitute a good method of
investigation and data interpretation, especially at local scale,
in geohazard studies. This is particularly important here as
the outlined scenario and some field observations indicate
that the Fucino Plain may be prone to sinkhole formation.
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