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Compositional changes in a fumarolic field, Vulcano Island,
Italy: a statistical case study
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Abstract: The identification of compositional changes in fumarolic gases of active volcanic areas
is one of the most important objectives in monitoring programmes. Together with information
from seismic data and deformation, it provides key data to the formulation and management of
emergency plans for populations living near active volcanoes.

Chemical data obtained from different fumaroles collected at Vulcano Island (Sicily, southern
Italy) between 2000 and 2004 have been analysed statistically. The methodology has identified par-
ameters able to elucidate the structure of the complex fumarolic field of Vulcano in the investigated
span of time, notwithstanding the high data variability. The southern portion of the Tyrthenian Sea
was affected by an earthquake (M = 5.8, 40 km NE of Palermo) in December 2002. Abrupt outgas-
sing on the island of Panarea occurred in November 2002 and Stromboli was significantly active
from December 2002 to July 2003. The great geological instability of the area is thought to have
had an influence on the variability shown by the data.

The time-dependent variations in the components of the data have been investigated using log-
ratios. The H,O~HCI-SO, subcomposition, for a limited set of fumaroles, has been used to
check for log-contrast principal components to be considered as a monitoring tool of volcanic
activity. Results obtained indicate that the compositional changes are a complex function of
time, chemistry, temperature and space. ANOVA (analysis of variance) of log-ratios for which
there is no time dependence has elucidated components subject to significant spatial variations
across the fumarole field, due to changes in redox conditions, and components dominated by

random variations.

The present study was designed to apply statistical
methodologies in the investigation of the chemistry
of a complex fumarolic field as exemplified by
Vulcano Island. The involvement of several poss-
ible sources in the chemical composition of volca-
nic gases and their modification in time and space
often requires the use of explorative and inferential
statistical tools. In this way systematic behaviours
related to time and/or space may be distinguished
and significant geochemical parameters able to
charaterize the evolution of the volcanic system
identified. Furthermore, statistical methodologies
are useful in characterizing the high chemical
variability that potentially affects these systems,
where several phenomena tend to combine and
overlap each other, there is the presence of
groups of observations with similar compositional
behaviour, or the compositional patterns depend
on time and/or temperature (Mazor et al. 1988;
Chiodini et al. 1995; Montegrossi et al. 2001;
Leeman et al. 2005). Adequate models of the
compositional evolution of the fluids need to take
into account the features of the sample space.
The special and intrinsic feature of compositional
data is that the proportions of a composition are

naturally subject to a unit-sum constraint. Volcanic
gas chemistry is typically a composition where the
parts are expressed in wmol mol . In the investi-
gation of volcanic gas chemistry the unit-sum con-
straint has been ignored widely or wished away.
Consequently inappropriate standard statistical
methods, devised for a successful application to
unconstrained data, have been used with possible
negative consequences in the interpretation of the
information contained in a gas chemical compo-
sition. Here, the original, largely intuitive,
approach to compositional data analysis formulated
by Aitchison (1986), based on the use of log-ratios,
has been followed. Recently, several theoretical
developments point to a mathematically correct
statistical approach to managing constrained data
(Aitchison 1999; Pawlowsky-Glahn & Egozcue
2001; Von Eynatten et al. 2002; Egozcue et al.
2003). The power of the log-ratio approach has,
furthermore, been demonstrated in the investi-
gation of several problems in the Earth Sciences
(Reyment & Savazzi 1999; Pawlowsky-Glahn &
Buccianti 2002; Von Eynatten et al. 2003a,b;
Buccianti & Esposito 2004; Buccianti &
Pawlowsky-Glahn 2005).
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Volcanological and geochemical
background

The Aeolian archipelago (Sicily, southern Italy) is
situated in the southeastern part of the Tyrrhenian
Sea, some tens of kilometres off the northern
coast of Sicily. It is related to the complex geody-
namic situation of the Mediterranean area charac-
terized by the collision between the African and
Eurasian plates with N-S to NNW-SSE trending
converging over the past 70 Ma (Frepoli et al.
1996). Vulcano is the southernmost of seven volca-
nic islands that form the Aeolian archipelago and it
is one of Italy’s active volcanoes (Barberi et al.
1974; Beccaluva et al. 1985; DeAstis et al. 1977).
Vulcano, together with Lipari, is situated along a
NW-SE tectonic alignment which transversely
intersects the arc, coinciding with the structural
line known as the Tindari—Letojanni lithosperic
fault, with right-lateral strike-slip movements.

The last eruption of Vulcano dates back to 1888 —
1890, with the main event being located in the crater
named La Fossa. Since then, the main fumarolic
field, located on the northern inner and outer flanks
of the La Fossa crater, covering an area of about
9000 m?, has exhibited particularly high variability
with regard to total gas emission rates and location
and composition of the gas discharges (Chiodini
et al. 1992). During the last 100 years, the outlet
fumarole temperatures have varied from 600 °C in
1923 (Sicardi 1940) to less than 250 °C at the end
of 1970 (Chiodini ez al. 1992). Since 1978 fumarolic
activity has been modified strongly, with tempera-
tures increasing up to 700 °C (Chiodini er al. 1993;
Martini 1993). At the present time outlet fumarole
temperatures are around 400 °C.

The first chemical data for fumarolic discharges
were reported by Sainte-Clare Daville (1856) and
Fouqué (1856). Over the last three decades a
number of studies have yielded large sets of chemi-
cal data from fumarole gas emissions, thermal
waters and soil gases of the island (Martini &
Tonani 1970; Shinohara & Matsuo 1986; Badala-
menti et al. 1988; Baurbon et al. 1990; Minissale
1992; Panichi & Noto 1992; Bolognesi &
D’Amore 1993; Martini 1996; Montalto 1996;
Capasso et al. 1999, 2001; Di Liberto et al. 2002).
Only since 1980 have geochemical models of the
physical and chemical properties of the crater-
gases been proposed and discussed (Martini 1980,
1983) by considering in addition seasonally
induced variations that may perturb the primary vol-
canic signals. One of the main features of the differ-
ent models is the role of a shallow aquifer located
between the magma chamber, at a depth of about
4km and the surface, controlling the thermal
output and the chemical composition of the fumar-
oles. Carapezza et al. (1981) proposed a pressure

cooker model, inferring the presence of pressurized,
two-phase (liquid—vapour) saline fluids in a reser-
voir at a depth of about 2 km, able to evolve along
the boiling trend of a liquid with variable content
of NaCl and CO, at about 350 °C. The dry model
by Cioni & D’Amore (1984) proposed that the
fumarolic discharges result from the variable
mixing of (1) a deep magmatic component and (2)
a shallower component (called marine hydrother-
mal) formed from the total evaporation of hydro-
thermal fluids (mostly water) of marine origin, the
latter entering the low pressure, high temperature
zone, which surrounds the uprising conduits of mag-
matic fluids affected by evaporation phenomena.

The great thermal variability of the Vulcano
fumarole field has recently been proven by the
results of detailed investigations for a large
number of fumaroles carried out in May (end of
the rainy season) and September (dry season) 2001
(Pirillo et al. 2002; Vaselli ef al. 2003). In general,
the fumarole discharges can be classified by their
location and chemistry into outer and inner fumar-
oles with respect to the crater rim and fumaroles
located on the crater rim itself. The outer gas dis-
charges are located mainly along fractures that
extend outwards from the rim and can reach temp-
eratures up to 100 °C; their composition is generally
water-dominated. The gases from the crater-rim
fumaroles vary widely in temperatures (100-
400 °C). Steam is still the main component, up to
98 x 10* wmol mol ', but high temperature gases
(SO, HCl, HF, CO) become important. On the
inner part of the crater rim, fumaroles display extre-
mely high thermal and chemical variability, with
temperatures ranging from 100 °C to 420 °C, indi-
cating the presence of a complex situation. The
wide-ranging behaviour suggests that only the moni-
toring of an elevated number of discharges over time
may give information on the whole system. Conse-
quently, seven fumaroles were selected as represen-
tative of the field and have been monitored from
2000 as follows: two from the outer part of the
crater rim (labelled FNB and FZ), two from the
rim itself (FNA and F5) and three from the inner
part of the crater rim (F14, F27, F202). The aim
was to identify geochemical parameters able to
give simple indications about the chemical structure
of the data and how the latter can be affected by
temperature, time and/or space. The results can be
used in subsequent plans of investigation focused
on following changes in the behaviour of selected
parameters and/or sampling sites.

Statistical analysis and results

The identification of significant changes in compo-
sitional data may be performed by taking into
account the properties of the simplex, the
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appropriate sample space for constrained data (data
in which each of the components of the composition
is a proportion of the fixed total). The chemical
composition of volcanic gases (expressed in
volume percentages, ppm, wmol mol~' or other
related units) shows its variability in this sample
space, a subset of real space, in which the appli-
cation of standard statistical methods can lead to
spurious results, confusing the underlying structure
of the data, as well as producing wrong inferences.
The chemistry of the gases for the fumaroles
includes the following components: H,O, CO,,
SO2, st, S, HCI, HF, N2, 02, Hz, AI‘, Ne, CO,
CH,, C,H4, C,Hg. Data were collected for 115
samples obtained from the fumaroles discussed
above, during the period 2000-2004. Log-ratios
of components were used to study patterns of varia-
bility (Aitchison 1982, 1986). The part that was put
in the denominator is H,O since it is the most import-
ant component of the composition and the main con-
stituent of volcanic gases. Itis involved in several key
chemical reactions (e.g. H, + CO, = CO + H,0,

4H, + 2502 = Sz +4H,0 and COz +4H, =
CH,4 + 2H0), all of which are highly dependent on
temperature.

The temporal variation of both temperature and
log-ratios has been studied for each fumarole.

69

non-parametric Wald—Wolfowitz Runs Test,
which evaluates random variation in sequences of
data. The variable tested must be dichotomous,
that is the values have to be below or above the
mean or median values. This test is important
since the assumption of mutual independence of
successive values may not be sustainable in this
case. Such lack of independence would preclude
the use of several statistical inferencial methods,
which require this property in the data.

Temperature analysis

Probability plots of the outlet temperature gases from
the seven fumaroles sampled between 2000 and 2004
are shown in Figure 1. Runs Test results indicate that
successive data for each fumarole are independent
of time (@ = 0.05). The Kolmogorov—Smimov test
for goodness indicates that the data have Gaussian
distribution (a = 0.05). Use of the Student r-test
to compare means and variances shows that
there are significant differences between all the
fumaroles (a = 0.05) with regard to the outlet gas
temperatures. Consequently, outlet temperatures can
be considered as being drawn from different popu-
lations with different mean values increasing from
100°C (FZ, n = 10) to 211 °C (F5, n = 13), 247°C

Time-dependence was examined using the (FNB,n = 12),285°C (FNA, n = 15), 306°C (F14,
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Fig. 1. Normal probability plots for outlet temperatures of the seven fumaroles.
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n=15), 363 °C (F27, n = 13) and 403°C (F202,
n=13).

Log-ratio analysis

Log-ratios In(SO,/H;0) and In(HCI/H,0) show
patterns that are time-dependent and only for three
fumaroles, as follows: F14 for In(HCI/H,0),
FNA for both In(SO,/H,0) and In(HCl/H,0), FZ
for In(SO,/H,0) (a = 0.05). The temporal patterns
of these log-ratios are shown in Figures 2 and 3.
Other log-ratios show no time-dependence and, con-
sequently, random variation is the dominant feature
governing compositional changes. Analysis of var-
iance (ANOVA) can be used to determine whether
time-independent log-ratios are able to distinguish
fumaroles. Kolmogorov—Smirnov tests have been
carried out to verify for fit to the Gaussian distri-
bution for each log-ratio (« = 0.05). In addition,
the value of the Levene statistic for the homogeneity
of variance was calculated in order to test whether all
the group (fumarole) variances are homogeneous.
The results indicate that this hypothesis can be
accepted for a = 0.01.

ANOVA indicates that only the log-ratios In(H,/
H>0), In(CO/H,0), In(CH4/H,0) and In(C;H4/
H,0) vary significantly among the fumaroles,

independently of time. Thus, the spatial location
appears to be the dominant feature governing the
differences among F5, F27, F202 and FNB fumar-
oles for the values of these log-ratios. Box-plots
of the values of the log-ratios for the four fumaroles
are shown in Figure 4. Significant differences are
present for: (1) In(H2/H,0), comparing F27 with
F202 and FNB; (2) In(CO/H,0), comparing F27
with F5 and FNB; (3) In(CH4/H;0), comparing
F202 with F5, F27 and FNB; (4) In(C;H4/H,0),
comparing F27 with FNB, in all cases for
a = 0.05. Fumarole F27 consistently differs from
the others for all the mentioned log-ratios.

For all the other log-ratios [In(CO,/H,0),...,
In(C,Hg/H,0)] ANOVA results indicate that
these gas components show no variations among
fumaroles (a = 0.05).

Subcompositional analysis

For the general form of a chemical reaction the cor-
responding equilibrium constant has an equivalent
logarithmic form. The logarithmic version encou-
rages the view that a sensible way to identify
patterns in compositional datasets is to search for
natural log-contrasts of the components of
the composition (Aitchison 1983, 1999). The
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Fig. 2. Time behaviour of the log-ratio In(SO,/H,0) for fumaroles F14, FNA and FZ.
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Fig. 3. Time behaviour of the log-ratio In(HC1/H,0) for fumaroles F14, FNA and FZ.
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Fig. 4. Box-plots of the log-ratios In(H,/H,0), In(CO/H,0), In(CH4/H,0) and In(C,H,/H,0) for fumaroles F5, F27,
F202, FNB.
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time-dependent  log-ratios, In(SO,/H,O) and
In(HC1/H,0), identify the subcomposition H,O-
HCI-SO, where the features of the log-contrast
principal components can be checked. The aim is
to find a simple relationships containing infor-
mation about the evolution of the volcanic system.
The centred log-ratio covariance matrix I' as a
means of specifying a compositional covariance
structure and the concept of the log-contrast of a
composition were used by Aitchison (1983) to
provide a practical form of compositional principal
component analysis. In this context, a log-contrast
of a D-part composition X is any log-linear combi-
nation a;lnx;+---+aplnxp =a’lnx  with
a;+---+ap=aj=0. The first log-contrast is
given by the equation:

0.47 In(H,0) — 0.81 In(HCI)
+0.34In(SO,) = k. )

The proportion of the total subcompositional varia-
bility which is retained by the first log-contrast prin-
cipal component is about 64% (A;/ Z?:l A;, where
A; are the eigenvalues of I' and D, the parts of the
composition). Dividing each component by 0.81

and approximating the coefficients by 0.5, obtains:

(Hy0)'/2 - (50,)'2

— expky. 2
HCl exprL @

for which &; can be calculated for each sample. A
probability plot for k; values of each fumarole is
reported in Figure 5. The position of the different
cumulative curves clearly reveals the presence of
the spatial variation from the inner part of the
crater to the rim and the outer part. Furthermore,
the increase in k; values is related approximately
with time and with the decrease in temperature.
These results clearly indicate that first log-contrast
principal component is a complex function of
chemistry, temperature, time and space. It can rep-
resent a statistical tool to monitor for processes that
take into account about 2/3 of the subcompositional
variability affecting the system. The processes
involve H,0, SO, and HCl in the proportion
0.5:0.5: 1. The equation for the second log-contrast
principal component (explaining about 36% of the
subcompositional total variability) is given by:

0.67 In(H,0) + 0.07 In(HCD
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Fig. 5. Probability plot of the first log-contrast values k discriminated by fumaroles.
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Fig. 6. Probability plot of the second log-contrast values k, discriminated by fumaroles.

Given that the coefficient for HCl is so low,
equation (3) can be expressed as:

(H20)0.67

(50,77 ~ P

(C)]

A probability plot for k, values of each fumarole is
reported in Figure 6. In this case too, the position of
the different cumulative curves clearly reveals the
presence of the spatial variation from the inner
part of the crater to the rim and to the outer part.
However, F14 and FNA fumaroles show a more
similar behaviour with respect to the previous
case and this appear to be related to the lack of HCL.

These results indicate that the second log-
contrast principal component is a simple function
of chemistry (only two variables), space (inner
and rim parts of the crater discriminated from the
outer one), temperature and time. The increase in
its values is related approximately to time and to
the decrease in temperature. Consequently,
equation (4) can represent a useful tool to follow
processes explaining about 1/3 of the data variabil-
ity and related to H,O and SO,.

Discussion

The geochemical-statistical investigation of the
compositional data of fumaroles related to the field
of Vulcano Island in terms of log-ratios with H,O
as the denominator reveals the presence of: (1) a
time—space dependency for In(SO;/H,O) and
In(HC1/H,0); (2) a space dependency for In(H,/
H,0), In(CO/H,0), In(CH,/H20) and In (C,Hs/
H,0), associated with the discriminant behaviour
of F27 fumarole; and (3) randomness in time and
space for In(CO,/H,0, In(H,S/H,0), In(S/H,0),
In(HF/H,0), In (N;/H;0), In(0,/H,0), In(Ar/
H,0), In (Ne/H,0) and, finally, In (C;Hs/H;0).
In the first case, two acid gases (SO, and HCl) are
involved. These species, along with HF, can be
highly affected by scrubbing, as the magmatic
gases rise to the surface (Symonds et al. 2001).
The In(SO,/H,0) log-ratio changes significantly
with time for FNA (rim) and FZ (outer), while the
F14 (inner) trend is, instead, not significant from a
statistical point of view, even if quite similar to
those of FNA (Runs Tests, Fig. 2); are should
notice here the wide oscillations characterizing the
behaviour of FZ before 2003. By considering
these features it may be concluded that either the
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influence of the shallow environment has decreased
in time from 2000 to 2004 or the magmatic contri-
bution has increased (both in a significant manner)
and that only on the rim and the outer part of
the crater statistically significant changes in
In(SO, /H,0) occur.

The behaviour of In(HC1/H,0) over time (Fig. 3)
is similar for the F14, FNA and FZ fumaroles at the
beginning of 2002 and at the end of 2004. It
diverges markedly at the end of 2002 for FZ and
less markedly for F14 and FNA. However, it may
be useful to remember that for FZ the revealed
time pattern is not statistically significant. The
behaviour of the log-ratio in the three fumaroles
appears to reveal the presence of some general
mechanism that is able to homogenize the data in
time, independently of their spatial location. This
type of phenomenon occurred at the beginning of
2002 and at the end of 2004. Data of different
times have changed following more or less different
evolutive paths, with respect to their spatial
location. Fluctuations may be due to the different
sources contributing HCl and, in particular, to sec-
ondary non-magmatic processes as, e.g. interactions
of sea water with hot rocks leading to the formation
of volatile HCI (Mazor et al. 1988). It is known that
Vulcano fumaroles show a marine signature due to
sea water that directly enters the hydrothermal
system at shallow levels (Cortecci et al. 1996,
2001). Similarity among data drawn from different
fumaroles can be related to periods of time in which
an increase in fluids circulation smoothed the differ-
ences. The similar behaviour of the log-ratio
In(HF/H,O) appears to confirm this hypothesis.

The investigation of the subcomposition H,O-
HCI1-SO, yielded two relationships that link the
chemical species in a form similar to the Law of
Mass Action. The first relationship, called first
log-contrast principal component (2/3 of the total
subcompositional variability), models the beha-
viour of chemical species able to give information
on important phenomena as the magmatic contri-
bution (SO,), scrubbing (H,O) and the extent of
the water—rock interactions (HCI). The relation-
ships among these processes can be quantified by
the proportion 0.5:0.5: 1. The second log-contrast
(1/3 of the total subcompositional variability)
models mainly changes in the H,O/SO; ratio and,
consequently, scrubbing phenomena compared
with the magmatic contribution.

If the behaviour of the log-ratios depending only
on space, as In(H;/H,0), In(CO/H;0), In(CH,/
H,0) and In(C,H4/H,0), is analysed, one can
check that the species involved are discriminated
by considering high (CO, H, and C;Hy) and low
(CH,) temperature gas compounds. As already
mentioned, temperature is a discriminant parameter
among fumaroles but significant time—dependent

trends were not observed. Moreover, the above
species participate in chemical reactions highly
affected by redox conditions of the system (for
example, H, + CO; = CO + H,0, 4H; + 280, =
S; +4H,0 and CO; +4H; = CH4 + 2H,0). In
this framework the behaviour of the F27 fumarole
is well discriminated from the others due to its
higher temperature. If this fumarole is investigated
in its future behaviour, changes in the redox con-
ditions of the system can be clearly revealed, thus
forecasting for important changes in the volcanic
system.

The random behaviour of all the other chemical
species analysed in this work appears to be related
to the high variability of the log-ratios, thus
giving a measure of their sensitivity to any change
affecting the environment in time and/or space.
This result indicates that their utility for monitoring
parameters to be used in surveillance programmes
is limited to the present state of the volcanic system.

Conclusions

Many systematic and random processes control the
chemistry of gas discharges from active and quies-
cent volcanic areas, some of which may be defined
poorly or understood inadequately. As a gas
mixture is released by a magmatic body and
moves toward the surface, complex chemical—
physical reactions occur, according to variations
in the level of volcanic activity, resulting in variable
quantities of the non-magmatic/magmatic chemi-
cal species (Giggenbach 1996). Despite the com-
plexity of volcanic system, fluid discharged at the
surface may be modelled stochastically. Thus,
experimental sampling designs are crucial since
they will determine the independence of obser-
vations, thus informing about the best approach to
data analysis. Moreover, if data are compositional,
the choice of sample space has to be taken into
account in order to build sound statistical models.
In this experimental design seven fumaroles and
sixteen variables were used to investigate the
fumarolic field of Vulcano Island.

Investigation of geochemical parameters in log-
ratio form has shown that gases from fumaroles
F14, FNA and FZ have significant differences in
In(SO;/H,0) and In(HC1/H,0) in time and space;
however, some mechanism able to homogenize the
data in some periods of time independently of
their spatial location for In(HCl/H,O) occurs.
This indicates that Vulcano has periodically experi-
enced periods of time in which an intense fluid
circulation was able to affect large portions of the
crater, leading for a spatial diffusion of water—
rock interaction processes. The H,O-SO,—HCI
subcomposition has been used to describe the
relationships among the chemical species and
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log-contrast principal component analysis per-
mitted the research of equations similar to the
Law of Mass Action. Following this path, chemical
changes summarized by the log-contrasts have been
analysed by considering their dependence from
temperature, time and/or space. Log-contrast prin-
cipal components are simple relationships able to
take into account changes in important factors,
such as the magmatic contribution, scrubbing,
water—rock interactions, affecting the evolution of
Vulcano. It is clear that in the investigated span of
time, gas chemistry was highly variable. Causes
of this variability are unclear but probably related
to the high number of chemical-physical par-
ameters affecting the chemical equilibria. Seismic
activity 40 km offshore of Palermo, resulting in a
M =5.8 earthquake, abrupt outgassing off
Panarea and volcanic eruptions at Stromboli in
late 2002 through to summer 2003 suggest regional
tectonic instability to which the changes in gas
composition at Vulcano may be related (Biagi
et al. 2004; Di Giovambattista & Tyupkin 2004;
Caracausi et al. 2005; Calvari et al. 2005). The
first and second log-contrast principal components
account for such variation in gas composition of
the fumaroles for Vulcano. Potentially, log-contrast
equations can be used in the future to monitor further
temporal changes. However, it may be that new data
yield different log-contrasts that provide additional
information to help model volcanic activity.

In addition, the statistical investigation reveals
that the log-ratios In(H,/H,0), In(CO/H,0),
In(CH4/H,0) and In(C,H4/H,0) are related to
the sample site but no time dependency was
revealed. It is concluded that temperature and
redox conditions are a function of fumarole but tem-
poral changes are essentially random.

Finally, for the other log-ratios 1n(CO,/H,0),
In(H,S/H,0), In(S/H,0), In(HF/H,0), In(N,/
H0), In(0,/H;0), In(Ar/H,0O), In(Ne/H,0),
In(C;Hg/ H,0)) random variation over time and
space is the fundamental pattern, thus compromis-
ing their use as monitoring tools in surveillance
programmes.

The results obtained in this work allow one to
conclude that the combined approach between geo-
chemistry and statistics is a powerful tool for inves-
tigating complex volcanic systems evolving in time
and space and where random variation is an import-
ant feature. In these situations, compositional data
analysis appears to isolate variables responsible
for significant changes, thus yielding parameters
to be used in surveillance programmes for volcanic
activity on a sound statistical base.
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