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N. M. Pérez, P. A. Hernández, E. Padrón, G. V. Melián, R. Marrero,
G. Padilla, J. Barrancos, D. Nolasco

2449 Soil H2 and CO2 Surveys at Several Active Faults in Japan
T. Dogan, T. Mori, F. Tsunomori, K. Notsu

2465 Diffuse Emission of Hydrogen from Poás Volcano, Costa Rica, America
Central
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Introduction

Terrestrial Fluids, Earthquakes and Volcanoes: The Hiroshi Wakita Volume II is a

special publication to honor Professor Hiroshi Wakita for his scientific contributions to

science and to commemorate his 10th anniversary as Emeritus Professor at the University

of Tokyo. The volume II consists of 10 original papers written by researchers from Japan,

Germany, Italy, Costa Rica, Sweden, El Salvador, Turkey, USA, Greece, and Spain

dealing with various aspects of the role of terrestrial fluids in earthquake and volcanic

processes which reflect Prof. Wakita’s wide scope of research interests. The Pure and

Applied Geophysics ‘‘Terrestrial Fluids, Earthquakes and Volcanoes: The Hiroshi

Wakita Volume I’’ published 17 scientific contributions in May 2006, and the volume III

will be published in January 2008. These Pure and Applied Geophysics Hiroshi Wakita

volumes should be useful for active researchers in the subject field, and graduate students

who wish to become acquainted with them.

Professor Wakita founded the Laboratory for Earthquake Chemistry in April 1978

with the aim of establishing a scientific base for earthquake prediction by means of

geochemical studies, and served as its director from 1988 until his retirement from the

university in 1997. He has made the laboratory a leading world center for studying

earthquakes and volcanic activities by means of geochemical and hydrological methods.

Together with his research team and numerous foreign guest researchers that he attracted,

he has made many significant contributions in the above-mentioned scientific fields of

interest. This achievement is a testimony for not only his scientific talent, but also his

enthusiasm, his openmindedness, and his drive in obtaining both human and financial

support.

The ten contributions of this volume II are arranged into two groups. The first group

of five papers deals with movement and signatures of terrestrial fluids related to

earthquakes. The first two papers are related to groundwater-level observations in Japan.

The paper by MATSUMOTO et al. describes groundwater-level anomalies associated with a

hypothetical preslip prior to the anticipated M8 Tokai earthquake, and evaluates the

detectability of the anomalies using data from seven groundwater wells. The paper by

ITABA and KOIZUMI analyzed groundwater-level data recorded at the Dogo hot spring, one

of the oldest and most famous hot springs in Japan, immediately after the 1946 Nankai

earthquake and during the period from 1985 to 2006. The following contribution is a

paper by FAVARA et al. which describes the observed hydro-geochemical changes in warm
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springs and cold discharges located in Central-Northern Sicily related to a moderate

seismic activity. Poroelastic aquifer contraction, shaking-induced dilatancy theory as well

as seismogenetic-induced changes in aquifers’ properties have been proposed as possible

mechanisms for the observed changes. The paper by PÉREZ et al. describes the detection

of precursory geochemical signatures of radon degassing from a bubbling CO2-rich gas

spot in the subsurface several months prior to the 2004 seismic crisis in Tenerife, Canary

Islands (Spain). The material Failure Forecast Method was applied by the authors on this

geochemical observation to forecast the largest seismic event of the crisis. The last

earthquake-related contribution of this special volume is a paper by DOGAN et al. which

describes diffuse H2 and CO2 degassing surveys performed along seven active faults and

around the aftershock region of the 2000 Tottori-ken Seibu earthquake in Japan.

This earthquake-related paper is then followed by five additional contributions

dealing with observations related to volcanic processes. The paper by MELIÁN et al.

describes the use of diffuse H2 degassing surveys as a potential geochemical tool for the

volcanic surveillance at Poás volcano (Costa Rica, Central America) after evaluating the

results of the 2000–2003 monitoring period. The following paper by OLMOS et al. presents

the observed anomalous SO2 emission values prior the 2005 eruption of Santa Ana

volcano (El Salvador, Central America) which were recorded by a mini-DOAS

(miniaturized - Differential Optical Absorption Spectroscopy) in a mobile-terrestrial

position. Additional premonitory signatures of the recent eruption of Santa Ana volcano

are described by HERNÁNDEZ et al.’s paper through thermal infrared images of its summit

crater. A significant increase in the extent and intensity of the fumarolic field inside the

crater rim and of the surface temperature of the crater’s lake was observed prior to the

2005 eruption as well as changes in the estimated energy input. The following paper by

GIAMMANCO et al. performs a statistical analysis (Cluster Analysis) of major, minor and

trace elements in groundwaters from Mt. Etna volcano which were collected in 1994,

1995 and 1997. The observed changes were basically interpreted as a result of the

different response of dissolved chemical elements to changes in the aqueous environment

and/or in their solubility/mobility in water due to different rates of input of magmatic

gases to Etna’s aquifers. The last volcano-related contribution of this volume II is written

by TESCHNER et al., and they describe the installation and long-term operation of a system

for continuous monitoring of fumarolic gases at Nysiros volcano in Greece.

The guest editorial team would like to thank all the contributors and reviewers

involved, who are listed below: R.M. Azzala, Werner Balderer, Alain Bernard, Emily

Brodsky, Giorgio Capasso, Carlo Cardellini, Yeeping Chia, Antonio Eff-Darwich,

Williams C. Evans, Cinzia Federico, Fausto Grassa, Jens Heinicke, Pedro A. Hernández,

David Hilton, George Igarashi, Kohei Kazahaya, Naoji Koizumi, Paolo Madonia, Rayco

Marrero, Norio Matsumoto, Agnes Mazot, Eleazar Padrón, Antonio Paonita, J. W.

Rudnicki, Francesco Sortino, Jean-Paul Toutain, Nick Varley, Giuseppe Vilardo and

Vivek Walia. Special thanks are due to Kenneth McGee, who served as co-guest editor

for The Hiroshi Wakita volume I, for his support of this special volume, to Pedro A.

Hernández for his generous assistance to the Guest-Editorial team, and to Renata
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Dmowska, without whose marvellous and tremendous support the second special volume

would not have been possible.
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Groundwater-level Anomalies Associated with a Hypothetical

Preslip Prior to the Anticipated Tokai Earthquake: Detectability

Using the Groundwater Observation Network of the Geological Survey

of Japan, AIST

NORIO MATSUMOTO,1,2 YUICHI KITAGAWA,1 and NAOJI KOIZUMI
1

Abstract—We infer the groundwater-level anomalies associated with a hypothetical preslip prior to the

anticipated M 8 Tokai earthquake, and evaluate the detectability of the anomalies using data from seven

groundwater wells. We evaluate the detectability of the anomalies under the following assumptions: (1) an Mw

5.5–6.5 aseismic preslip event occurs at the plate boundary in and around the hypothetical focal zone of the

Tokai earthquake; (2) the total amount of the strain step at each observation associated with the preslip can be

calculated by tensile and shear faulting based on the dislocation model; (3) a normalized strain history associated

with the preslip is defined from the results of numerical simulations based on rate- and state-dependent friction

laws; and (4) the groundwater-level anomaly prior to the earthquake is proportional to the estimated history of

the strain change associated with the preslip. We investigate the detection time of the anomaly at seven wells

given an Mw 5.5, 6.0, or 6.5 aseismic preslip at one of the 272 grid points in and around the area of the

hypothetical focal zone of the Tokai earthquake. As a result, over the time interval between 1 and 48 hours prior

to the hypothetical Tokai earthquake, we are able to detect at each of the seven wells a hypothetical Mw 6.5

preslip at 10–86 of the 272 grid points, an Mw 6 preslip at 0–19 grid points, and an Mw 5.5 preslip at 0–5 grid

points.

Key words: Tokai earthquake, groundwater level, preslip, strain, earthquake prediction, noise level,

central Japan.

1. Introduction

Many studies have reported the occurrence of hydrological anomalies prior to

earthquakes in Japan (WAKITA, 1981; KAWABE, 1991; IGARASHI and WAKITA, 1992;

IGARASHI et al., 1995; TSUNOGAI and WAKITA, 1995; KOIZUMI et al., 2004). Even if such

anomalies are observed in several wells, it is still impossible to estimate the magnitude,

epicenter, or timing of an anticipated earthquake in the absence of additional data. The

magnitudes and epicenters of large anticipated earthquakes, for which equivalent

1 Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology (AIST),

Japan.
2 AIST Tsukuba Central 7, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan.

E-mail: n.matsumoto@aist.go.jp
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earthquakes have occurred repeatedly in the past, are commonly inferred from data on

past earthquakes, historical documents, and the results from paleoseismic analyses (e.g.,

SCHOLZ, 1990). In the case of large anticipated earthquakes, it is of vital importance to

predict the occurrence of the event. To make such estimates based on groundwater-level

data, we need to know reasonable mechanisms to estimate the history of preseismic

changes in groundwater levels, and we need to compare the amplitudes of the estimated

preseismic changes in groundwater levels with those of normal fluctuations. We can only

predict the occurrence time of an anticipated earthquake if the estimated changes in

groundwater levels exceed normal fluctuations.

The relationship between pore pressure and strain is described by poroelastic theory

(e.g., WANG, 2000). If typical elastic and poroelastic constants are assumed, 10–6

contractional volumetric strain can produce a 1 m rise in groundwater level (ROELOFFS,

1996). In this way, it is possible to detect the crustal deformation that occurs prior to a

large earthquake using groundwater levels. For example, changes in groundwater levels

induced by the intrusion of dikes have been observed leading up to earthquake swarms

and/or volcanic eruption (MATSUMOTO et al., 2002; KOIZUMI et al., 2004).

We consider preseismic sliding (hereafter referred to as preslip; KATO and HIRASAWA,

1996, 1999), which is described below, to be a reasonable mechanism of crustal

deformation prior to an earthquake. To evaluate the possibility of predicting the

anticipated Tokai earthquake using a groundwater observation network, we investigate

the detectability of anomalous changes in groundwater levels caused by preslip. In this

paper, we assume that the record of groundwater-level anomalies is induced by a

hypothetical preslip event leading up to the anticipated Tokai earthquake; we evaluate the

detectability of the anomalies in seven observation wells.

2. Anticipated Tokai Earthquake and Current Prediction system

In the past, large earthquakes of M 8 or higher have occurred along the Nankai and

Suruga troughs, offshore from central and southwest Japan, at intervals of 100–200 years

(ANDO, 1975). These thrust-type earthquakes have resulted from subduction of the

Philippine Sea plate beneath the Eurasian plate at these troughs. Recent seismic events

along the Nankai and Suruga troughs include the 1944 Tonankai (M 7.9) and 1946

Nankai (M 8.0) earthquakes, which occurred 90–92 years after the 1854 Ansei Tokai (M

8.4) and 1854 Ansei Nankai (M 8.4) earthquakes. Given that the most recent major

earthquake to occur along the Suruga trough was recorded in 1854, a large earthquake is

anticipated in this area in the near future (ANDO, 1975; ISHIBASHI, 1981; MATSUMURA,

1997). This anticipated earthquake is referred to as the Tokai earthquake, and the

Japanese Government has maintained an earthquake prediction program for this

earthquake since 1978 (MOGI, 1985).

The Japan Meteorological Agency (JMA), responsible for the prediction of the

anticipated Tokai earthquake, has been monitoring crustal deformation in the Tokai

2378 N. Matsumoto et al. Pure appl. geophys.,



region since 1976 using 16 borehole strainmeters (SUYEHIRO, 1982; NIHEI et al., 1987). To

aid in this effort, the Geological Survey of Japan, as part of the National Institute of

Advanced Industrial Science and Technology (GSJ, AIST), has been monitoring

groundwater levels in the Tokai region since 1978 (KATO et al., 1981; TAKAHASHI, 1993).

As of 2007, 15 wells at nine observation sites in the Tokai region are continuously

monitored by GSJ, AIST.

KATO and HIRASAWA (1999) presented several cases of significant preslip prior to the

anticipated Tokai earthquake based on rate- and state-dependent friction laws and

numerical simulations. The authors also inferred histories of the volumetric strain rate at

several JMA borehole strainmeter sites, and compared noise levels with those of the

strainmeter investigated by KOBAYASHI and MATSUMORI (1999). KATO and HIRASAWA

(1999) concluded that it would be possible for borehole strainmeters to detect significant

preslip-related crustal deformation anomalies approximately 1 day before the Tokai

earthquake.

JMA revised the warning system for the Tokai earthquake in 2003. The revised

system is now based on the detection of preslip-related crustal deformation anomalies by

the JMA strainmeter network (JMA, 2003; KAMAYA and ITO, 2004; KAMIGAICHI and

TSUKADA, 2006). JMA defined the ‘noise level’ of the strainmeter data as a threshold by

which we can only extract the maximum value of normal fluctuations, and defined an

‘obvious anomaly’ as a value that is 1.5–1.8 times as high as the noise level. In the event

that the JMA observes an obvious preslip-related anomaly within strainmeter data, the

JMA issues either a ‘‘Tokai earthquake report,’’ ‘‘Tokai earthquake advisory,’’ or ‘‘Tokai

earthquake warning’’ (JMA, 2003; KAMAYA and ITO, 2004; KAMIGAICHI and TSUKADA,

2006).

To predict the anticipated Tokai earthquake using the groundwater observation

network, it is first necessary to evaluate the detectability of preslip-related anomalies in

terms of the groundwater level.

Using the same noise-level definition as that used for JMA strainmeter data,

MATSUMOTO and KITAGAWA (2005) investigated the noise levels of groundwater levels at

seven wells located in the Tokai region. The authors also estimated the strain sensitivities

of the groundwater levels based on the response of the groundwater level to volumetric

strain induced by the Earth tide, and converted the noise levels of the groundwater levels

into those for volumetric strain based on the strain sensitivities of the groundwater levels.

The authors concluded that the minimum strain-converted noise level of the groundwater

level is the same as the noise levels of JMA strainmeters; in addition, the maximum

strain-converted noise level for periods with rainfall is five times larger than the noise

level of the strainmeters, which is itself several times larger than the noise level during

periods without rainfall (KOBAYASHI and MATSUMORI, 1999).

In the present paper, we employ the following steps in evaluating the detectability of

preslip in the seven AIST groundwater observation wells. First, based on the results of

KATO and HIRASAWA (1999), we assume a normalized strain history following the

occurrence of a preslip event. Second, the histories of groundwater levels in the seven

Vol. 164, 2007 Groundwater-Level Anomalies 2379



wells are inferred for the cases of preslips with magnitudes of Mw 5.5, 6.0, and 6.5 at

arbitrary grid points in and around the hypothetical focal zone of the Tokai earthquake.

We then evaluate the detectability at the seven wells of the corrected water-level

anomalies associated with the preslip event by comparing the absolute change in inferred

water level with the noise level of the groundwater level at the seven wells, as determined

by MATSUMOTO and KITAGAWA (2005).

3. Groundwater-level Observations and Noise Level

Here, we evaluate the detectability of groundwater-level anomalies in the KNG, HAI,

HMO, OGS, DIT, TYH1, and TYH2 wells (Fig. 1) located in and around the hypothetical

focal zone of the anticipated Tokai earthquake (CENTRAL DISASTER PREVENTION COUNCIL,

2001). Table 1 lists the location, depths, screened depths, and geology of the screened

depths of the seven wells. The accuracy and resolution of the groundwater-level

measurements are 1 and 0.1 mm, respectively. At the well sites, we also measured

atmospheric pressure and rainfall with accuracies of 0.15–0.2 hPa and 0.5 mm,

respectively. The data were recorded every 2 minutes and sent to AIST every 30 minutes

138°E

36°N

50 km

HMO

HAI
OGS

DIT

TYH1
TYH2

KNG

Figure 1

Locations of the seven observation wells. The gray area represents the hypothetical rupture zone of the

anticipated Tokai earthquake (CENTRAL DISASTER PREVENTION COUNCIL, 2001).
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from KNG, HAI, HMO, TYH1 and TYH2, and sent twice a day from OGS and DIT

(MATSUMOTO and KITAGAWA, 2005).

Table 2 lists the strain sensitivities of the groundwater levels at the seven wells

(MATSUMOTO and KITAGAWA, 2005). The strain sensitivity data are inferred from the

responses of the groundwater levels to the M2 and/or O1 tidal constituents divided by the

theoretical amplitudes of M2 and/or O1 tidal strain. In the case that the response of the

groundwater level to the M2 tidal strain was almost the same as that to the O1 tidal strain,

MATSUMOTO and KITAGAWA (2005) took the average of the responses to M2 and O1 tidal

strain as the strain sensitivity of the groundwater level. When the two responses were

dissimilar, however, the authors chose the smaller response as the strain sensitivity.

The corrected groundwater level is calculated by removing the atmospheric, tidal, and

rainfall responses to the groundwater level from the observed groundwater level, as per

the following procedure: (i) The coefficients of hourly resampled groundwater level to

volumetric strain in 12 tidal constituents are determined using the computer program

BAYTAP-G (TAMURA et al., 1991); (ii) atmospheric and rain coefficients are determined

using the computer program developed by KITAGAWA and MATSUMOTO (1996); and (iii) the

corrected groundwater level is calculated by applying the estimated atmospheric, tidal,

Table 1

Descriptions of the seven observation wells (MATSUMOTO and KITAGAWA, 2005)

Well name Location of well Well depth (m) Screened depth (m) Geology

Lat. (deg.) Lon. (m) alt. (m)

DIT 34.663 138.059 9 260 145–167

210–222

Ts

KNG 34.987 138.433 21 250 235–246 Qs

HAI 34.790 138.139 58 171 71–154 Ts

HMO 34.630 139.159 37 270 154–265 Ts

OGS 34.696 138.085 8 150 128–145 Ts

TYH1 34.763 137.470 71 245 182–198 PTs

TYH2 34.763 137.470 71 150 135–150 PTs

Qs: Quaternary sedimentary rocks, Ts: Tertiary sedimentary rocks, PTs: Pre- Tertiary sedimentary rocks

Table 2

Noise levels of the 24-hour difference in the corrected water levels, strain sensitivities inferred from theoretical

tidal strain and the response of water level to the tidal strain, and strain-converted noise level of the 24-hour

difference in the water level at the seven wells (MATSUMOTO and KITAGAWA, 2005)

DIT KNG HAI HMO OGS TYH1 TYH2

Noise level (mm) 72 15 11.5 19.1 7.6 38.6 153.5

Strain sensitivity (mm/10–8) 5.2 4.0 2.5 0.39 0.42 2.4 13.1

Strain-converted Noise level (10-8) 13.9 3.8 4.6 49.0 18.1 16.2 11.7

Vol. 164, 2007 Groundwater-Level Anomalies 2381



and rain coefficients to the computer program developed by MATSUMOTO (1992). In the

present paper, we use the corrected groundwater level (Fig. 2) in evaluating the

detectability of preslip prior to the Tokai earthquake. We select the noise level as a

slightly larger value than the second-largest absolute value of the 24-hour difference in

the corrected water level after removing obvious natural and artificial anomalies in the

corrected water level (e.g., coseismic and postseismic changes in water level). We define

the term ‘‘24-hour difference in the corrected water level’’ as the value obtained by

subtracting the corrected water level calculated 24 hours before a given time from the

corrected water level at the given time.

Table 2 also shows the noise levels and strain-converted noise levels of the 24-hour

differences in the corrected groundwater levels in the seven wells. MATSUMOTO and

KITAGAWA (2005) concluded that the strain-converted noise levels of water levels in KNG

and HAI are slightly higher than the noise levels of JMA strainmeters during periods

without rainfall. The authors also showed that the strain-converted noise levels recorded

in TYH2 exceeded the noise level of the JMA strainmeter during rainfall periods by a

factor of one, while the noise levels in DIT, OGS, and TYH1 exceeded the JMA value by

a factor of two, and the level in HMO exceeded the JMA value by factor of five (Fig. 3).

1050

950

50

0

Jan. Feb. Mar. Apr. May
2000

0.1 m

Atmospheric pressure

HAI
Observed groundwater level

(hPa) (mm)

Rainfall

Corrected groundwater level

Tidal response

Atmospheric response

Response to rainfall

Figure 2

Observed groundwater level and the corrected water level used to investigate the timing of preslip detection,

along with atmospheric pressure, rainfall, and atmospheric, tidal and rainfall responses, at HAI during the period

from January to May 2000. To obtain the corrected groundwater level, we applied the data-processing method

described in Section 3.
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4. Definition of Preslip and Estimation of Water-level Anomalies

In this paper, we make the following assumptions regarding the fault parameters

of the preslip event prior to the anticipated Tokai earthquake and the history of the

water-level anomaly associated with the preslip.

(i) The preslip occurs in and/or around the hypothetical focal zone of the anticipated

Tokai earthquake at the depth of the boundary between the Philippine Sea plate and

the Eurasian plate. The preslip slides against the direction of subduction of the

Philippine Sea plate.

(ii) We establish a grid that covers the hypothetical focal zone of the anticipated Tokai

earthquake, ranging from 33.9 to 35.5� N and from 137.1 to 138.6� E, with an

increment of 0.1� (see Fig. 4). The total number of grid points is 272.

(iii) At one of the 272 grid points, we assume the occurrence of an Mw 5.5, 6.0, or 6.5

preslip event. Table 3 shows the parameters of the hypothetical fault models of the

Mw 5.5, 6.0, and 6.5 preslip events. The rake angle of the preslip at the chosen grid

point is assumed to be opposite to the subduction direction of the Philippine Sea

plate inferred by HARADA et al. (1998). The depth of the preslip at the selected grid

point is assumed to be the depth of the boundary between the Philippine Sea plate

and the Eurasian plate, as calculated using the boundary geometry inferred by

Groundwater levels of GSJ, AIST:
Strain-converted noise level of the 24-hour difference
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Strain-converted noise levels of the 24-hour difference in the corrected water levels at the seven studied wells

(MATSUMOTO and KITAGAWA, 2005) and the noise levels of the 24-hour difference in the JMA strainmeter during

periods with and without rainfall (KOBAYASHI and MATSUMORI, 1999).
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HARADA et al. (1998) (Fig. 4). For the seven observation sites, the final values of the

volumetric strain histories associated with the preslip just before the mainshock are

chosen as the calculation results of the strain at the seven sites obtained using the

fault model of the preslip at one of the grid points.

(iv) The strain-rate history associated with the preslip follows that described by Case 1 in

Figure 9 of KATO and HIRASAWA (1999), which is their reference case and which was

obtained by adopting the slowness version of the rate- and state-dependent friction

law. We assume a normalized history of the volumetric strain induced by the preslip,

using KATO and HIRASAWA’s (1999) strain-rate history (see Fig. 5). The history of

volumetric strain at each observation well is obtained by multiplying the history of

the normalized strain change by the final value of the volumetric strain change

associated with the preslip based on the dislocation model, which is already

calculated in (iii).

(v) The histories of groundwater-level changes associated with the preslip at the seven

wells are obtained by multiplying the histories of volumetric strain changes

associated with the preslip, as determined in (iv), by the sensitivities of groundwater

levels to the volumetric strain in the seven observation wells (see Table 2). We

identify a groundwater-level anomaly relevant to the preslip when the absolute value

138°E
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20

30

40

depth of plate interface (km)

Figure 4

Map showing the locations of the 272 grid points and the depth of the interface between the Philippine Sea plate

and the Eurasian plate (dashed contour lines; HARADA et al., 1998) in and around the hypothetical focal zone of

the anticipated Tokai earthquake (gray area; CENTRAL DISASTER PREVENTION COUNCIL, 2001). In this paper, a Mw

5.5, 6.0 or 6.5 preslip is assumed to occur at each grid point.
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of the 24-hour difference in the estimated water-level history exceeds the noise level

of the 24-hour difference in the corrected water level at the observation well

(Table 2). We investigate the timing of the anomaly at the seven wells for cases in

which the Mw 5.5, 6.0, and 6.5 preslip events occur at each of the 272 grid points.

We use the computer program developed by NAKAMURA and TAKENAKA (2004) to estimate

the volumetric strain associated with interplate slip in the Tokai region. The program

Table 3

Assumed lengths, widths and rupture displacements of the Mw 5.5, 6.0 and 6.5 preslips. The rake angle of the

preslip is assumed to be opposite to the subduction direction of the Philippine Sea plate, and the depth of the

preslip is assumed to be the depth of the boundary between the Philippine Sea plate and Eurasian plate (HARADA

et al., 1998)

Length (km) Width (km) Displacement (m)

Mw 6.5 preslip 24.6 12.3 0.78

Mw 6 preslip 13.8 6.9 0.44

Mw 5.5 preslip 7.8 3.9 0.25
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Figure 5

History of normalized strain rate induced by the hypothetical preslip (KATO and HIRASAWA, 1999) and inferred

normalized strain history based on the normalized strain rate prior to the anticipated Tokai earthquake. Open

circles show the normalized observed tilt changes prior to the 1944 Tonankai earthquake, as determined by MOGI

(1984) and NAGOYA UNIV. (2003).
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makes use of Okada’s calculation code (OKADA, 1992), which uses the dislocation model

to calculate crustal deformation arising from tensile and shear faulting.

Figure 6 shows an example of the volumetric strain distribution in the Tokai region

for an Mw 6.5 aseismic preslip event at the grid point at 138.2� E, 34.8� N and 21 km

depth. The volumetric extension of 2.08 9 10-6 strain is estimated at HAI as the final

value of the volumetric strain change associated with the preslip. Figure 6 also shows 7-

day histories of the estimated water levels in the seven wells prior to the Tokai

earthquake, as calculated using the procedure described above. The estimated changes in

groundwater levels at HAI, KNG, and OGS exceed the noise levels at 38, 3, and 3 hours

prior to the Tokai earthquake, respectively. Hereafter, we refer to the time at which the

estimated water level associated with the preslip exceeds the noise level at the

observation well as the ‘‘timing of anomaly detection’’ in terms of the number of hours

prior to the mainshock.
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Figure 6

Estimated volumetric strain distribution in the Tokai region induced by a hypothetical Mw 6.5 aseismic preslip

at the grid point of 138.2� E, 34.8� N and 21-km depth immediately before the mainshock. The gray and white

areas denote extensional and contractional strain induced by the preslip, respectively. Also shown are 7-day

histories of the estimated groundwater levels in the seven wells. The estimated groundwater levels were obtained

by adding the estimated water-level histories induced by the Mw 6.5 preslip to measured data. The arrows

indicate the times when the 24-hour differences in the corrected water level exceeded the noise levels (i.e.,

detected anomalies) at KNG, OGS, and HAI prior to the mainshock.
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5. Results

This section details the timing of anomalies detected at the seven observation wells

relative to the mainshock associated with the hypothetical Mw 5.5, 6.0, and 6.5 preslip

events that occurred at each grid point prior to the anticipated Tokai earthquake.

5.1. Detectability of Mw 6.5 Preslip

Figure 7 shows the timing of anomalies detected at the seven wells in association

with a hypothetical Mw 6.5 preslip that occurred at each grid point prior to the Tokai

earthquake.

In several cases, anomalous water levels were detected at KNG and HAI more than 48

hours prior to the mainshock (black areas in Fig. 7). Anomalies were detected more than

1 hour in advance of the mainshock at KNG and HAI in response to preslips at 77 and 86

grid points, respectively. The detectability of preslip-related water-level anomalies is

highest at KNG and HAI among the seven wells. This is because the strain-converted noise

levels in the 24-hour difference at the two wells are almost as small as the noise levels of

the three volumetric strainmeters installed by JMA around the two wells during the period

without rainfall (Fig. 3). The relatively shallow depth of the subduction interface at KNG

and HAI (Fig. 4) also contributes to improved detection relative to the other five wells, as a

greater strain change is expected if the preslip occurs at shallow depths.

At DIT, OGS, TYH1, and TYH2, water-level anomalies were detected up to 12–

19 hours prior to the hypothetical earthquake. For these four wells, preslip-related

anomalies were detected more than 1 hour prior to the mainshock at 19–29 grid points.

The anomalies associated with the Mw 6.5 preslip are less detectable at these four wells

because the strain-converted noise levels of the groundwater levels are several times

larger than the noise levels at KNG and HAI (Fig. 3; Table 3); however, during rainfall

periods the Mw 6.5 preslip is just as easily detected in the water levels at the four wells as

in the JMA strainmeters because the noise levels of the 24-hour difference in the JMA

strainmeters with rainfall are as large as the strain-converted noise levels of the 24-hour

difference in the corrected water level at the four wells (see Fig. 3).

For HMO, we were able to detect groundwater-level anomalies associated with the

Mw 6.5 preslip at 10 grid points at times of 1–6 hours prior to the hypothetical

earthquake. This result was achieved because the strain-converted noise level of the

groundwater level at HMO is the highest among the different wells, being approximately

10 times higher than the noise levels at KNG and HAI (Fig. 3; Table 3).

The detected anomalies associated with the Mw 6.5 preslip are considered to be more

reliable when identified at two or more wells. Water-level anomalies detected at any

two wells associated with the Mw 6.5 preslip are recognized at 92 grid points at times of

1–17 hours prior to the Tokai earthquake (Fig. 8). While few preslips are detectable in

areas offshore of the hypothetical focal zone, many Mw 6.5 preslips are detectable on the

landward side and within Suruga Bay.
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Figure 7

Spatial distributions of the timing of anomaly detection prior to the Tokai earthquake at KNG, HAI, DIT, OGS,

TYH1, TYH2, and HMO for an assumed Mw 6.5 preslip event at each grid point. The star represents the

location of the well. The black outline represents the hypothetical rupture zone of the anticipated Tokai

earthquake (CENTRAL DISASTER PREVENTION COUNCIL, 2001).
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5.2. Detectability of Mw 6 Preslip

Figure 9 shows the timing of anomalies detected at KNG, HAI, DIT, OGS, TYH1 and

TYH2 wells in association with the hypothetical Mw 6 preslip for each grid point prior to

the anticipated Tokai earthquake.

TheMw6 preslips at 19 grid points are detectable at KNG andHAI over periods of 1–36

and 1–12 hours prior to the Tokai earthquake, respectively. At DIT, OGS, TYH1, and

TYH2, water-level anomalies associated with the Mw 6 preslip are detectable at only 3–7

grid points at times of 1–4 hours prior to the earthquake. We were unable to detect any

water-level anomalies in HMO associated with the Mw 6 preslip, regardless of the grid

points selected as the focus area.Water-level anomalies at any twowells associatedwith the

Mw 6 preslip at 10 grid points can be detected 1–4 hours prior to the earthquake (Fig. 10).

We conclude that over a limited area, water-level anomalies can be used to detect

hypothetical Mw 6 preslip at the seven observation wells.

5.3. Detectability of Mw 5.5 Preslip

Figure 11 shows the timing of anomalies detected at KNG and HAI in association

with a hypothetical Mw 5.5 preslip for each grid point prior to the anticipated Tokai

earthquake.

Any two wells
(Mw 6.5)

138°E

36°N

50 km

0 10 20 30 40 50
hours

Time to the mainshock

Figure 8

Spatial distribution of the timing of anomalies detected at any two of the seven wells (open circles) for an

assumed Mw 6.5 preslip event at each grid point.
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For HAI and KNG, the Mw 5.5 preslips at 3 and 5 grid points, respectively, are

detectable using groundwater levels at periods 1–14 hours prior to the Tokai earthquake.

These detectable preslips are located immediately below the observation wells. At HAI,

the Mw 5.5 preslip is the minimum magnitude at which we can detect anomalies during

periods at least 1 hour prior to the mainshock. For all 272 grid points, we were unable to

detect water-level anomalies at DIT, HMO, OGS, TYH1, or TYH2.

At KNG, the minimum preslip for which we can detect anomalies 1 hour prior to the

anticipated earthquake is Mw 5.0 preslip located at 138.4� E, 35.0� N.
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Spatial distributions of the timing of anomalies detected at KNG, HAI, DIT, OGS, TYH1 and TYH2 for an

assumed Mw 6 preslip event at each grid point.

2390 N. Matsumoto et al. Pure appl. geophys.,



50 km

0 10 20

Any two wells
(Mw 6)

138˚E

36˚N

hours

Time to the mainshock

Figure 10

Spatial distribution of the timing of anomalies detected at any two of the seven wells (open circles) for an

assumed Mw 6 preslip event at each grid point.
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Figure 11

Spatial distributions of the timing of anomalies detected at KNG and HAI for an assumed Mw 5.5 preslip event

at each grid point. No anomalies were detected at the other five wells for an Mw 5.5 preslip.
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6. Discussion

MOGI (1984) and NAGOYA UNIV. (2003) calculated anomalous changes in ground

tilting from precise leveling observations around Kakegawa at times of 24 hours, 3 hours,

and 10 minutes prior to the 1944 Tonankai earthquake. The Kakegawa area is located

close to the center of the hypothetical focal zone of the anticipated Tokai earthquake, and

several tens of kilometers from the focal zone of the 1944 Tonankai earthquake (MOGI,

1984). Normalized tilt changes leading up to the 1944 Tonankai earthquake are

calculated by taking the observed tilt change 10 minutes prior to the earthquake to be

the maximum change in tilt prior to the earthquake. The hypothetical history of the

normalized volumetric strain is considered to be plausible because it is similar to the

normalized changes in observed tilt at Kakegawa, as shown by open circles in Figure 5.

The strain-rate history applied in the present study is the plausible example as

mentioned above; however, the actual strain-rate history prior to the earthquake may

differ from this. For example, the strain-rate history showed in Case 4 in Figure 9 of

KATO and HIRASAWA (1999) changes much earlier than the history curve applied in the

present study. If the actual history of the change in volumetric strain differs from the

hypothetical history of the normalized volumetric strain, the actual time from anomaly

detection to the mainshock will differ from the estimated time to the mainshock.

Short-term slow slip events (SSEs) are recursively observed every six months at a

northwest adjacent area of the hypothetical focal zone of the Tokai earthquake (HIROSE

and OBARA, 2006; KOBAYASHI et al., 2006). The corresponding magnitude and duration of

the events are Mw 5.7–5.9 and 2–3 days, respectively, and the events finish with decay in

the observed tilt or strain (HIROSE and OBARA, 2006). The occurrence of the SSEs is the

reason why, in the previous section, we presumed that the corresponding magnitude of

the preslip is Mw 5.5–6.5. KAMIGAICHI and TSUKADA (2006) listed the following criteria to

be satisfied in identifying a preslip associated with the Tokai earthquake: (1) Observed

anomalies must be explained by an aseismic slip of thrust fault at the depth of plate

boundary; (2) the observed anomalies in more than two observation wells must be

synchronized, and histories of the anomalies must be similar; (3) the observed anomalies

must accelerate over time. We can correctly distinguish a preslip event from SSEs and

observation noise using these criteria.

Many previous studies have demonstrated that observed coseismic changes in

groundwater levels do not match the coseismic volumetric strain steps (IGARASHI and

WAKITA, 1991; ROELOFFS, 1998; MATSUMOTO et al., 2003; BRODSKY et al., 2003). In

some of these previous works, the major cause of the coseismic changes in water level

was ground motion (MATSUMOTO et al., 2003; BRODSKY et al., 2003); however, the

preslip expected prior to the Tokai earthquake is aseismic, meaning that we do not

need to take into account changes in groundwater level associated with ground motion.

For this reason, we can expect that a groundwater-level anomaly prior to the

anticipated Tokai earthquake will be proportional to the volumetric strain produced by

the preslip.

2392 N. Matsumoto et al. Pure appl. geophys.,



Previous studies have inferred the history of strain changes at the JMA volumetric

strainmeter installed at Haibara, 150 m south of HAI, associated with the hypothetical

Mw 6.5 preslip at 138.2� E, 34.8� N (the same location as that shown in Fig. 6) (JMA,

2003; KAMIGAICHI and TSUKADA, 2006). These studies report that the strain change

exceeded the noise level of the Haibara strainmeter 52 hours prior to the mainshock,

whereas the groundwater level at HAI exceeded the noise level at HAI 38 hours prior to

the mainshock, as mentioned in the previous section. Therefore, there is a difference in

the timing of anomaly detection between the strainmeter and water level. The reason for

this discrepancy is that the noise level of the 24-hour difference in the Haibara

strainmeter during the period with no rainfall, 3 9 10–8, is slightly lower than the strain-

converted noise level of the 24-hour difference in the corrected water level at HAI,

4.6 9 10-8. The strain-converted noise level of the 24-hour difference in the water level

at KNG is also small (3.75 9 10-8; see Table 2). Therefore, the corrected groundwater

levels at KNG and HAI, as well as the JMA strainmeters, are sufficient in detecting the

preslip that occurs prior to the anticipated Tokai earthquake.

The degree of detectability of a preslip using groundwater observation wells will be

improved if we can find existing wells for which the water levels have a small strain-

converted noise level (i.e., having both a small noise level of the corrected water level

and a large response of the observed groundwater level to crustal strain), and if we add

such wells to improve the coverage of observation wells. Given the large number of

existing wells in the Tokai region, it is necessary to survey existing wells and initiate

groundwater-level observations at these wells to improve the preslip detectability of the

AIST groundwater observation network.

7. Conclusions

We evaluated the detectability of inferred groundwater-level anomalies at seven

wells, as induced by a hypothetical Mw 5.5–6.5 aseismic preslip prior to the anticipated

Tokai earthquake. The assumed corresponding magnitude and time history of

groundwater levels associated with the preslip are plausible because they are based

on a numerical simulation, past observations of pre-seismic tilting, and recent

observations of short-term slow slip events located adjacent to the anticipated focal

area of the Tokai earthquake. The groundwater-level anomalies at each of the seven

wells associated with a hypothetical Mw 6.5 preslip located at 10–86 of the 272 grid

points are expected to be detected 1–48 hours prior to the Tokai earthquake. The

hypothetical M 6.5 preslip can be detected at 92 grid points based on anomalies at any

two of the seven wells 1–17 hours prior to the Tokai earthquake, with most of the

points being located on land and beneath Suruga Bay. Hypothetical Mw 6 and Mw 5.5

preslips located at 3–19 and 3–5 grid points are detectable from groundwater-level

anomalies at six and two wells during periods of 1–36 and 1–14 hours prior to the

Tokai earthquake, respectively. The groundwater-level anomalies associated with the
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Mw 6 preslip at any two of the seven wells can be detected at 10 grid points 1–4 hours

prior to the earthquake.

This evaluation of preslip detectability is only one of many possible examples

because the magnitude and time history of the actual groundwater-level anomalies may

differ from our estimates. It would be beneficial to increase the number of observation

wells to improve the detectability of groundwater-level anomalies associated with preslip

events.
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Earthquake-related Changes in Groundwater Levels at the Dogo Hot

Spring, Japan

SATOSHI ITABA and NAOJI KOIZUMI

Abstract—The Dogo hot spring, situated in Matsuyama City, Ehime Prefecture, Japan, is one of the oldest

and most famous hot springs in Japan. The groundwater level or discharge at the spring decreased four times

during the past eight or nine Nankai earthquakes. These are large interplate earthquakes that have occurred

repeatedly in the western part of the Nankai Trough at intervals of 100–200 years since A.D. 684. To clarify the

mechanism of these earthquake-related changes in the water level at the spring, we analyzed groundwater-level

data recorded at the spring immediately after the 1946 Nankai earthquake and over the period from 1985 to

2006. We detected the other nine postseismic increases in groundwater level and no decreases, except for a large

decrease of 11.4 m related to the 1946 Nankai earthquake. The increases were probably caused by ground-

shaking, while the decrease was caused by a change in coseismic volumetric strain. These results lead to the

following explanation of the recorded earthquake-related changes in the groundwater level at the Dogo hot

spring. Both coseismic changes in volumetric strain and ground-shaking can lead to postseismic changes in

groundwater pressure. The increase in groundwater pressure arising from ground-shaking is generally greater

than the change in pressure associated with changes in coseismic volumetric strain; however, at the time of the

Nankai earthquakes, the spring experiences a large increase in coseismic volumetric strain, leading to a

considerably larger decrease in the groundwater level than the increase associated with ground-shaking.

Therefore, the groundwater level at the Dogo hot spring usually increases at times of relatively large

earthquakes, although the groundwater level or discharge decreases in the case of the Nankai earthquakes.

Key words: Earthquake prediction, hot spring, groundwater, Nankai earthquake, strain, stability of

groundwater.

1. Introduction

The Dogo hot spring, situated in Matsuyama City, Ehime Prefecture, Japan (Fig. 1),

is one of the oldest and most famous in Japan; it is said that the spring was in use more

than 1,400 years ago. The hot spring is also known for earthquake-related changes in

groundwater level or discharge, especially decreases in groundwater level or discharge

associated with earthquakes located within the western Nankai Trough (hereafter referred

to as Nankai earthquakes). The groundwater level or discharge at the spring has decreased

four times during the past eight or nine Nankai earthquakes (Fig. 2; USAMI, 2003). During
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Figure 1

Map of Southwest Japan, showing the Nankai and Suruga Troughs. The Nankai Trough is divided into four areas

(A–D; ANDO, 1975); area E is the Suruga Trough. The location of the Dogo hot spring is also shown. Kii P.

represents the Kii Peninsula. The 11 open circles represent areas where groundwater levels fell several days

before the 1946 Nankai earthquake, while the solid circle indicates an area that recorded a decrease in hot-spring

discharge prior to the earthquake (HYDROGRAPHIC BUREAU, 1948).
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Figure 2

Space-time distribution of large-scale earthquakes along the Nankai (A–D) and Suruga (E) Troughs, as modified

from SANGAWA (1992). The numbers in the figure indicate the years in which earthquakes occurred. Solid lines

and circles indicate dates determined from historical documents and archaeological data, respectively. Solid

triangles to the left of the figure indicate a decrease in groundwater level or cessation of discharge at the Dogo

hot spring. (*: ‘?’ means that it is unknown whether there were any earthquake-related changes in the

groundwater or not.) The earthquakes located within the eastern Nankai Trough (C–D) are referred to as

Tonankai earthquakes and the earthquake within the Suruga Trough is referred to as Tokai earthquake in this

paper.
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the 684, 1707, and 1854 earthquakes, when there was only one flowing artesian well at

the spring (No. 1 well in Fig. 3), discharge stopped completely. During the 1946 event,

discharge ceased at the No. 1 well, and the groundwater level showed a marked reduction

at Nos. 2–4 (Fig. 3). A lack of historical records means that it is unknown whether

earthquake-related changes in groundwater discharge occurred during other Nankai

earthquakes (Fig. 2).

Nankai earthquakes are large interplate earthquakes that have occurred repeatedly in

the western part of the Nankai Trough (Fig. 1) at intervals of 100–200 years since A.D.

684 (ANDO, 1975; SANGAWA, 1992). The Nankai Trough is divided into four parts (A–D;

ANDO, 1975), with large earthquakes that occur in parts A and B being referred to as

Nankai earthquakes (Fig. 2). Historical records spanning the past 1,300 years indicate

that Nankai earthquakes have occurred 8 or 9 times since A.D. 684 (Fig. 2), making

Nankai earthquakes one of the most well-known large interplate earthquakes in the world.

The most recent event, with a magnitude of 8.0, occurred on December 21, 1946, and

is referred to as the 1946 Nankai earthquake. The groundwater level at the Dogo hot

(a)

(b)

Figure 3

(a) Changes in water level within four wells at Dogo hot spring associated with the 1946 Nankai earthquake.

Numbers in parentheses indicate the depths of the wells. This figure is modified from KAWABE (1991). The

groundwater levels at the four wells immediately prior to the 1946 Nankai earthquake, which are all set at 0 m in

this figure, were probably inferred from data measured prior to December 16, 1946. (b) Daily changes in water

level within the No. 4 well at Dogo hot spring associated with the 2001 Geiyo earthquake.
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spring dropped more than 10 m at the time of this event, although it is not clear whether

these changes began prior to the earthquake (Fig. 3). For the same seismic event, the

HYDROGRAPHIC BUREAU (1948) reported 11 shallow preseismic drops in groundwater level

and one decrease in discharge from a hot spring near the coastal regions of Shikoku and

Kii Peninsula (Fig. 1).

It is therefore important to clarify the mechanism of earthquake-related changes in

the groundwater level or discharge at the Dogo hot spring for the purpose of

earthquake prediction and the evaluation of long-term changes in groundwater levels.

In this paper, we focus on recent records of groundwater levels at the Dogo hot spring

and evaluate these records in terms of seismic ground motion and changes in

volumetric strain.

2. Observation and Methods

Continuous observations of water levels at the Dogo hot spring had not been

established at the time of the 1946 Nankai earthquake, when water levels within the four

wells at the spring dropped more than 10 m (RIKITAKE, 1947; KAWABE, 1991). These

changes prompted observations of the water levels until March 1947, by which time the

groundwater had recovered to its pre-earthquake level (Fig. 3a). Over the period from

March 1947 to 1984, no records were kept of groundwater levels at the Dogo hot spring,

although the Matsuyama City Government, which has been managing the spring since

1944, reports that the groundwater levels have never fallen by more than 10 m since the

1946 Nankai earthquake. At the No. 4 well, within which the water level fell during the

1946 Nankai earthquake (Fig. 3a), pumping was discontinued prior to 1985. Since this

time, the well has been used for monitoring the groundwater level at the spring. Between

February 1, 1985 and June 9, 2003, the Matsuyama City Government took daily

measurements at about 10:00 am. From the afternoon of June 9, 2003, the Geological

Survey of Japan, AIST, in cooperation with the Matsuyama City Government, began

continuous monitoring (10-min. sampling intervals) of the water level within the Dogo

No. 4 well (Table 1).

Rainfall, atmospheric pressure, and seismic intensity have been observed at the

Matsuyama Local Meteorological Observatory, located about 1 km from the Dogo hot

Table 1

Records of groundwater levels within the No. 4 well at the Dogo hot spring

Period Sampling Interval Resolution Observation method

12/22/1946–3/3/1947* 1 day several cm manual

2/1/1985–6/9/2003 1 day several cm manual

6/9/2003– 10 min 1 mm automatic

* Observations began just after the 1946 Nankai earthquake.
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spring, since its establishment in 1890. Given the close proximity of the two sites, we

treat the data collected at the observatory as being representative of the conditions at the

spring. In this paper, seismic intensity is expressed using the scale proposed by the JAPAN

METEOROLOGICAL AGENCY (1996).

3. Results

Figure 4 shows the daily groundwater level recorded at the No. 4 well during the

period from 1985 to 2006. The records show seasonal variations of 2–3 m, with the

groundwater level being lowest around April and highest around October. This variation

is considered to reflect seasonal changes in rainfall at Matsuyama City. A large drop in

the water level recorded in April 2000 was related to one-off pumping up in the other

wells of the spring. A marked increase in water level was recorded following the 2001

Geiyo earthquake on March 24, 2001 (M 6.7). About five months after the earthquake,

the water level was approximately 10 m higher than the preseismic level (Fig. 4). The

seismic intensity of the 2001 Geiyo earthquake at the Dogo hot spring was ‘‘5 Upper’’ on

the scale of the Japan Meteorological Agency (JMA), making it the largest event over the

-32
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Figure 4

Daily changes in water level within the No. 4 well during the period from February 1985 to December 2006. The

level of the surface is set at 0 m. Recording time was about 10:00 a.m. from 1985 to June 9, 2003, and 6:00 a.m.

from June 10, 2003. Atmospheric pressure and rainfall were observed at the Matsuyama Local Meteorological

Observatory, which is located about 1 km from the Dogo hot spring. ‘‘P’’ indicates a one-off pumping up in the

wells (excluding the No. 4 well) of the Dogo hot spring, while ‘‘E’’ indicates the timing of the 2001 Geiyo

earthquake.
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period from 1946 to 2006. In the case of the 1946 Nankai earthquake, the water level

dropped immediately and recovered three months later (Fig. 3); however, in the case of

the 2001 Geiyo earthquake, the water level showed a gradual increase over a period of

five months following the event, and did not recover to preseismic levels until December

2006 (Figs. 3 and 4).

Hourly groundwater-level data show tidal variations and changes induced by rainfall

and atmospheric loading (Fig. 5). Figure 5 also reveals weekly changes related to large-

scale pumping up in the other wells during the weekend, when many people visit the

spring. The groundwater level shows a clear pumping-related decrease during the middle

of August, which is a main holiday season in Japan (Fig. 5).

The tidal components of the groundwater level at the No. 4 well, as calculated using

the tidal analysis program BAYTAP-G (TAMURA et al., 1991), are 27.2 and 20.5 mm for

M2 and O1, respectively (Table 2). Theoretical tidal volumetric strain at the Dogo hot

spring, including the contribution from earth and ocean tides, is 12.0 and 4.05 nstrain

(10-9 strain) for M2 and O1, respectively, as calculated using the program GOTIC (SATO

and HANADA, 1984). Therefore, the volumetric strain sensitivity of the water level is -

2.26 mm/nstrain or -2.26 m/ppm (Table 2) if we adopt the value for the M2 component,

which is more accurate than the estimates of O1. The minus sign represents the phase shift

between changes in the water level of the well and changes in volumetric strain, as they

differ by 180 degrees. The sensitivity of -2.26 m/ppm is very large, thereby indicating

that the groundwater level at the No. 4 well is highly sensitive to changes in volumetric

strain.

1020

970

50

0

Figure 5

Hourly changes in atmospheric pressure, rainfall and water level within the No. 4 well during the period

from June 9 to August 31, 2003. The data show diurnal and semi-diurnal tidal-related changes in water

level. Weekly changes and a large decrease in the middle of August reflect pumping up in other wells at the

spring.

2402 S. Itaba and N. Koizumi Pure appl. geophys.,



4. Discussion

MONTGOMERY and MANGA (2003) stated that changes in strain or stress and ground-

shaking are the two main factors in generating earthquake-related changes in

groundwater levels (ROJSTACZER and WOLF, 1992; ROELOFFS, 1996; KOIZUMI et al.,

2004). During the 1946 Nankai and 2001 Geiyo earthquakes, the seismic intensities at the

Dogo hot spring (as measured at the Matsuyama Local Meteorological Observatory) were

4 and 5 upper, respectively. The coseismic change in volumetric strain at the Dogo hot

spring during the 1946 Nankai earthquake is estimated to have been 5300–6000 nstrain,

as calculated using the fault models of SAGIYA and THATCHER (1999) and TANIOKA and

SATAKE (2001) and the programs developed by OKADA (1992) and NAITO and YOSHIKAWA

(1999). The equivalent value estimated for the 2001 Geiyo earthquake is -400 nstrain, as

calculated using the model of the GEOGRAPHICAL SURVEY INSTITUTE (2001b).

To investigate the mechanism of earthquake-related changes in the groundwater level

at the Dogo hot spring, we chose to analyze the 1946 Nankai earthquake and 14 other

earthquakes with seismic intensities of 3 or greater at the spring (Table 3; Fig. 6) during

the observation period (12/22/1946–3/3/1947, 2/1/1985–12/31/2006) shown in Table 1.

We also checked for earthquake-related changes in water level associated with these 15

earthquakes, and estimated the coseismic and postseismic changes in the water level.

Using the obtained strain sensitivity of 2.26 m/ppm (Table 2), we also calculated the

changes in the groundwater level expected from the obtained coseismic changes in

volumetric strain. In calculating the change in strain, we used the fault model of

HASHIMOTO et al., (1996) for earthquake No. 6 (see Table 3) and that of GEOGRAPHICAL

SURVEY INSTITUTE (2001a) for earthquake No. 10. Fault models were only available for

four earthquakes: Nos. 1 (1946 Nankai earthquake), 6, 10, and 11 (2001 Geiyo

earthquake); therefore, we used the point source model of the UNITED STATES GEOLOGICAL

SURVEY (2007) for earthquake No. 2, the models of the JAPAN METEOROLOGICAL AGENCY

Table 2

Sensitivity of the groundwater level within the No. 4 well to changes in tidal volumetric strain*1

Well water level Theoretical tidal volumetric

strain

Strain sensitivity

a/c

Phase shift

b–d

a. Amp*2 mm b. Phase degree c. Amp nstrain d. Phase degree nstrain degree

O1
*3 20.51 (6.17) 167.0 (22.0) 4.05 -3.5 5.06 (1.52) 170.5 (22.0)

M2
*3 27.15 (2.99) 154.0 (10.6) 12.00 -46.9 2.26 (0.25) 200.9 (10.6)

*1First, the tidal components of the groundwater level were calculated every 31 days over the period from June

2003 to December 2006. The average values and standard deviations, as shown in parentheses, were then

calculated for the calculated tidal components.
*2Amp: amplitude.
*3The periods for O1 and M2 are 25.8 and 12.4 hours, respectively.
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(1989, 1994) for earthquakes Nos. 3 and 5, and those of NATIONAL RESEARCH INSTITUTE FOR

EARTH SCIENCE AND DISASTER PREVENTION (2007) for earthquakes No. 7–9 and 12–15. The

lack of both a fault model and point source model for earthquake No. 4 (Table 3) meant

that we were unable to calculate the change in coseismic volumetric strain for this event.

The coseismic and postseismic changes in water level were estimated as follows. The

coseismic change in the water level was calculated from records collected immediately

before and 1 day after the earthquake. The postseismic change in water level was

calculated from the record collected immediately before the earthquake and the first local

maximum or minimum value following the quake. The calculations used daily data for

the period from 1985 to 2006; examples are shown in Figures 7 and 8. In the case of the

1946 Nankai earthquake, which occurred at 4:19 a.m. on December 21, 1946, both the

coseismic and postseismic changes in groundwater level are considered to be -11.4 m,

although there are no records for the period between December 16 and 21, 1946 (Fig. 3;

Table 1). The results of the calculations are shown in Table 3.

The standard deviation of the daily differences in groundwater level data for the

period from February 1985 to December 2006 is 9 cm, and tidal changes have an

amplitude of about 10 cm (Figs. 5 and 8). Therefore, any changes in the daily

Figure 6

Map of Southwest Japan showing the locations of the epicenters of the earthquakes shown in Table 3 (solid

circles). The solid triangle represents the location of Dogo hot spring.
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groundwater-level records of <9 cm immediately following one of the analyzed

earthquakes were not considered as evidence of coseismic change (Table 3); the same

approach was taken in identifying postseismic change. As a result, we detected ten events

involving coseismic and postseismic changes in the groundwater level (Table 3);

however, all of the recognized coseismic changes (with the exception of the 1946 Nankai

earthquake) were smaller than 18 cm (i.e., twice the standard deviation). Therefore, these

coseismic changes are relatively imprecise. In contrast, the postseismic changes are all

greater than 25 cm, and are therefore considered to be more reliable. On this basis, we

evaluated the ten postseismic changes listed in Table 3.

Figure 7

Estimation of coseismic and postseismic changes in water level associated with earthquake No. 6 (EQ6) in

Table 3.

Figure 8

Estimation of coseismic and postseismic changes in water level associated with earthquake No. 14 (EQ14) in

Table 3. The open circles and solid squares represent hourly and daily values, respectively, of the groundwater

level within the No. 4 well at the Dogo hot spring.
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Figure 9 shows the relationships among coseismic change in volumetric strain,

seismic intensity, and postseismic change in groundwater level. The groundwater level

within the No. 4 well generally shows a postseismic increase for events with a seismic

intensity of 3 or greater at the spring. Given that these increases cannot be explained by

the recorded coseismic changes in volumetric strain, they are considered largely

reflective of the effects of ground-shaking at the spring. The one example of a large

decrease in groundwater level, which occurred in response to the 1946 Nankai

earthquake, can be quantitatively explained by a coseismic increase in volumetric strain.

The above results lead to the following explanation of earthquake-related changes in

water level at the Dogo hot spring. Both coseismic changes in volumetric strain and

ground-shaking lead to postseismic changes in groundwater pressure. The increase in

groundwater pressure arising from ground-shaking is generally larger than the change in

pressure arising from changes in coseismic volumetric strain; however, Nankai

earthquakes lead to a large increase in coseismic volumetric strain at the spring;

meaning that the decrease in the groundwater level exceeds the increase associated with

ground-shaking. Therefore, the groundwater level at the Dogo hot spring usually

increases with relatively large earthquakes, although the groundwater level or discharge

Figure 9

Relationships among postseismic change in groundwater level, coseismic change in volumetric strain, and

seismic intensity at the Dogo hot spring. DH indicates postseismic change in groundwater level, while ‘5L’ and

‘5U’ represent the seismic intensities of ‘5 Lower’ and ‘5 Upper’, respectively (JAPAN METEOROLOGICAL AGENCY,

1996). Numbers next to symbols correspond to the earthquakes listed in Table 3. The open triangle indicates that

both the amplitude and sense of the postseismic change in groundwater level can be explained by coseismic

change in volumetric strain at the spring. Solid triangles indicate that neither the amplitude nor sense of it can be

explained by the coseismic change in volumetric strain. The gray triangle means that only the sense of the

postseismic change in groundwater level can be explained by the coseismic change in volumetric strain.

Earthquakes Nos. 3, 4, and 5 in Table 3 are not shown in this figure.
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decreases in the case of Nankai earthquakes. Given this scenario, we consider that the

three other postseismic decreases related to past Nankai earthquakes (see Fig. 2) arose

from coseismic increases in volumetric strain. In other words, the three pre-1946

postseismic decreases in groundwater level or discharge at Dogo hot spring appear to

represent coseismic increases in volumetric strain at the spring.

In terms of postseismic recovery, for most of the seismic events the groundwater had

recovered to pre-seismic levels within a month of the event. The large drop in water level

of 11.4 m caused by the 1946 Nankai earthquake recovered within three months. Only in

the case of the 2001 Geiyo earthquake did the postseismic changes take a long time; in

this case the levels did not fully recover until December 2006. It is thought that the strong

ground-shaking of ‘5 Upper’ that accompanied the Geiyo earthquake had a pronounced

effect on the hydrogeological system of the Dogo hot spring. This means that the effect of

strong ground-shaking on groundwater levels is more important than changes in

volumetric strain when evaluating groundwater stability.

5. Conclusion

We analyzed groundwater level data at the No. 4 well at Dogo hot spring at the

observation periods shown in Table 1, and evaluated the relationships among postseismic

change in groundwater levels, coseismic change in volumetric strain, and ground-shaking

or seismic intensity. The conclusions of this study are as follows.

1. The groundwater level at the spring is highly sensitive to changes in volumetric strain.

2. The groundwater level tends to increase postseismically for earthquakes accompanied

by pronounced ground-shaking at the spring. This increase is considered to be caused

by ground-shaking.

3. Only one postseismic decrease in groundwater level was recorded at the spring;

this was larger than 10 m and occurred following the 1946 Nankai earthquake.

This decrease can be quantitatively explained by coseismic changes in volumetric

strain.

4. Both coseismic change in volumetric strain and ground-shaking can lead to

postseismic changes in groundwater pressure at the spring. The increase in

groundwater pressure generated by ground-shaking is generally larger than the

change in groundwater pressure associated with coseismic changes in volumetric

strain. However, for the Nankai earthquakes, a large coseismic increase in volumetric

strain is recorded at the spring, meaning that the decrease in groundwater level

exceeds the increase associated with ground-shaking.

5. These postseismic changes in groundwater level usually recover to preseismic levels

within several months; however, in the case of the 2001 Geiyo earthquake, which

caused the strongest ground-shaking of any seismic event over the past 60 years, the

postseismic changes did not recover until December 2006.
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Flow Changes and Geochemical Anomalies in Warm and Cold Springs

Associated with the 1992–1994 Seismic Sequence at Pollina, Central

Sicily, Italy

ROCCO FAVARA,1 FAUSTO GRASSA,1 PAOLO MADONIA,1 and MARIANO VALENZA
2

Abstract—During a three-year discontinuous geochemical monitoring of some warm springs and cold

discharges located in central-northern Sicily, some hydro-geochemical changes were observed. Excluding a

possible related to a moderate seismic activity were accidentally identified. The observed anomalies showed

amplitudes that were modulated by the different geometries and volumes of the feeding aquifers. A poroelastic

aquifer contraction, a shaking-induced dilatancy theory as well as seismogenetic-induced changes in the

properties of the aquifers have been proposed as possible mechanisms for the water flow and hydro-geochemical

changes. These preliminary results could be used to design a monitoring network aimed at surveilling the

seismic activity of the studied area from a geochemical standpoint.

1. Introduction

In the last decades, several researches in Japan, China, the USA and Europe, have

been focused on the understanding of the seismogenetic processes for earthquake

prediction purposes. In particular, researchers have directed their attention towards two

main features of the seismogenetic process:

1) The role played by the fluids during seismogenesis (DWORKIN, 1999; SORNETTE, 1999

and literature therein);

2) Theoretical modeling of the physical processes responsible for the hydrological,

chemical and isotope changes in crustal fluids, such as gases and groundwaters,

induced by increasing crustal strain. (RIKITAKE, 1976; WAKITA, 1977, 1982; CARAPEZZA

et al., 1980; CAI et al., 1984; BARSUKOV et al., 1985; THOMAS, 1988; VALENZA and

NUCCIO, 1993; FAVARA et al., 2001a b and references there cited).

In order to recognize the geochemical anomalies related to earthquake preparation and to

use them as practical tools in earthquake prediction, each natural system needs to be

1 Istituto Nazionale di Geofisica e Vulcanologia- Section of Palermo, Via Ugo La Malfa 153, 90146

Palermo, Italy. E-mail: favara@pa.ingv.it
2 Dipartimento CFTA, University of Palermo, Via Archirafi, 36, 90123 Palermo, Italy.
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investigated in detail. For each studied area, basic information regarding the geological

and structural setting, the origin of the fluids and model of their circulation, as well as the

definition of the geochemical background (including natural and non-natural variations)

is crucial to the formulation of a valid geochemical model able to explain the recognized

anomalies and their relationships to increasing crustal strain (FAVARA et al., 2001a).

A seismically active area located in the northern part of Sicily (Pollina area, Fig. 1)

was affected by a long seismic sequence. It started in September 1992, during which

more than 500 seismic shocks, at a depth ranging between 3 and 5 km, were recorded.

The seismic swarm culminated with the strongest event that took place on June 26, 1993,

and that had a magnitude of 4.4 (Fig. 2).

Some significant geochemical variations in both the output and in the chemical

composition of He, CO2, Rn and Ne, were observed during the strongest event of the

recorded seismic swarm. This was ascertained by comparing the data collected during

three soil gas investigations (DE GREGORIO et al., 1996).

During the same period, groundwaters from seven springs and one well (PC),

representative of different aquifers present in this area and discontinuously monitored

every three months for a more ample hydrogeological study, showed both hydrological

and geochemical anomalies.

2. Geology and Hydrogeology

The studied area is located in the eastern part of the Madonie Mountains in north-

central Sicily (Italy). The Madonie Mountains extend for an area of about 220 km2

(Fig. 1). Several cold springs, giving a total flow discharge of about 3500 l/s (FAVARA

et al., 1984), lie in this region, and represent one of the most important hydrogeological

domain in Sicily. The main springs are located both within the area of the Madonie

Mountains and along the northern coast of Sicily, near the town of Cefalù.

The stratigraphic sequence of this area consists only of sedimentary terrains: No

crystalline or metamorphic rocks outcrop, neither have any been found during drillings.

This sequence includes Triassic-Miocene limestones, siliceous-limestones (Imerese

Basin) and Triassic-Eocene limestones and dolostones (Panormide Platform). Shales and

quartz-sandstones of the Upper Oligocene Numidian Flysch outcrop on the borders of the

studied area. Clays and sandstones deriving from the erosion of the Sicilide Domain

deposits, Upper Cretaceous in age, outcrop near the coast. Post-orogenic deposits

including clays, sandstones and evaporite deposits of Upper Tortonian to Pleistocene age

complete the stratigraphic succession. In particular, the evaporitic sequence is present

only in the southern part of the Madonie Mountains, as it had already emerged during the

deposition of the Messinian gypsum-dominant series. Fluvial and marine deposits of

Quaternary age are also present on the coast and in fluvial valleys.

Tectonics resulted from several compressive and distensive episodes from Miocene to

Upper Pliocene (ABATE et al., 1982). The main fault systems are characterized by N-S and
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NE-SW directions. These different tectonic phases created a building with vertical

recurrences of platform and basin limestones and dolostones, overthrusted with their

cover of alternating sandstones and clays (Numidian Flysch).

As stated in previous studies (CUSIMANO, 1989; CUSIMANO et al., 1992; MADONIA,

1993; GRASSA et al., 2002), the main aquifers are of mixed type, with a main

contribution from the carbonate sequences and a minor component to be referred to

underground circulation into the permeable portion of the Numidian Flysch. The

carbonate aquifers are of two different sub-types: In the NE portion karst is

predominant, related to the platform limestone sequences of the Panormide domain; in

the SW portion fractured rocks related to the deep sea sequences of the Imerese basin

Figure 1

Location map of the study area. Main geological features, location of the sampling sites and the epicenters of the

recent local seismic activity (1992–1994 and 2001) are also reported.
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domain prevail. The two hydro-structures are probably in lateral hydraulic continuity

(MADONIA, 1993) and, as the higher portion of the Panormide aquifer is located at

higher altitudes than those of the Imerese hydro-structure, underground waters may

flow from the previous to the latter.

From a hydro-geochemical point of view (CUSIMANO et al., 1992; MADONIA, 1993), the

prevailing carbonate species are modulated by its different mixings with waters

circulating into the permeable portions of the Numidian Flysch. These latter are

characterized by higher concentrations of ions derived from the interaction with sulphur

minerals and H2S, as better specified in section 4.

Sandstone-hosted aquifers became dominant only in the south-east portion of the

Madonie area, while marine, fluvial and alluvial deposits of the northern Imera and

Pollina Rivers form lateral aquifers of minor importance. The total water storage

capability was estimated at about 1.1 9 108 m3 (CUSIMANO, 1989).

3. Analytical Methods

Electrical conductivity, pH and water temperature were measured directly in the

field. Conductivity was measured using a Crison 524 conductimeter (accuracy ± 3%);

pH by using an Orion 250 pH meter (accuracy ± 0.01 pH unit) and water

temperatures by means of a mercury thermometer (accuracy ± 0.1�C). HCO3 was

determined by volumetric titration with 0.1 N HCl Suprapur. Major and minor

constituents were determined by a Dionex 2000i ion chromatograph (reproducibility

Figure 2

Plot of earthquake distribution during the Pollina seismic sequence from July 1992 to November 1993.

Histogram (left scale), cumulative frequency (right scale) and shocks with M > 3.0 are reported (from AZZARA

et al., unpublished data).
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within ±2%). A Dionex AS4A-SC column was used for anion determinations (F, Cl,

NO3, Br, SO4), whereas a Dionex CS-12 column was used for the cations (Li, Na, K,

Mg, Ca).

4. Water Geochemistry

Chemical composition of collected waters together with physico-chemical parameters

are reported in Table 1.

Water temperature, electrical conductivity and pH range between 13.2�C and 28.6�C,
342 and 2869 lS/cm and 6.74 and 7.87, respectively. A first classification of the sampled

waters was obtained by using a Langelier-Ludwig diagram (Fig. 3):

– The Scillato (SC) and Favara di Collesano (FC) springs fall within the bicarbonate

alkaline-earth field (group A). They are characterized by low salinity (TDS < 400 mg/

l) and their chemistry is dominated both by HCO3 and by alkaline-earth metals (Ca

and Mg). The Scillato spring is located at an altitude of 380 m a.s.l., on the western

flank of the Madonie Mountains and has a flow rate of several hundreds of l/s. Due to

its location along the lateral contact between the Imerese and Flysch series and to the

fact that the amount of discharged water represents more than 50% of the whole

calculated recharge of the Imerese structure, it can be considered as being the main

basal discharge of the Imerese domain (MADONIA, 1993). The Favara di Collesano

spring is located at a slightly higher altitude (i.e., 450 m a.s.l.), and has a flow rate of

only a few tenths of a l/s. It is a secondary discharge of the Imerese aquifer and is

linked to the contact between two different carbonate thrusts with an interposed

Numidian Flysch layer. These springs reach full chemical equilibrium with the

carbonate rocks, as suggested by the saturation indexes of calcite and dolomite that

close to zero.

– The Marcatagliastro springs (M2 and M3) fall within the chloride-sulphate alkaline-

earth field (group B). They belong to groundwaters circulating within the Numidian

Flysch formation. There, the observed sulphate-enrichment could probably be related

to two different mechanisms: the weathering of sulphides and sulfate-rich minerals

and the oxidation of H2S minerals, such as Pyrite (Fe2S), Natrojarosite

(NaFe3(SO4)2(OH)6) and Thenardite (Na2SO4), which were found in the clay

interlayers of the Numidian Flysch (ALAIMO and FERLA, 1975). Moreover, the potential

high redox values measured in the aquifers allow for the oxidation of S-rich fluids, both

of deep origin and derived from the alteration, in anoxic conditions, of the organic

matter of the Numidian Flysch clays.

All the other water samples but PC sample are distributed within a triangle, the corners of

which represent three end members, suggesting the existence of mixing processes

between sea water (SW), groups A and B waters:
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Table 1

Chemical analyses of waters from the Madonie Mountains

Sample Date Flow rate pH EC T Na K Ca Mg Cl SO4 HCO3 TDS

Sma 13/6/91 0.04 7.36 1960 16.8 178 16 141 59 189 370 476 1431

30/9/91 0.05 7.47 1970 18.6 211 18 143 63 201 384 470 1491

30/1/92 0.05 7.72 1920 15.8 194 17 136 64 209 393 464 1479

26/3/92 0.05 7.63 1930 15.4 209 15 140 49 202 376 458 1451

12/7/92 n.m. 7.28 2000 17.8 211 13 136 60 203 389 458 1475

30/9/92 0.05 7.26 1941 19.0 197 15 121 54 195 405 384 1373

15/1/93 0.05 7.78 1860 15.9 184 13 140 58 175 361 439 1373

6/7/93 0.25 7.18 1880 17.0 229 17 159 65 213 475 476 1635

3/8/93 0.50 7.26 1860 17.4 210 18 146 65 211 430 415 1496

10/8/93 n.m. n.m. n.m. n.m. 210 18 144 61 203 408 409 1457

17/8/93 n.m. n.m. n.m. n.m. 212 18 143 61 200 402 415 1453

24/8/93 n.m. n.m. n.m. n.m. 209 18 146 61 198 399 427 1461

31/8/93 n.m. n.m. n.m. n.m. 213 19 144 61 198 399 415 1452

10/9/93 n.m. 7.23 1991 17.8 211 17 152 60 194 400 488 1525

7/10/93 0.07 7.10 1910 17.6 205 19 144 61 194 377 427 1432

30/11/93 0.07 7.16 1375 16.1 206 19 143 60 193 368 427 1420

21/1/94 0.07 7.25 1675 16.7 200 18 144 64 192 362 464 1448

18/2/94 0.08 7.44 1816 16.5 197 17 137 61 168 342 476 1404

25/2/94 0.05 7.37 1824 16.5 197 18 137 59 157 330 476 1378

26/2/94 n.m. n.m. n.m. n.m. 189 17 124 63 169 341 476 1382

27/2/94 n.m. n.m. n.m. n.m. 188 17 124 63 169 346 464 1373

28/2/94 n.m. n.m. n.m. n.m. 189 17 124 64 168 344 476 1385

1/3/94 n.m. n.m. n.m. n.m. 191 17 119 64 167 343 470 1377

2/3/94 n.m. n.m. n.m. n.m. 192 17 122 64 165 346 476 1389

3/3/94 n.m. n.m. n.m. n.m. 188 17 126 63 172 342 470 1386

4/3/94 n.m. n.m. n.m. n.m. 191 17 126 63 174 349 476 1399

5/3/94 n.m. n.m. n.m. n.m. 192 17 126 63 170 346 476 1392

6/3/94 n.m. n.m. n.m. n.m. 191 17 122 64 169 344 464 1373

7/3/94 n.m. 7.20 1798 16.5 190 17 124 63 168 344 470 1379

8/3/94 n.m. n.m. n.m. n.m. 188 17 124 63 168 344 476 1383

9/3/94 n.m. n.m. n.m. n.m. 188 17 124 63 169 343 476 1383

10/3/94 n.m. 7.32 1760 16.5 192 17 124 63 168 342 476 1384

25/3/94 0.06 7.12 1780 16.5 188 14 127 54 162 344 476 1368

26/4/94 0.03 7.37 1805 16.6 187 14 130 55 155 340 476 1358

26/5/94 0.04 7.41 1750 17.0 180 14 131 56 154 336 488 1359

M2a 30/11/93 0.13 7.28 1562 17.9 94 13 207 66 97 550 306 1335

M3a 30/11/93 0.42 6.74 1635 20.6 92 12 203 66 95 492 392 1356

PCb 18/2/94 n.m. 7.40 2563 28.6 638 12 6 2 172 10 1484 2328

SOa 13/6/91 n.m. 6.95 696 13.1 31 1 122 21 21 129 403 729

30/9/91 0.06 7.16 726 14.6 39 2 133 24 23 134 421 776

30/1/92 0.40 7.28 728 13.1 36 1 136 24 25 164 403 792

26/3/92 0.40 7.61 700 12.4 35 1 141 21 25 144 397 765

12/7/92 n.m. n.m. 790 13.3 34 1 141 21 25 141 403 766

30/9/92 0.08 7.33 696 14.4 36 1 132 20 20 130 345 686

16/1/93 0.50 7.20 709 12.9 43 1 152 24 22 127 384 758

1/4/93 0.75 7.13 744 12.1 33 2 134 20 23 113 397 726

8/7/93 1.50 7.11 666 13.7 38 1 134 22 23 130 415 766

1/5/94 n.m. 7.04 802 12.7 31 1 125 20 18 109 397 707

1/6/94 0.50 6.93 800 12.7 32 1 130 21 19 112 409 729
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– The Presidiana (PR) spring lies in the chloride-sulphate-alkaline field. It is located at

sea level, it has the greatest flow rate in the Madonie area (up to 1000 l/s), and is the

main northern discharge point of the basal aquifer that is hosted within the Panormide

Table 1

(Contd.)

Sample Date Flow rate pH EC T Na K Ca Mg Cl SO4 HCO3 TDS

SCa 13/6/91 432 7.69 342 14.2 8 1 50 18 9 16 207 310

1/7/91 n.m. 7.63 439 12.2 8 1 44 19 10 15 203 301

1/8/91 n.m. 7.74 425 14.1 7 1 50 17 9 17 207 309

30/9/91 410 7.20 314 14.6 6 1 49 17 9 17 201 301

1/10/91 n.m. n.m. 382 13.8 7 1 51 16 9 16 207 309

1/11/91 n.m. n.m. 405 13.7 7 1 50 16 9 17 214 314

30/1/92 452 7.77 315 13.4 7 1 50 17 9 17 214 316

26/3/92 447 7.61 306 13.8 7 1 51 16 10 16 214 315

12/7/92 419 7.42 312 14.3 7 1 48 15 10 17 201 299

30/9/92 380 7.64 303 14.5 7 1 49 15 8 15 210 306

13/1/93 380 7.87 296 12.3 7 1 51 14 7 15 214 309

2/4/93 550 7.77 293 13.1 7 1 52 15 8 15 214 313

7/7/93 500 7.63 315 14.5 7 1 50 16 10 16 210 312

PRa 13/6/91 759 7.18 2745 15.4 507 21 134 63 910 126 275 2041

1/7/91 n.m. 7.23 3891 15.5 548 20 125 62 892 127 276 2056

1/8/91 n.m. 7.25 3720 15.3 534 19 127 60 863 120 275 2003

30/9/91 651 7.17 2497 15.5 465 19 117 60 862 116 275 1916

1/10/91 n.m. n.m. 3292 15.5 471 16 121 56 809 126 275 1880

1/11/91 n.m. n.m. 3270 15.5 458 16 113 56 753 116 275 1794

30/1/92 941 7.29 2431 15.5 436 13 106 51 807 122 275 1812

26/3/92 588 7.36 2465 15.5 436 13 106 51 807 122 275 1812

12/7/92 624 7.12 2662 15.4 482 13 123 56 887 114 281 1963

30/9/92 619 7.42 2310 15.7 442 16 100 47 796 115 275 1796

15/1/93 655 7.48 2594 15.4 465 20 118 63 808 108 275 1867

1/4/93 403 7.41 2592 15.1 459 23 137 58 864 105 275 1942

8/7/93 811 7.47 2610 15.5 520 20 129 58 917 129 275 2052

25/3/94 n.m. 7.33 3080 15.6 535 11 126 56 938 116 275 2064

26/4/94 n.m. n.m. n.m. n.m. 425 14 106 51 740 97 275 1715

FCa 13-giu-91 26.40 7.39 442 16.5 13 1 59 26 15 27 253 399

1-lug-91 n.m. 7.47 546 16.5 12 1 55 28 16 28 258 402

1-ago-91 n.m. 7.46 546 16.5 12 2 58 27 29 27 256 414

30-Set-91 16.50 7.15 425 16.8 12 2 54 28 15 28 256 396

1-Ott-91 n.m. 7.44 524 16.5 13 1 56 27 15 28 275 416

1-nov-91 n.m. n.m. 527 16.2 13 1 57 28 14 29 275 418

30-gen-92 11.50 7.47 430 16.2 13 1 58 29 15 30 275 423

26-mar-92 13.10 7.32 432 16.2 12 2 58 28 17 29 275 422

12-lug-92 4.56 7.26 416 16.7 11 2 54 27 15 29 268 409

30-set-92 5.28 7.20 428 17.1 11 1 56 26 13 28 271 410

13-gen-93 1.94 7.83 398 14.9 10 2 51 27 13 26 268 400

2-apr-93 7.59 7.57 477 15.9 14 2 62 28 18 32 287 449

1-mag-94 3.00 7.44 450 17.0 12 1 58 25 14 24 268 405

Flow rates are expressed in l/s, pH in pH unit, EC = electrical conductivity at 20�C is expressed in mS/cm,

T = water temperature in �C. Concentrations and TDS are expressed in mg/l.; a = spring; b = well. n.m.

not measured. Saturation indexes with respect to calcite (SICalc) and dolomite (SIDolom) are also reported
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domain (CUSIMANO et al., 1992). Its chemistry reflects seawater contamination (up to

3%).

– The waters of the S. Maria (SM) spring are chloride-sulphate alkaline-earth. Its flow

rate is of the order of a few decimals of a l/s, and is fairly constant during the entire

hydrological cycle. It is not affected by seawater mixing, as indicated by the chloride/

sulphate ratio (Fig. 4). Its related aquifer develops entirely within the Numidian Flysch

deposits, whereas the carbonate ions may derive from the dissolution of the calcite

cement of sandstones and/or from carbonate olystolithes present in the Numidian

sequences.

The Sonno spring (SO) is a transitional term between bicarbonate-alkaline earth and

chloride-sulphate-alkaline waters, and its maximum flow rates are 1–1.5 l/s. It lies along

a very important tectonic discontinuity, marked by the deep Isnello Valley, and its

chemistry is the result of the mixing of Panormide and Numidian aquifers.

The Pozzo Casalo sample (PC) lies in the bicarbonate alkaline field and shows

relatively high salinity (about 2500 mg/l). Na and HCO3 are the dominant chemical

constituents as the sum of the two is greater than 90% of the total dissolved ions (in meq/l).

These unusual chemical features suggest a two-step geochemical process. First, the

dissolution of carbonate minerals (both calcite and dolomite) by CO2 enriched waters
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Figure 3

Langelier-Ludwig classification diagram. Three main groups have been distinguished: bicarbonate alkaline-

earth waters (group A), chloride-sulphate alkaline-earth waters (group B) and bicarbonate alkaline waters (PC

well). SW = seawater.
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accounts for most of the solute content. In a second time, the ion-exchange reactions

between groundwater and clay minerals, probably modify pristine ion ratios, causing an

increase in Na and a consequent removal of Ca and Mg from the solution. The latter can be

described by an equilibrium constant (APPELO and POSTMA, 1993) as follows:

Na�Xþ 0:5 Ca2þ $ Naþ þ 0:5 Ca�X2 ð1Þ
and

Na�X þ 0:5 Mg2þ $ Naþ þ 0:5 Mg�X2; ð2Þ
where X indicates the clay exchanger.

In order to verify the hydrogeochemical processes inferred above, the computer

program NETPATH (PLUMMER et al., 1991) was used to calculate the mass balance of the

chemical reactions. The geochemical evolution during flow path was simulated starting

from groundwater similar to that of the SC spring (the most representative carbonate

groundwater). Taking into account the local geological setting, one of the most plausible

reactions can be written as follows:

SCwater þ 7:7 CO2 þ 11:7 Ca0:85Mg0:15CO3 þ 2:3 Mgþ2 þ 11 Caþ2

þ 13:3 NaEx\ ¼ [ PCwater:

Another process that could produce Na-HCO3 waters is the alteration of albite-rich rocks

to form Na-montmorillonite enhanced by the dissolution of carbon dioxide. However, this

0 0.8
HCO3

0.8

0.4

0

Cl

0.8

0.4

0

SO4

M2 M3
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0.4

Figure 4

Triangular plot for anions. The SO4/Cl ratio at the SM spring is costant with time and closer to that of the

chloride-sulphate alkaline-earth end-member (M2 and M3 springs) rather than to that of seawater.
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hypothesis can be ruled out because of the lack of crystalline rocks in this area. As can be

noted, both these reactions imply the presence of a CO2-rich phase interacting with

groundwaters.

This agrees with the soil gas measurements carried out during the three surveys

effected in the studied area (DE GREGORIO et al., 1996). Field investigations have revealed

the presence of high CO2 flux, with the highest values being about 3 * 10-4 cm/sec. The

results of carbon isotope measurements ðd13CCO2
Þ performed at only two sites having

high CO2 concentration (1–2% vol.) are close to -25 d%, vs. V-PDB, thus indicating

that this gas derives from the oxidation of organic matter.

5. Temporal Variations

Although the sampling rate was neither high nor constant, some physico-chemical

changes were observed in some of the studied springs.

During the period June 1991–January 1993, the flow rate values at SM spring

remained almost constant, showing only a seasonal trend at SO spring that resulted in

lower values during the dry season, which in Mediterranean areas corresponds to late

spring – beginning of autumn. In proximity of the 26th June event, the flow rate at SO and

SM springs increased up to 10 times (Fig. 5).

If we analyze the entire sampling period more in detail, we will ascertain that some

geochemical changes were also observed at the SM, FC and SC springs. FC and SM

springs showed anomalies in the TDS content and SC spring displayed a marked change

in Mg concentration.

First of all, our attention will be focused on TDS (Fig. 6). Unfortunately, due to some

sampling problems, we have no data either for the FC spring immediately after the
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strongest earthquake or for the SM spring immediately before it. In spite of this lack of

data for both these springs a common trend is evident. This consists of a relative

minimum in January 1993 with TDS values of 1400 and 400 mg/l at SM and FC springs,

respectively. Subsequently, the values rose up to 1600 mg/l (SM spring) and 450 mg/l (at

FC spring), falling outside their respective average values for the previous period.

The increases in TDS values are explained by a general increase in the salinity of

water rather than by the increase of only one chemical component. However, both at SM

and FC springs and also at SC and PR springs, where TDS values remain within their

respective background values, sulphate concentration changes with time (Fig. 7).

In these four springs, it is possible to observe a homogeneous style of variation

although the amplitude of the anomalies in the SO4 content is quite different. All the

discharges showed a decreasing before the earthquake of 26th June 1993 and

subsequently an increase. This behavior is particularly marked at the SM spring where
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Vol. 164, 2007 Flow Changes and Geochemical Anomalies 2421



the largest anomalies were recorded, while it is slightly evident at the SC spring where

the changes in sulphate concentration are less than 3 ppm.

In this discharge, during a nonseismic period between June 1991 and August 1992, the

average sulphate was 386 (1r = 12 ppm). Before the earthquake of June 26th, 1993, the

SO4 content decreased to below the background, while a few days after it, the SO4

concentration reached 475 ppm, thus increasing by 25% with respect to the mean values

previously recorded.

At the FC spring, during the same nonseismic period, the average SO4 content

generally showed almost constant values ranging within 28.1 ± 0.8 ppm (1r). An
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Changes in SO4 contens at the SM (triangles), PR (diamonds), FC (circles) and SC (squares) springs. All

these springs show a decrease before the main earthquake (June 26, 1993, M = 4.4, dashed line) and
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increase by about 13% with respect to the mean sulphate concentration was recorded just

before the 26th June event.

Finally, the SC spring showed also a decreasing trend in the Magnesium content

(Fig. 8). At the beginning of this survey (July, 1991) Mg concentration was 19.5 ppm and

it reached its minimum in January 1993 with only 14 ppm showing a decreasing of about

30% with respect to the initial value.

6. Discussion

In order to identify the possible causes responsible for the observed temporal

variations the hydrogeological and geochemical data have been compared both to the

local rainfall data and to earthquake distribution during the Pollina seismic sequence

(Figs. 9–12). Precipitation values were collected during the 1991–1994 period at the rain-

gauges of Isnello, Castelbuono, Scillato and Collesano, the nearest stations to SO, SM,

SC and FC and springs, respectively. Seismic data were recorded from the ING network

during the period from July 1992 to November 1993 (AZZARA et al., unpublished data). It

clearly appears that the observed anomalies in flow rate at SO and SM springs are not

linked to a larger meteoric recharge because they were not preceded by any anomalous

rain events. Moreover, if the increase in flow rate is due to anomalous meteoric recharge

events, the expected modifications in the geochemical parameters are not compatible with

the geochemical variations really observed. In fact, the marked increase of a meteoric

M
ay

-9
1

Ju
n

-9
1

Ju
l-

91
A

ug
-9

1
S

ep
-9

1
O

ct
-9

1
N

ov
-9

1
D

ec
-9

1
Ja

n
-9

2
Fe

b-
92

M
ar

-9
2

A
pr

-9
2

M
ay

-9
2

Ju
n

-9
2

Ju
l-

92
A

ug
-9

2
S

ep
-9

2
O

ct
-9

2
N

ov
-9

2
D

ec
-9

2
Ja

n
-9

3
Fe

b-
93

M
ar

-9
3

A
p

r-
93

M
ay

-9
3

Ju
n-

93
Ju

l-
93

A
ug

-9
3

S
ep

-9
3

O
ct

-9
3

N
ov

-9
3

14

15

16

17

18

19

20

M
g 

pp
m

SC

Figure 8

Plot of temporal variations of magnesium content at SC spring. Dashed line indicates the earthquake of June

26th, 1993, M = 4.4. The lowering of the magnesium content before this event may be due to relative

variations of the permeability between limestones and dolostones caused by a modification of local crustal

stress.

Vol. 164, 2007 Flow Changes and Geochemical Anomalies 2423



component should have produced an evident dilution in the total amount of dissolved

salts (TDS values) while a strong increase and almost constant values were observed at

SM and SO spring, respectively.

On the contrary, the anomalies in the flow rate seem to occur as a consequence of

releasing of the major energy (June, 1993) and for this reason, we think that the

increasing in flow rate at SO and SM could be related to the local seismic activity.

An increase in the transmissivity of the aquifer, probably as a consequence of a

shaking-induced dilatancy (BOWER and HEATON, 1978) could be responsible for the

increase of flow rate in both these springs. Unfortunately, due to the small amount of data
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Plots of temporal variations of earthquake distribution, rainfall, geochemical parameter and flow rate at SM

spring. Dashed line indicates the earthquake of June 26th, 1993, M = 4.4. Earthquakes distribution from the

ING network (Azzara et al., unpublished data). Rainfall are relative to the Castelbuono station.
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available, it was not possible to constrain the temporal relationships to the observed

increases and the strongest earthquake.

Because the increase in TDS results from a global increase of many dissolved

chemical constituents, in our opinion, one of the possible mechanisms could be the

progressive rock-fracturing provoked by the release of accumulated crustal stress. This

process exposes fresh surfaces to water-rock interaction and hence enhances the

dissolution of minerals. Confirmation of this is given by similar anomalies in the TDS

trend that were observed at the FC spring (GRASSA et al., 2002) in coincidence with an M

4.0 earthquake that occurred on November 25, 2001. This was located by the Italian

Figure 10

Plots of temporal variations of earthquake distribution, rainfall, geochemical parameter and flow rate at SO

spring. Dashed line indicates the earthquake of June 26th, 1993, M = 4.4. Earthquakes distribution from the

ING network (AZZARA et al., unpublished data). Rainfall are relative to the Isnello station.
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national seismic network in the area between the small towns of Scillato and Collesano

(Fig. 1), which are very near to this spring. Also at that time the TDS values

progressively increased with respect to a minimum value, which however remains

‘‘unknown’’ due to the absence of pre-event samples.

A different explanation can be invoked for the temporal variation in the Mg content at

the SC spring. As already argued, magnesium can be considered a geochemical tracer of

groundwater flowing within the dolomitic portion of the feeding aquifer mainly

belonging to the Imerese basin domain. This part of the aquifer is characterized by lower

permeability values and very reduced volumes than the limestones that constitute the
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Figure 11

Plots of temporal variations of earthquake distribution, rainfall, geochemical parameter and flow rate at FCM
spring. Dashed line indicates the earthquake of June 26th, 1993, M = 4.4. Earthquakes distribution from the

ING network (AZZARA et al., unpublished data). Rainfall are relative to the Collesano station.
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prevailing lithology of the hydrogeologic structure feeding the SC spring. The lowering

of the magnesium content before the strongest earthquake might be due to relative

variations of the permeability between the limestones and dolostones, caused by a

modification of the local crustal stress. However, the circulation of groundwater in the

dolostones is to be referred to fracture-related permeability, which in the case of

limestone karst phenomena assumes with a greater importance. This results in a different

degree of water-bearing discontinuities: they are greater in limestones and smaller in

dolostones, and this is the reason why crustal stress accumulation is reflected more in the

latter than in the former. However, seismic-induced permeability variations do not

represent the only possible model capable of explaining the observed anomalies.
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Figure 12

Plots of temporal variations of earthquake distribution, rainfall, geochemical parameter and flow rate at the SC

spring. Dashed line indicates the earthquake of June 26th, 1993, M = 4.4. Earthquakes distribution from the

ING network (AZZARA et al., unpublished data). Rainfall are relative to the Scillato station.
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As regards the change in sulphate concentrations at SO, SM, FC and SC springs it can

be explained by a modification of the relative proportions of a simple two-component

mixing process or by a mobilization of fluids from depth towards a shallower part to be

referred to elastic compression actions. Both these processes can be the result of the

stress-state modifications in the studied area.

During the initial perturbation phase of a steady state due to changes in the stress

field, a decrease in the near-surface permeability could have happened. On the contrary,

when rupture limit conditions have been reached, at the time of the 26th June event, there

could be an opposite effect (increasing of permeability) probably generated by micro-

fracturing of hosting rocks.

The positive transient of the SO4 content could also be explained by the release of a

greater amount of deep component, such as S-rich fluids, that are mobilized by increasing

compression actions. It is also possible that both the proposed mechanisms (i.e., change

in crustal permeability and elastic compression) acted at the same time, thus producing a

combined effect.

As already discussed, the widest anomalies were recorded at the SM spring while

very small changes were observed at PR and SC springs. A relationship between the

width of the observed hydrogeological and geochemical changes and the volumes and

geometry of the aquifers, as well as their relative proximity to the tectonic structures

involved in the seismogenetic process, can be recognized.

The width of the geochemical anomalies is inversely proportional to the size of the

aquifer. At the same way, the lesser the distance between the spring and the epicentral

area, the wider geochemical variations.

SM spring is the nearest spring to the seismogenetic structure of the 26th June, 1993

event, and moreover it is fed by a very small aquifer. Its low flow rate (Qmean = 0.05 l/s)

and the moderate capacity of its aquifer, seems to make the SM spring one of the most

sensitive sites to modifications in the local crustal stress. On the contrary, because of their

huge volume of the feeding aquifers, PR and SC springs showed the same style of

variation but narrower than those observed at SM spring.

7. Concluding Remarks

The present study has highlighted the main geochemical processes that affect the

chemistry of the groundwater in the Polling area (i.e., Moonie Mountains). In particular,

water-rock interaction involving carbonate dissolution and ion-exchange processes are

the main sources of major dissolved ions (Ca, Mg, Na, HCO3). Dissolution of S-bearing

minerals (sulphides and/or sulphates) and oxidation of H2S-rich fluids represent possible

sources of SO4
- in the studied groundwaters. Only the Presidiana spring (PR) receives a

minor contribution of seawater (up to 3%).

During the 1992–1994 period, an intense crustal stress field, generated by

compressive actions, seems to have been responsible for the perturbation of the
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steadystate of the aquifers. This modification has probably caused changes in the water

chemistry and in the flow rate in some of the studied springs. The recorded geochemical

anomalies are quite similar to many hydrologic and physico-chemical changes reported in

previous scientific papers worldwide in other active seismic regions.

On the basis of the observations we have proposed at least three possible physical

mechanisms to explain the hydrogeochemical and geochemical changes in some local

groundwater. They are briefly reported here below:

– Shaking-induced dilatancy;

– Poroelastic aquifer contraction;

– Seismogenetic-induced permanent or temporary changes in the mechanical properties

of the aquifers.

In the studied area flow rate, magnesium, sulphate and TDS contents seem to be the most

sensitive physico-chemical parameters to seismogenetic process. Geochemical surveil-

lance of these parameters, by means of continuous measurements, could be used to reveal

local anomalous crustal stress.
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Precursory Subsurface 222Rn and 220Rn Degassing Signatures

of the 2004 Seismic Crisis at Tenerife, Canary Islands

NEMESIO M. PÉREZ, PEDRO A. HERNÁNDEZ, ELEAZAR PADRÓN, GLADYS MELIÁN,

RAYCO MARRERO, GERMÁN PADILLA, JOSÉ BARRANCOS, and DÁCIL NOLASCO

Abstract—Precursory geochemical signatures of radon degassing in the subsurface of the Tenerife Island

were observed several months prior to the recent 2004 seismic-volcanic crisis. These premonitory signatures

were detected by means of a continuous monitoring of 222Rn and 220Rn activity from a bubbling CO2-rich gas

spot located at 2.850 m depth inside a horizontal gallery for groundwater exploitation at Tenerife. Multivariate

Regression Analysis (MRA) on time series of the radon activity was applied to eliminate the radon activity

fluctuation due to external variables such as barometric pressure, temperature and relative humidity as well as

power supply. Material Failure Forecast Method (FFM) was successfully applied to forecast the anomalous

seismicity registered in Tenerife Island in 2004. The changes in the 222Rn/220Rn ratio observed after the period

of anomalous seismicity might suggest a higher gas flow rate and/or changes in the vertical permeability induced

by seismic activity.

Key words: Radon, thoron, Tenerife Island, geochemical precursor.

1. Introduction

Radon, 222Rn, is a naturally occurring radioactive noble gas originating from the decay

of radium, 226Ra, which in turn is derived from the decay of uranium, 238U, in rocks and

minerals (HOPKE, 1987). Its movement is limited by its short half-life, which is 3.8 days.

Thoron, 220Rn, a radon isotope decayed from 232Th, however, has a shorter half-life of only

55.6 s, which makes this gas difficult to study in geochemical investigations (LABRECQUE,

2002). The parent isotopes of these two elements are often transported in groundwater and

their concentrations depends on several factors such as oxidation/reduction potentials,

water pH and chemistry (SMITH et al., 1976). They can also be brought to the surface by

fluid convection caused by high geothermal gradients, and their transport therefore occurs

efficiently in areas of high permeability by fracturing (WILLIAMS, 1985). 220Rn/222Rn ratio

is an important parameter to monitor since provides information about the source of the

radon (GIAMMANCO et al., 2007). This ratio varies as a result of the 226Ra-222Rn and
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224Ra-220Rn reactions, time periods to reach equilibrium and changes in the 220Rn/222Rn

ratio generally are related to changes in the underground structure, change in the speed of

the gas carrier and variations in the distance from the source (YOSHIKAWA et al., 2006).

Monitoring of radon 222Rn and 220Rn in terrestrial fluids has become in the last

decades an important tool to forecast earthquakes and volcanic eruptions (CHIRKOV, 1975;

KING, 1986; FLEROV et al., 1986; HIROTAKA et al., 1988; IGARASHI and WAKITA, 1990;

IGARASHI et al., 1995; HEILIGMANN et al., 1997; TOUTAIN and BAUBRON, 1999; VIRK, 1986;

VIRK et al., 2001; RICHON et al., 2003; ZMAZEK et al., 2005; IMMÈ et al., 2006; NERI et al.,

2006; GIAMMANCO et al., 2007). These studies support the hypothesis of radon as a

precursor of seismic activity even though the mechanism relating distant seismic events

and the 222Rn activity variation in soil-gas or groundwater remains controversial

(TOUTAIN and BAUBRON, 1999; RICHON et al., 2003).

Radon degassing surveys carried out at the surface environment of the earth’s crust

suggest that radon ascends towards the surface mainly through cracks or faults (GUERRA

and LOMBARDI, 2001; BAUBRON et al., 2002; ETIOPE and MARTINELLI, 2002; WALIA et al.,

2005; YANG et al., 2005). As suggested by ETIOPE and MARTINELLI (2002), the gas

migration in the short scale (few meters) occurs via diffusion, driven by radon

concentration gradients and following the Fick’s law, whereas in the large scale, ten to

hundreds of meters is supported by advection (pressure changes), driven by pore fluids

(water, carbon dioxide, etc.) pressure gradients and following the Darcy’s law. Both

mechanisms are dependent on both soil porosity and permeability, which in turn vary as a

function of the stress field (KING, 1978; HOLUB and BRADY, 1981). Finally, variations in

temperature, rainfall, wind, barometric pressure, mechanical stresses, chemical reactions

and the precipitation of secondary minerals change the physical characteristics of the

host-rocks, thus modifying the rate of radon transport and, consequently, masking

eventual variations induced by deeper processes.

At the end of 2002, an automatic station was installed at the entrance of the horizontal

drilling ‘‘Fuente del Valle’’ (TFE02 station), Arona, Tenerife, Spain, to measure the

activities of 222Rn and 220Rn in the gas discharged from the water and to test its

usefulness to detecting early warnings of unusual seismic and/or volcanic activity. The

last few years, several studies of 222Rn and 220Rn have been carried out in Tenerife

Island, mainly focused on the fumaroles of Teide volcano (PÉREZ et al., 1996), on the soil-

atmosphere of Las Cañadas caldera (HERNÁNDEZ et al., 2004), and the inner atmosphere of

the galleries (EFF-DARWICH et al., 2002). PÉREZ et al. (1996) observed secular variations of
222Rn and 220Rn/222Rn ratios in the fumarolic gas, just few hours before the occurrence of

a seismic event (M = 1.8) close to Teidés volcanic system. HERNÁNDEZ et al. (2004)

studied soil gas 222Rn and 220Rn/222Rn distribution in and around Las Cañadas caldera.

They detected an important fracture near Roques de Garcı́a and suggested a close

relationship between gas emissions and volcanic-tectonic features of Las Cañadas

caldera. EFF-DARWICH et al. (2002) proposed a theoretical model for the radon exhalation

at three subsurface monitoring sites of Tenerife and concluded that the radon exhalation

was induced by atmospheric pressure changes.
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Here we report the observed temporal variations of 222Rn and 220Rn activities at TF02

station and their relationship with the 2004 seismic-volcanic crisis which occurred in

Tenerife.

2. Geological and Tectonic Settings of the Studied Area

Tenerife is the largest island of the Canarian archipelago (Fig. 1) and several volcanic

eruptions have occurred in the last 500 yr., the last one in 1909. The main volcano-

tectonic features of Tenerife Island are three main volcano-tectonic rifts trending N-E,

N-W and N-S and, at the interception center of these three volcano-tectonic axes, the Las

Cañadas caldera and stratovolcanoes Teide-Pico Viejo. The constructive episodes of

Tenerife occurred during the period between 12 and 3.3 Ma when mantle-derived basaltic

magmas generated a subaerial shield edifice (ANCOECHEA et al., 1990). During the last

episodes of this constructive basaltic period, the emission of more differentiated magmas

started the construction of Las Cañadas edifice at the center of the island (MARTÍ et al.,

1994). Constructive episodes of the Las Cañadas edifice were interrupted by the

formation of the Las Cañadas caldera due to a series of vertical collapses (MARTÍ and

GUDMUNSSON, 2000) that originated from an elliptical depression of 16 km 9 9 km. On

the northern border of Las Cañadas caldera, Teide-Pico Viejo stratovolcanoes were

formed over the last 0.18 Ma and have shown a series of basaltic to phonolitic lava flows

and domes, also including some explosive events (ABLAY and MARTÍ, 2000). The recent

activity of the N-E and N-W rifts, and the Teide-Pico Viejo stratovolcano is actually

evidenced because of the existence of historic eruptions (ROMERO, 1991). Present-day

visible gas emission is only observed at the summit of Teide where low temperature

(*86�C) fumarolic activity occurs. Other nonvisible gas emission includes diffuse gas

emission through the Teide volcano and Las Cañadas Caldera (HERNÁNDEZ et al., 1998,

2000) and at the volcano-tectonic rift of the islands (GALINDO, 2005), where anomalies of

CO2, H2, He and 222Rn have been measured.

Due to the thousands of drilled wells and water galleries (1650 km) drilled during the

last 150 years tapping the island’s volcanic aquifer at different depths (Fig. 1), Tenerife

is a unique natural-scale laboratory for hydrological studies in oceanic volcanic islands.

Ground waters are mainly Na+-HCO3
- water type, mainly due to the continuous volcanic

CO2 supply from the volcanic-hydrothermal system. A significant number of these

galleries show a CO2-rich inner atmosphere, and gas bubbling has also been detected

inside some galleries.

3. Tenerife 2004 Seismic Unrest

Since the beginning of seismic monitoring at the Canary Islands, moderate-to-low

seismic activity has been recorded as a consequence of regional tectonic stresses
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(MEZCUA et al., 1992; CAÑAS et al., 1998). Most of the earthquake’s epicenters have

been clustered in an offshore area southeast of Tenerife and very few earthquakes have

occurred in other areas, including Teide volcano. However, since April 2004, a

significant increase of the number of earthquakes was reported by IGN (National

Geographic Institute) seismic network (LÓPEZ et al., 2006), and some of them were felt

by the inhabitants (M C 2.5). Figure 2 shows the evolution of the seismicity since

2000. The number of earthquakes increased significantly and their epicenters mainly

clustered along the N-W rift zone of the island.

The seismic-volcanic unrest was preceded by geochemical and geophysical

precursors such as an increase in seismicity at the end of 2001, a significant pulse on

the total CO2 emission from the summit of Teide volcano in the same year, as well as a

Figure 1

Geographic location of Tenerife Island, Canary Islands and horizontal drillings and wells in Tenerife Island.

Location of the geochemical station TFE02 station is also shown.
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clear increase in the continuous record of diffuse CO2 efflux in a geochemical station

located at the summit of Teide volcano (PÉREZ et al., 2004, 2005; HERNÁNDEZ et al.,

2006a). Physical-chemical hydrological changes related to the volcanic unrest at Tenerife

were also reported (MARRERO et al., 2005, submitted to JVGR).

Figure 2

(a) Histogram of the number of earthquakes per month in the Tenerife area during the period 1997–2006,

provided by IGN. (b) Seismic activity pattern at Tenerife Island; epicenters (dots) provided by IGN for the

period 2000–2006. Colors and sizes of the dots are related to earthquake origin times and magnitudes,

respectively.
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ALMENDROS et al. (2006) reported that the seismic unrest was produced by a deep

magma injection under the northwestern portion of Teide volcano. They proposed that

stress changes associated to the magma injection permitted an enhanced transfer of

magmatic gases toward the surface, lubricating the pre-existing fractures, and triggering

volcano-tectonic earthquakes. Volcanic tremor and LP events were also generated when

the gas flow reached the shallow aquifer under Las Cañadas caldera. In addition,

GOTTSMANN et al. (2006) observed a gravity increase at the NW rift zone of Tenerife

between May 2004 and April 2005 and suggested that the observed changes could be

related to: (1) A magma injection into a conjugated fault system beneath the northwest

rift zone which acts as a trigger for the reawakening of the volcanic complex, (2) a fluid

migration through the central volcanic complex of Tenerife, and (3), a hybrid of both.

The seismic unrest started to decline from late 2004, with a progressive decreasing on the

number of earthquakes until present.

4. Sampling and Analytical Processes

At the end of 2002, a 222Rn and 220Rn sensor (SARAD RTM 2010) was installed at

the entrance of the horizontal drilling ‘‘Fuente del Valle,’’ Arona (N28�5058.800: W16�39),
Tenerife, for the continuous monitoring of the gas discharge from the water (Fig. 3). This

geochemical station (TFE02) is located in the S rift of Tenerife. GALINDO (2005) reported

important hydrogen anomalies in this zone related to important thermal anomalies in the

subsurface. The sampling site of the gas is located 2.85 km inside the horizontal well,

where evident gas bubbling occurs. The gas, collected by means of an inverted funnel, is

pumped (3 l min-1) towards the gallery entrance, where the instrumentation is located

(Fig. 3), through a polyamide pipe. Several water traps are placed to avoid water

condensation at the entrance of water into the sampling device. The choice of this site

Figure 3

Scheme of the TFE02 geochemical station for the continuous monitoring of the radon activity. The data are sent

to ITER via microwave link.
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was driven by the peculiar chemical composition of the gas (CO2*85%, He*10 ppm,
222Rn*100 kBq m-3; HERNÁNDEZ et al., 2006b) and thermal anomalies registered inside

the horizontal drilling. TFE02 has an air conditioning system to maintain a constant

sampling temperature, a UPS and an auxiliary engine to provide electrical power supply

when failures in the electrical provision occur.

Several analytical methods have been historically used to measure radon and

thoron activities: Lucas cells, alpha track films, scintillation method and ionization

chamber. Currently it is possible to measure 222Rn and 220Rn in high frequency

sampling devices based on electrostatic techniques (one measurement per hour or less)

(LABRECQUE, 2002; HARLEY et al., 2005) in which an electrostatic potential gradient

sweeps the products derived from the decay of the 220Rn and 222Rn in the chamber.

The 220Rn and 222Rn activities are determined by high-resolution alpha spectroscopy

of the deposited decay products. The 222Rn activity is obtained from the recorded

number of 218Po alpha decays, and the 220Rn activity from the recorded number of
216Po alpha decays. This device has a short sampling cycle and responds rapidly to

changes in the gas concentration. The accuracy of measurements depends on two

factors: Gas concentration and integration time. The integration time used is 1 hour to

reduce the error in the sampling method. The sampling device also has a temperature

and humidity sensor since these two parameters affect the measuring process. Another

parameter monitored together with the 220Rn and 222Rn time series is barometric

pressure due to potential influence in the discharge process (PINAULT and BAUBRON,

1996). Barometric pressure data were obtained from a station belonging to INM

network (Meteorological National Institute) located at ‘‘Reina Sofia’’ airport (5 km

distant from TFE02).

5. Results and Discussion

Time series of 222Rn and 220Rn showed variations between 66–260 kBqm-3 and 1.2–

10 kBqm-3, respectively, during the entire period of study. The observed values suggest

the contribution of a deeper component to this water and gas discharge. Figure 4 shows

the time series of 222Rn and 220Rn together with relative humidity and temperature

measured at TFE02. Barometric pressure values were measured every three hours.

To gain a better understanding of the behavior of 222Rn and 220Rn time series we

applied a frequency analysis to the data recorded on an hourly basis. This analysis

allowed us to investigate the presence of periodic components in the 222Rn and 220Rn

time series. Power spectral analysis of 222Rn showed and clear power law in log-log scale

(Fig. 5), with a value of beta (b = 1.56), displaying a clear reddened noise behavior and

mean persistence times (high values in the time series would be leed by high values in the

future and vice versa). Power spectral analysis showed diurnal and semidiurnal cycles,

with the existence of higher frequencies at 8-h and 6-h. These cycles can be explained in

terms of changes in air temperature and barometric pressure and are observed in many
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natural time series. Power spectral analysis of 220Rn displayed a different behavior with a

crossover near 1 day. High frequencies (higher than 1 day) presented a white noise-like

mode (b1 = 0.00) and low frequencies (lower than 1 day) a red noise-like mode

(b2 = 1.00). According to the observed values of b and b2, we can conclude that 222Rn

showed a higher persistent behavior than 220Rn. Due to the white noise-like mode in the

high frequencies, a peak of 1 day modulation is visible, and we suggest that this behavior

is due to the own nature of 220Rn. To compare all available data (222Rn, 220Rn, barometric

pressure, humidity and temperature) we calculated the daily average. The spectral

coherences between barometric pressure and 222Rn as well as 220Rn time series were

Figure 4

Temporal evolution of 222Rn, 220Rn, gas temperature and relative humidity, power supply of the RTM 2010–2

measured at TFE02 station, and barometric pressure at Tenerife South airport (source Meteorological National

Institute, INM).

2438 N. M. Pérez et al. Pure appl. geophys.,



computed. Cross-spectral analysis to 222Rn revealed a shared variance between both sets

of time series occurring at 4.5, 9-day cycles. In the case of 220Rn only a 9 day cycle was

observed.

To delineate the relations between 222Rn and 220Rn time series and external factors

and then use these relations to filter out the effects of these factors on the measured time

series, a Multiple Regression Analysis (MRA) was performed to obtain a residual free of

the influence of the measured external variables. The results of the MRA indicated that

only about 7% of total variance in the 222Rn time series was explained using our

independent variables (barometric pressure, temperature and humidity of the gas, power

supply). However, MRA applied to the 220Rn time series showed that 45% of the total

variance was explained with our independent variables, with gas temperature the variable

showing the highest contribution. Barometric pressure showed an inverse correlation with
222Rn and 220Rn: A decrease in barometric pressure favors the release of the gas. Other

factors which have not been considered in the MRA might have a strong influence in the

transport of 222Rn and 220Rn to the surface. Several authors have observed that 222Rn and
220Rn transport in volcanic and geothermal fluids is dominated by the ‘‘carrier effect’’ of

other gases like CO2. According to ETIOPE (2002), both diffusive and advective transport

mechanisms must be considered since variations in the gas pressure due to strain/stress

changes of the volcanic-hydrothermal system can strongly affect the transport of gases to

the surface.

If the contribution of the independent variables is removed, a clear peak of 222Rn and
220Rn time series is observed in the middle of 2003 (Fig. 6). Since summer 2001, the IGN

reported an increasing on the seismic activity pattern in and around Tenerife Island, with

the main peak on April 2004, and with the occurrence of an earthquake of magnitude 3.0

felt by the inhabitants of the island. The reported increase in seismicity suggested the

initial stage of the volcanic unrest. The anomalous seismicity inside Tenerife was

registered one year after the increase on the 222Rn and 220Rn activities at TFE02. This

increase in the activity of random can be explained due to a major endogenous

contribution to the gas discharged at the sampling site. ALPARONE et al. (2005) explained

that the peaks in 222Rn activity before the paroxysmal summit activity at Mt Etna were

due to temporary increases in gas pressure within the shallow plumbing system of the

volcano, leading to increased gas leakage through fracture systems intersecting the

conduit. However, NERI et al. (2006) observed an increase by several orders of magnitude

in radon activity shortly before the phase of eruptive activity of Mount Etna volcano in

July 2006 due to micro-fracturing of uranium-bearing rocks, induced by the geodynamic

stress of the volcanic-hydrothermal system. This last mechanism seems a plausible

explanation of the observed increase in the 222Rn and 220Rn activities at TFE02, since

dramatic changes in the nature of the field area were not observed.

Figure 6 shows the time evolution of the 222Rn/220Rn ratio, and 222Rn and 220Rn

activities. In the time series of 222Rn /220Rn ratio, three different trends can be

distinguished according to the labels A, B and C. GIAMMANCO et al. (2007), categorize

three different sources of radon for Mt. Etna, Italy: (1) Deep magmatic degassing,
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meaning that radon in the gas is coming mainly from the magma, (2) shallow soil

degassing, in which radon is originates from shallow surficial volcanic rocks and minerals

carried upward along fractures and faults and (3) a mixing of deep magmatic gases with

gases equilibrated in shallower porous soils. During the trend A, 222Rn/220Rn ratio

remains constant and low, suggesting a shallow degassing source of thoron. During this

period of observation, seismic activity was already anomalous (increase in seismicity

around Tenerife started at the end of 2001, see Fig. 2), probably inducing geodynamic

stress to the volcanic-hydrothermal system and producing micro-fracturing of uranium-

bearing rocks at shallower levels, as has been observed in other volcanic and seismically

active areas (YANG et al., 2005; GIAMMANCO et al., 2007). However, from February 2004,

an increase in the 222Rn /220Rn ratio is observed, coinciding with a sharp increase in the

seismic activity. Strain/stress changes in the subsurface related to a magma intrusion

Figure 5

Spectral analysis: Power spectral density (PSD) of 222Rn and 220Rn.
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14-km deep between the NW ridge and the NW side of the T-PV volcanic complex in

April 2004 (ALMENDROS et al., 2007), seem to be responsible for this sharp increase in the

seismicity, disturbing the deep volcanic hydrothermal system and generating an increase

on the magmatic gas emissions, mainly CO2 and sulphur gases (MARRERO et al., 2007).

Evidences of this hypothesis are the increase of the pCO2 in the western end of Las

Figure 6

Residuals of the 222Rn, 220Rn and 222Rn/220Rn ratio time series after MRA. Independent variables were

barometric pressure, power supply and sampling temperature and humidity. Histogram of the number of

earthquakes per month which occurred in and around Tenerife (source IGN) is also shown. Dashed lines divided

the tree periods when different behavior of 222Rn was observed.
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Cañadas aquifer during the period 2001–2004 and, at the same time, an increase in the

SO4/Cl ratio in the groundwater of the ‘‘Hoya de la leña’’ in April of 2004, another

gallery for groundwater exploitation. MARRERO et al. (2007) report that the levels of pCO2

in the groundwater during the period 2004–2006 were still over the prior levels in 2001,

probably as a result of the increase of vertical permeability. Assuming an increasing flux

of magmatic CO2 into the system during and after the magmatic intrusion and the

behavior of CO2 and radon gases during their transport to the surface (carrier effect), a

increase in the 222Rn/220Rn ratio is expected, since the magmatic gas is entirely

dominated by 222Rn and the 222Rn/220Rn ratio will tend to infinite (GIAMMANCO et al.,

2007).

The linear correlation between 222Rn and 220Rn has also been verified. Figure 7

shows three different behaviors in the linear correlation between these two gases. From

January 2003 to February 2004 (period A in Fig. 7), a positive correlation is found

(R2 = 0.90), which suggests that both gases are brought to the surface by other carrier gas

from a shallower source. However, from February 2004 to May 2005, (period B in

Fig. 6), no correlation appears between these two gases, During this period, an important

deep perturbation (magmatic intrusion) originated the anomalous seismic activity,

principally located between May 2004 and October 2004. Finally, the last period (period

C in Fig. 6) presented a good inverse linear correlation (R2 = 0.71), indicating in this case

that both gases are brought to the surface by other carrier gas from a deeper source (YANG

et al., 2005).

5.1. Materials Failure Forecast Method

With the aim of investigate the relationship of the observed temporal variations in
222Rn and 222Rn activities and the seismicity occurred in Tenerife during the 2004

seismic-volcanic crisis, spike-like anomalous peaks of 222Rn were tested following the

Material Failure Forecast Method (FFM). The FFM was proposed by VOIGHT (1988), after

his experience with the eruption of St. Helens volcano. He proposed a law governing

accelerating creep to characterize precursory phenomena. VOIGHT (1988) demonstrated

that this technique, which generally describes terminal failure of metals, rocks, soils…, is

applicable in different volcanic scenarios. During the last years FMM was applied in

different volcanoes: Redoubt volcano (CORNELIUS and VOIGHT, 1994) and Pinatubo

volcano (CORNELIUS and VOIGHT, 1995); YAMAOKA (1993) was able to forecast the Izu-

Oshima (Japan) 1987 eruption, and ORTÍZ et al. (2003) forecasted explosions related to

the opening of the principal conduit in Villarica volcano in September and December

2000. This method has also been used with different type of volcanological data such as

RSAM, SSAM, tilt, etc. We argued that this methodology can be also applied to forecast

natural phenomena such as earthquakes and volcanic eruptions by using 222Rn and 220Rn

data due to the well known close relationship between observed changes in gas emission

and physical processes such as changes in stress/strain prior to the occurrence of a

eruption or a earthquake.
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Empirical model of material failure is described using the following equation:

X
::

¼ AX
: a
; ð1Þ

where X is any measured parameter, X
:

and X
::

are the rate and acceleration of the studied

system, and A and a are two parameters. When a time series of a volcanic parameter can be

expressed as a solution of a previous differential equation, FFM can be applied. The

graphical technique proposed by VOIGHT (1988) is based on a plot of the inverse rate versus

time. Inverse rate plots are particularly sensitive to small precursory changes at an early

stage of development and the time of singularity, i.e., the occurrence of an infinite rate is

found by extending the inverse rate data toward the time axis (CORNELIUS and VOIGHT,

1995). This procedure is straightforward if a is close to 2, doing the inverse rate close to

linearity, and we can use linearized least-squares technique to extrapolate and found the

Figure 7

Correlations between 222Rn and 220Rn in the different segments (A, B, C) shown in Figure 6.

Vol. 164, 2007 Precursory Geochemical Signatures of Rador Degassing 2443



time of singularity ðX
:

! 1Þ:An attempt to use 222Rn and 220Rn time series to forecast the

seismic activity in and around Tenerife Island by means of the FFMmethod was done. We

selected a Geochemical Window Precursory Signal (GWPS) of data between February and

September 2003, when the anomalous increase occurred. First, the a parameter on

equation (1) was calculated using a log-log transformation of the equation. A value of

a & 2 was obtained, which justify the use of a linear extrapolation. Figure 8 shows the

inverse of 222Rn, 220Rn rate and the number of earthquakes per month which have occurred

in and around Tenerife since 2003. The interception of the linear fit of the data with the

time axis indicates the theoretical moment when earthquakes are most lekely to occur.

Thus, this interception in the middle of 2004 shows an excellent correlation with the height

of the seismic activity registered on Tenerife Island during 2004.

6. Conclusions

A time series of 222Rn and 220Rn was registered at the TFE02 geochemical station,

Tenerife, showing a precursory anomalous increase several months before the seismic

unrest registered on the island in 2004. Power spectral analysis of 222Rn (b ¼ 1.56) and
220Rn (b2 ¼ 1.00) showed a clear power law in log-log scale and persistent behavior, and
220Rn presented a crossover around 1 day cycles. An important peak in the 222Rn and
220Rn time series appeared between February and September 2003, about one year before

anomalous seismic activity was registered in and around Tenerife. After eliminating the

contribution of external variables (barometric pressure, temperature and humidity gas

sampling, power supply) the observed increases in the 222Rn and 220Rn time series

existed in the denoising signal.

From beginning 2003 to April 2004, 222Rn/220Rn ratios remained constant and low,

suggesting a shallow degassing source of thoron, probably induced by geodynamic

stress of the volcanic-hydrothermal system and producing micro-fracturing of uranium-

bearing rocks at shallower levels. Both gases showed a positive correlation, supporting

the hypothesis that both gases are brought to the surface by some other carrier gas from

a shallower source. From February 2004 to May 2005, an increase in the 222Rn /220Rn

ratio is observed, coinciding with a sharp increase in the seismic activity due to the

magmatic intrusion occurred between the NW ridge and the NW side of the T-PV

volcanic complex in April 2004. Strain/stress changes in the subsurface related this

magma intrusion which seem to be the responsible of this observed increase in the
222Rn /220Rn ratios. During this period, no correlation between these two gases is

observed, Finally, after May 2005, and assuming an increasing flux of magmatic CO2

into the system, a sharp increase in the 222Rn/220Rn ratio and a good inverse linear

correlation between both gases are observed, indicating that the magmatic gas is

entirely dominated by 222Rn and that both gases are brought to the surface by other

carrier gas (CO2) from a deeper source. Thus, if the geochemical monitoring site is
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sensitive to changes in the permeability related to changes of strain/stress, precursory

geochemical signals of seismic activity are expected to occur.

Using Material Failure Forecast Method (FFM) in a selected Geochemical Window

Precursory Signal (GWPS), the 2004 seismic unrest in the middle 2004 was successfully

forecasted. Therefore, TFE02 have demonstrated to be a sensitive site to detect changes

in stress/strain processes in Tenerife Island.
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2446 N. M. Pérez et al. Pure appl. geophys.,
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Soil H2 and CO2 Surveys at Several Active Faults in Japan

TURHAN DOGAN,1,2 TOSHIYA MORI,1 FUMIAKI TSUNOMORI,1 and KENJI NOTSU
1

Abstract—Soil H2 and CO2 surveys were carried out along seven active faults and around the aftershock

region of the 2000 Tottori-ken Seibu earthquake in Japan. Diffuse CO2 effluxes were also measured along one

fault and around the 2000 aftershock region. The results show highly variable H2 concentration in space and

time and it seems that the maximum H2 concentration at each active fault correlates with fault activity as

exemplified by the time of the latest big earthquakes. Even though observed H2 concentrations in four faults

were markedly lower than those collected previously in the latter half of the 1970s, it is evident that the higher

H2 concentrations in this study are due to the addition of the fault gases. Comparing the chemical composition of

trapped gases (H2: 5–20% and CO2/H2: 0.5–12) in fractured rocks of drill cores bored at the Nojima fault, a soil

gas sample with the highest H2 concentration showed large amounts of the trapped fault gas, diluted with

atmospheric component. The profile experiment across a fracture zone at the Yamasaki fault showed higher H2

concentrations and lower CO2/H2 ratios as was observed in soil gas from the fracture zone. A few days after the

2000 Tottori-kei Seibu earthquake, no CO2 effluxes related to the occurrence of earthquakes were observed at

the aftershock region. However, only above the epicenter zone, relatively high H2 concentrations in soil gases

were observed.

Key words: Active fault, soil H2, Co2 degassing, fault gas.

1. Introduction

Volatile species such as Rn, H2, CO2, and He are observed to seep through active

faults during quiescent periods when only micro-earthquakes occur intermittently at

depth. Experimentally, these seeping species can be detected by analyzing the chemical

composition of soil gases or by measuring soil gas efflux along active faults. Soil Rn

measurements have been conducted since the 1950s at active seismic areas. KING (1978)

found a good correlation between Rn emanation and local seismicity at the San Andreas

fault. High H2 concentrations up to 3% were observed in soil gases along a strike of the

Yamasaki fault (WAKITA et al., 1980) and SUGISAKI et al. (1983) reported a relationship

between soil H2 contents and fault activity, based on comprehensive soil H2 surveys at

several active faults in Japan. IRWIN and BERNES (1980) suggested that discharge of CO2

might indicate areas with high pore pressure at depth and can be used for fault mapping.
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In spite of above observations, the origin of volatile species released from active

faults remains obscure and is presumed to be multiple. Two mechanisms are proposed for

the origin of Rn emanating along active faults (IMAIZUMI et al., 1992): (1) Release of Rn in

deep rocks associated with formation of micro-cracks through seismic activity; (2)

release of Rn in the fault gauge (clay) with selective enrichment of U and/or Ra at

subsurface depth. Regarding the origin of H2, chemical reactions of new rock surfaces

exposed at the time of micro-crack formation with local water also have been proposed

(KITA et al., 1982). However, other possible mechanisms, such as ferrous reduction (KING

and LUO, 1990) and serpentinization (SATO et al., 1986), were proposed, and microbial

formation should be examined. SUGISAKI et al. (1983) presumed that CO2 in fault zones is

a mixture of some of several sources (mantle, thermogenic, biogenic etc.), and LEWICKI

and BLANTLY (2000) and LEWICKI et al. (2003) studied CO2 efflux at the San Andreas

fault, showing that the efflux anomalies are consistent with fault-related biogenic gas

flow, not attributed to a deep gas source. While KENNEDY et al. (1997) found mantle

helium with a higher 3He/4He ratio than atmospheric value along the San Andreas fault,

and DOGAN et al. (2006) also found the helium release from the mantle along the Median

Tectonic Line, a major active fault in Japan. To monitor fault activity or seismic activity

using these volatile species, it is still necessary to comprehensively understand chemical

processes occurring at active faults.

In Japan, soil H2 and CO2 surveys along active faults have not been conducted during

the last 25 years, which has brought big inland earthquakes such as the 1995 Hyogo-ken

Nanbu earthquake (M 7.3) and the 2000 Tottori-ken Seibu earthquake (M 7.3). These

large earthquakes provided us with a good chance to investigate changes in soil gas

nature immediately after the occurrence of the earthquakes. The purpose of this work is to

present new H2 and CO2 data of soil gases along several active faults in Japan and to

clarify the behavior of volatile species being released through active faults in relation

to seismic activity.

2. Surveyed Areas and Methods

Figure 1 shows the location of the seven active faults and the aftershock region in

western and central Japan surveyed in this study. We selected the Atera, Atotsugawa,

Neodani and Yamasaki faults because of previously reported high H2 concentrations in

soil gases (WAKITA et al., 1980; SUGISAKI et al., 1983) and large earthquakes (>M 7) which

occurred in historical times. Studies on geomorphology, geology, historical seismic

activity and others of these active faults are compiled by the RESEARCH GROUP FOR ACTIVE

FAULTS OF JAPAN (2001). At each active fault, observations were carried out at selected

sites where clear surface displacements were morphologically observed and/or fractured

rocks or fault gauges exposed as outcrops.

Along a part of the Atera fault (ca. 40-km long), seven sites, where surface

displacements were observed as outcrops (TSUKUDA et al., 1993), were surveyed. We
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carried out a soil gas survey at four sites along the western part of the Atotsugawa fault

(ca. 30-km long). We also surveyed five sites along a strike (ca. 10-km long) of the

Neodani fault, where surface displacement was formed during the occurrence of the 1891

Nobi earthquake (M 8.0) (OKADA, 1987). Along the Yamasaki fault, soil gas surveys were

carried out in February 2004 and March 2005 across a fracture zone (Fig. 2) close to the

C site, where WAKITA et al. (1980) found values as high as 31,000 ppm H2 in November

1979. For comparison, we carried out soil gas surveys at the Serizawa and Hirosawa

faults located at the Cape Omaezaki of the Shizuoka prefecture (KATSURAJIMA et al.,

1987), as examples of active faults with low fault activity, i.e., very small slip rate.

Averages of slip rates are respectively 0.04 and 0.06 m/103 year for the Serizawa and

Hirosawa faults; accordingly, both are classified as C-class active faults (RESEARCH GROUP

FOR ACTIVE FAULTS OF JAPAN, 2001). We collected at each fault two soil gas samples along

the surface displacements and one from a background site, 2 km east of the Serizawa

fault.

In order to investigate the effects on the soil gas composition after the occurrence of

large earthquakes, we carried out a soil gas survey in December 2003 along the Nojima

fault, which was displaced at the time of the Hyogo-ken Nanbu earthquake which

occurred on 17 January, 1995 (M 7.3), almost nine years after the mainshock. We

collected soil gas samples from twelve sites along the earthquake fault (Fig. 3), which

Figure 1

Locations of active faults surveyed in this study. 1. Atera fault, 2. Atotsugawa fault, 3. Neodani fault, 4.

Serizawa and Hirosawa fault, 5. Yamasaki fault, 6. Nojima fault, 7. aftershock region of the 2000 Tottori-ken

Seibu earthquake.
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ruptured with a maximum displacement of 2.5 m (AWATA and MIZUNO, 1998). Soil gas

samples were repeatedly collected in 2004 and 2005 at a site (Noj05) where the

maximum H2 content was measured during the 2002 survey. In addition, we carried out a

soil gas survey at 26 sites in the aftershock region of the Tottori-ken Seibu earthquake (M

7.3), which occurred on October 6, 2000 (OHMI et al., 2002), one week after the

mainshock. This earthquake was an inland-type; its magnitude was similar to that of

the 1995 Hyogo-ken Nanbu earthquake, but no clear surface displacement caused by the

earthquake fault was apparent. Instead, surface fault ruptures with a total length of about

6 km appeared above the epicenter (FUSEJIMA et al., 2001).

At each survey site, soil gases were collected at 30-cm depth using a metallic probe

(MU type gas collection tube; GL Sciences Inc., Japan) for chemical and carbon isotope

analyses. This probe is a stainless tube of 50-cm long with a filter at the bottom and a

septum at the top to prevent leakage of the inside gas with approximately 0.5 ml. After

Figure 2

H2 concentrations (ppm) in soil gas across the Yamasaki fault. Surveyed site is close to C-site of WAKITA et al.

(1980). Two numbers in ( , ) after each sampling point are H2 concentrations (ppm) in soil gases collected on

Feb. 26 and 28, 2004. DL shows H2 concentration below the detection limit of 1ppm.
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inserting this probe into soil, the original gas which resided inside was exchanged with

soil gas by sucking the original gas using a syringe. Then approximately 10 ml of the soil

gas was sucked with the syringe and was removed into a glass container with a rubber

cock, which had been evacuated before use. At the Atera fault and aftershock region of

the 2000 Tottori-ken Seibu earthquake, diffuse CO2 efflux measurements were also

performed using a portable CO2 flux meter (WEST System Srl., Italy), which was

designed based on the accumulation chamber method (CHIODINI et al., 1998). Detection

limit of this flux meter was 3 g CO2 m
-2d-1 and the reproducibility was about ± 10% for

the efflux range over 100 g CO2 m
-2d-1.

Concentrations of CO2, He, H2, O2, N2 and CH4 in soil gases were determined using a

micro-gas chromatograph (Micro-GC CP2002; Varian Inc.). A Pora PLOTQ column and

He carrier gas were used for CO2 and CH4 determinations, whereas a molecular sieve

column and Ar carrier gas were used for other species. Detection limits of H2 and CH4

determination were 1 ppm and 5 ppm, respectively. Carbon isotope measurements for

CO2 in soil gases were carried out using a MAT delta-S GC/C/MS system (Finigan MAT,

GmbH). Correction for mass discrimination in analyses was done with the measurement

of a standard gas (CO2 > 99.95%, d13C = -30.92%) intermittently injected into the

mass spectrometer during sample analyses.
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Figure 3

H2 concentrations (ppm) in soil gas along the Nojima fault in December 2003. H2 concentrations at Noj05 site

are 510 ppm in March 2004 and 105 ppm in March 2005.
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3. Results and Discussion

Table 1 lists H2 and CO2 concentrations of soil gas samples from seven active faults.

Since all samples except three samples from the Yamasaki fault have CH4 concentrations

below the detection limit (5 ppm), the CH4 data of these three samples are shown in the

column ‘‘comment’’ of Table 1. The d13C (CO2) data are also listed in the same column,

if available. Major components of all gas samples are N2 and O2 with almost atmospheric

composition. The O2 depletion was observed in samples with large amounts of CO2.

Overall range of H2 concentrations in soil gases was from <1 ppm to 510 ppm, which

was significantly lower than the reported H2 data (SUGISAKI et al., 1983). While CO2

concentrations in soil gases range from 530 ppm to 2.5% with d13C(CO2) values at the

Atera and Neodani faults ranging from -25.3 to -19.6% and -22.7 to -20.7%,

respectively. These results suggest biogenic origin of CO2 and they are similar to those

measured at the San Andreas fault (LEWICKI et al., 2003).

3.1. Spatial and Temporal Variation of Soil Gases

It is well known that soil gas concentrations and fluxes are highly variable in space

and time, even along a given fault trace. WAKITA et al. (1980) reported that H2

concentrations at identical sampling points can change drastically over time. For

example, H2 concentrations at the A site of the Yamasaki fault were respectively 3060

and 3 ppm in November 1978 and November 1979. This variation is not attributable to

seasonal variations, because this drastic decreasing occurred in a one-year interval.

SUGISAKI et al. (1983) compiled the soil H2 data, showing extremely large spatial

variations in H2 concentrations for each active fault. In the case of the Atera fault, soil H2

concentrations varied from 1 ppm to 100,000 ppm from place to place. Our H2 data in

Table 1 also show significant spatial and temporal variations at each fault.

At the Yamasaki fault, soil gas samples were collected at seven sites aligned across

the fracture zone in two different days during February 2004. Figure 2 shows a map of

sampling locations with soil H2 concentration values. Soil gases in the fracture zone

showed considerably higher H2 concentrations than surrounding areas also with temporal

variations (almost two times) during only two-days interval. We again conducted

measurements along a traverse following the same route in March 2005, confirming the

observed trend of 2004. The maximum H2 concentration (22 ppm) was measured at Y505

site, close to Y05 site in the 2004 survey.

In the case of the Nojima fault, the spatial variation in soil H2 content is shown in

Figure 3. Among 12 sites, the highest H2 concentration (63 ppm) was measured at the

Noj05 site, where a fresh fault plane was exposed on the southern shore of a small pond.

Here, the gas sample was collected in the mudstone-conglomerate layer. Other gas

samples were collected in the surface soil layer along an earthquake fault which was

displaced at the time of the earthquake occurrence. Four samples collected in a narrow

area (Noj02*Noj05) showed different soil H2 concentrations (see Table 1). Soil H2
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Table 1

Soil H2 and CO2 data of seven active faults in Japan

Active fault Site number Sampling date H2 ppm CO2 ppm CO2/H2 Comment

Atera Ate01 2003-12-05 26 1200 46 d13C = -19.6%
Ate02 2003-12-05 13 6200 480 d13C = -23.9%
Ate03 2003-12-05 9 1800 200 d13C = -21.5%
Ate04 2003-12-05 8 1800 230 d13C = -24.6%
Ate05 2003-12-06 32 3300 103 d13C = -25.2%
Ate06 2003-12-06 22 15000 680 d13C = -25.3%
Ate07 2003-12-06 11 4600 420 d13C = -24.6%

Atotsugawa Awa01 2004-04-30 <1 1000 —
Awa02 2004-04-30 1.2 1000 830
Awa03 2004-04-30 16 1000 63
Awa04 2004-04-30 19 2000 105

Neodani Neo01 2003-12-15 <1 8000 — d13C = -22.7%
Neo02 2003-12-15 <1 6000 — d13C = -20.7%
Neo03 2003-12-15 5 2000 400 d13C = -21.9%
Neo04 2003-12-15 3 11000 3700 d13C = -21.1%
Neo05 2003-12-15 3 2000 670 d13C = -22.2%

Hirosawa Omz01 2004-12-16 <1 10000 —
Omz02 2004-12-16 <1 8000 —

Serizawa Omz03 2004-12-16 <1 2000 —
Omz04 2004-12-16 <1 3000 —
Omz05 2004-12-16 <1 7000 — 2 km from the fault

Yamasaki Y01-1 2004-02-26 <1 1100 — far from the fracture
Y01-2 2004-02-28 <1 1100 — far from the fracture
Y02-1 2004-02-26 <1 690 — outside the fracture
Y02-2 2004-02-28 2 1100 550 outside the fracture
Y03-1 2004-02-26 3 710 240
Y03-2 2004-02-28 10 600 60 CH4 = 27 ppm
Y04-1 2004-02-26 10 660 66
Y04-2 2004-02-28 29 730 25
Y05-1 2004-02-26 13 800 62 CH4 = 16 ppm
Y05-2 2004-02-28 22 1900 86
Y06-1 2004-02-26 7 1200 171
Y06-2 2004-02-28 28 1100 39
Y07-1 2004-02-26 3 710 240 outside the fracture
Y07-2 2004-02-28 9 700 78 outside the fracture
Y501 2005-03-17 5 5000 1000 far from the fracture
Y502 2005-03-17 2 1100 550 outside the fracture
Y503 2005-03-17 2 800 400
Y504 2005-03-17 2 700 350
Y505 2005-03-17 22 1100 50 CH4 = 18 ppm
Y506 2005-03-17 5 1400 280 outside the fracture

Nojima Noj01 2003-12-26 3 900 300
Noj02 2003-12-26 3 25000 8300
Noj03 2003-12-26 2 1600 800
Noj04 2003-12-26 2 1400 700
Noj05 2003-12-26 63 3000 48
Noj06 2003-12-26 6 2600 430
Noj07 2003-12-26 2 3100 1550
Noj08 2003-12-26 2 800 400
Noj09 2003-12-26 3 1300 430
Noj10 2003-12-26 6 2600 430
Noj11 2003-12-26 6 13000 2200
Noj12 2003-12-26 2 5400 2700
N04-1 2004-03-04 510 530 1.0
N04-2 2004-03-04 3 1250 420
N04-3 2004-03-04 35 1460 42
N05-1 2005-03-22 107 900 8
N05-2 2005-03-22 11 1900 170
N05-3 2005-03-22 3 3100 1030
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concentrations decrease drastically to 2 ppm (Noj03 and Noj04) and 3 ppm (Noj02),

located approximately 1 m or less distant from the highest Noj05 site. We repeated the

measurement of H2 concentration in the soil at the Noj05 site to verify the temporal

reproducibility of the observed high H2 concentrations: The results were 510 ppm in

March 2004 and 105 ppm in March 2005, indicating containment of a considerable

amount of H2 despite large temporal variation.

Figure 4 shows our survey sites in the aftershock region of the 2000 Tottori-ken Seibu

earthquake. Among the 26 sampling sites, the site No. 15, just close to a surface fault

rupture above the epicenter (FUSEJIMA et al., 2001), was the only one showing a

considerably high content of H2 (40 ppm and 24 ppm), whereas all other sites were

characterized by very low soil H2 concentrations less than the detection limit of 1 ppm.

In summary, the spatial distributions of soil H2 concentrations for the surveyed faults

showed that higher H2 concentrations are observed at fracture zones of active faults,

compared with surrounding areas. Since the higher H2 concentrations along active fault

strikes were variable in time and in space, continuous monitoring of soil H2 concentration

will help us gain a better understanding of these phenomena.

3.2. Correlation between Soil H2 Concentration and Fault Activity

Although soil H2 shows a significant spatial and temporal variation in a given active

fault, it is important to compare the soil H2 content with other parameters of active faults,

such as the average slip rate and age of the latest large earthquake (Table 2). Table 2 also

shows soil H2 data measured in late 1970 (WAKITA et al., 1980; SUGISAKI et al., 1983) for

comparison. Studied active faults with very low average slip rate, represented by the

Serizawa and Hirosawa faults, resulted in soil H2 concentrations less than 1 ppm.

However, it is difficult to find the correlation between the maximum H2 concentration

with the average slip rate. SUGISAKI et al. (1983) pointed out that soil H2 concentrations

from active faults with historical earthquakes were significantly higher than those from

Quaternary faults not associated with historical earthquakes. Our new data support this

observed relationship. The maximum H2 concentration measured in this study was

observed at the Nojima fault, which moved about 10 years ago, whereas for active faults

without historical earthquakes H2 contents were always below the detection limit.

However, a clear relationship between the maximum H2 concentration and the time from

the latest large earthquake is not observed among several active faults with historically

big earthquakes.

3.3. Chemical Features of Subsurface Soil Gas along Active Faults

Table 1 also shows that our observed H2 concentrations in soil gas collected during

2003–2005 are markedly lower than those of previous data collected in the late 1970s

(WAKITA et al., 1980; SUGISAKI et al., 1983). This substantial difference in H2

concentrations might result from the different soil gas sampling methods. We adopted
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a simpler and more convenient method than WAKITA et al. (1980) or SUGISAKI et al.

(1983). We collected soil gases at 30-cm deep using a commercial metallic probe, while

WAKITA et al. (1980) drilled 50–100-cm deep holes reaching the bedrock, then inserted

polyvinyl chloride pipes with sealed tops into the holes. After about 12 h storage time,

sample gases were extracted with a hypodermic syringe. A collecting method devised by

SUGISAKI et al. (1983) was described by SUGISAKI et al. (1980) by means of sampling with

a tube buried in a hole about 1-m deep within the fault zone. It may be possible that our

soil gas samples are substantially diluted with atmospheric component, because basement

rocks in the fracture zone associated with the displacement of active faults are usually

covered with soils of considerable depth. The gas component possibly generated and

stored in fracture zones might migrate into the overlapping soils, with the involvement of

a large amount of atmospheric component.

The alternative explanation for our low H2 concentration is due to the temporal

change in seismic activity. Assuming that H2 production is related to the rock fracture

because of the micro-earthquake activity which intermittently occurred underneath the

active faults (KITA et al., 1982), soil H2 concentrations might be affected by temporal

changes in seismic activity. Around the Yamasaki and Atotsugawa faults, precise seismic

observation networks have been operating since the 1970s. The annual number of

earthquakes larger than M 1.6 in the 5th sector of NAKAO et al. (2004), which includes our

sampling site, was low in 1978 and 1979, when WAKITA et al. (1980) collected gas

samples, reaching a peak in 1993, which has not changed remarkably after 2002 (Japan

Meteorological Agency, personal communication). Therefore, it seems difficult to

attribute higher soil H2 concentrations in 1978 and 1979 to intense micro-crack formation

caused by active micro-seismicity. In the southwestern part of the Atotsugawa fault, the

monthly frequency distribution of micro-earthquakes larger than M 2 has been constant

Table 2

Soil H2 concentrations of several active faults in Japan

Active fault Average slip rate1 Latest big earthquake Soil H2 concentration (ppm)2

Year Name Magnitude This work Late 1970

Atera 1–7 1586 Tensho 7.8 8*32 (7) 1*100000 (73)3

Atotsugawa 2–4 1858 Hietsu 7.0–7.1 0*19 (4) 1*25000 (47)3

Neodani >2 1891 Nobi 8.0 0*5 (5) 100*9000 (5)3

Yamasaki 0.03–0.3 868 Harima >7.0 0*29 (20) 0.5*30600 (28)4

Nojima 1 1995 Hyogo-ken Nanbu 7.3 2*510 (18) —

(not identified) — 2000 Tottori-ken Seibu 7.3 0*40 (27) —

Serizawa 0.04 (not identified) <1 —

Hirosawa 0.06 (not identified) <1 —

1 RESEARCH GROUP for ACTIVE FAULTS of JAPAN (2001).
2 Numbers in ( ) are numbers of samples.
3 SUGISAKI et al. (1983).
4 WAKITA et al. (1980).
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between 1977 and 1994, except during the period of swarm activity from December 1986

to January 1987 (WADA and ITO, 1995). After 1995, the monthly frequency of micro-

earthquakes increased gradually to 2002 (WADA et al., 2002). This trend also indicates

that a drastic decrease in soil H2 concentration is inexplicable in terms of micro-

earthquake activity changes.

ARAI et al. (2001) measured the chemical composition of extracted gases from core

samples drilled at the Nojima fault, showing that those from the fracture zone deeper

than 1560 m contain 5–20% H2 of the total (CH4 + CO2 + H2 + C2H6 + He) gas

mixture, whereas those shallower than 1560 m contain a negligible amount of H2. Since

the CO2 concentrations of the extracted gases from the fracture zone are 10–60% of the

total gas mixture, the CO2/H2 ratios of trapped gas in the fracture zone of the Nojima

fault are from 0.5 to 12, which are similar to those of soil gases with high H2

concentrations (Noj05: 48, N04-1: 1.0, N05-1: 8). Figure 5 shows the relationship

between H2 concentrations and CO2/H2 ratios of soil gases from the Nojima and

Yamasaki faults. In this figure, chemical data of extracted gases from core samples of

the fracture zone of the Nojima fault (ARAI et al., 2001) and of fault gases from the

Yamasaki fault (WAKITA et al., 1980) are also shown. The CO2/H2 ratios of H2-rich gas

Figure 4

Spatial distribution of CO2 efflux in the aftershock region of the 2000 Tottori-ken Seibu earthquake. d 3–6

gCO2 /m
2/d, � < 3 gCO2 /m

2/d. A large open star shows the epicenter, the aftershock region is the interior area

bordered by chain lines. Solid bars show surface fault ruptures.
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samples along the Yamasaki fault strikes can be estimated to be less that 9, because

WAKITA et al. (1980) reported that fault gases with H2 of 0.1–3.0% contained CO2 less

than 0.9%. This low ratio is in the range of CO2/H2 ratios of trapped gas in fractured

rocks from the Nojima fault.

Figure 5 indicates that the soil gases with high H2 concentrations from the Nojima

fault contain a considerable amount of trapped gas in fractured rocks and diluted

atmospheric component. For other samples with a few ppm of H2 and CO2/H2 ratio

above 100, the trapped gas component in fractured rocks (CO2/H2 = 0.5–12) is more

diluted with atmospheric component with CO2 enrichment under the subsurface soil

environment or it is negligible. Furthermore, Figure 5 illustrates that most of the

Yamasaki soil gas samples in this study contain a fault gas component. Our traverse

experiment across the fracture zone also demonstrates that the CO2/H2 ratio in soil gas

from the fracture zone (<100) is systematically lower than that from beyond the fracture

zone (>500), indicating involvement of fault gas components in the gas samples from

the fracture zone.

3.4. Changes in Soil Gases Associated with Earthquakes

A recent monitoring study of CO2 efflux in El Salvador showed a marked increase in

soil CO2 efflux related to a M 5.1 earthquake that occurred 12 km east of the observation

station (SALAZAR et al., 2002). According to this, it is important to examine characteristic

changes in soil gas chemistry and efflux prior to and at the time of the occurrence of an

earthquake. We had the chance to carry out a soil gas survey immediately after the 2000

Tottori-ken Seibu earthquake (M 7.3). This earthquake occurred where no active faults

had been recognized previously (RESEARCH GROUP FOR ACTIVE FAULTS OF JAPAN, 2001), so

that a fractured terrain, which is typically formed at repeated earthquakes over a

prolonged period, might not be developed.

Among the soil gas samples collected from 26 sites shown in Figure.4, only one site

(No. 15), located above the epicenter region of the earthquake where surface fault

ruptures appeared, showed a marked high level of H2 (40 ppm). The soil H2

concentrations measured at all other sites extending from the aftershock distribution,

which represents a lineament of a buried active fault, were below the detection limit

(1 ppm). Under the condition of no previous fault activities, trapped H2 can only be

seeped through a fault rupture region, assuming that H2 is concentrated in the trapped gas

of the fracture zone, as observed at the Nojima fault (ARAI et al., 2001).

The low soil degassing revealed by the soil H2 survey is consistent with the diffuse

CO2 efflux data (Fig. 4). In general, soil CO2 efflux values were lower than the detection

limit of approximately 3 g m-2d-1, except for the higher effluxes at several sites with the

maximum of 6 g m-2d-1 measured at No. 4 and No. 9 sites. If we compare these values

with the ones measured along the Atera fault strike, which range between below the

detection limit of 3 g m-2d-1 and 24 g m-2d-1, the efflux in the aftershock region is
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very low, suggesting that degassing attributable to the movement of a presumed

underground active fault was not observed.

Soil gas surveys at the Nojima fault displaced in 1995 and around the aftershock region

of the 2000 Tottori-ken-Seibu earthquake suggest that release of H2 is related to the

occurrence of earthquakes. To better understand these phenomena and to catch a

precursory signal of earthquakes, a continuous monitoring of soil gases could be a good

way.

4. Summary

1. Soil H2 and CO2 surveys were carried out along seven active faults and around

the aftershock region of the 2000 Tottori-ken Seibu earthquake in Japan. The

Figure 5

H2 vs. CO2/H2 diagram of soil gas samples from the Yamasaki and Nojima faults. Data of extracted gases from

core samples of fracture zone of the Nojima fault are from ARAI et al. (2001) and those of fault gases from the

Yamasaki fault are from WAKITA et al. (1980).
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results show that soil H2 concentrations are highly variable in space and time for

each active fault. The maximum H2 concentration at each active fault seems

to correlate with fault activity as exemplified by the time to the latest big

earthquakes.

2. Observed soil H2 concentrations in four faults were markedly lower than those

collected in the latter half of the 1970s. These differences in H2 concentration

may be related to different sampling depth or material in the active fault system.

Even though we did not measure the same maximum values, we could observe

that higher H2 concentrations due to the addition of the fault gases which occur

close to the fault strikes. Since we collected subsurface soil gas of 30-cm deep,

this gas contains a mixture of trapped gas in the fractured rocks with high H2

concentration and low CO2/H2 ratio, as exemplified by extracted gas from

fractured rocks at the Nojima fault (ARAI et al., 2001), and atmospheric

component with CO2 enrichment. A sample with the highest H2 concentration in

our study obtained at the Nojima fault showed a similar low CO2/H2 ratio to

that of trapped gas. The traverse experiment across the fracture zone at the

Yamasaki fault showed higher H2 concentration and lower CO2/H2 ratio in soil

gas from the fracture zone.

3. A few days after the 2000 Tottori-kei Seibu earthquake, higher H2 concentrations in

soil gases were observed only above the epicenter, and no CO2 efflux related to the

earthquake occurrence was observed in the aftershock region. This might coincide

with the fact that this earthquake occurred where no active faults had been

recognized previously.
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Diffuse Emission of Hydrogen from Poás Volcano, Costa Rica,

America Central

GLADYS V. MELIÁN,1 INÉS GALINDO,1,2 NEMESIO M. PÉREZ,1 PEDRO A. HERNÁNDEZ,1

MARIO FERNÁNDEZ,3 CARLOS RAMÍREZ,3 RAÚL MORA,4 and GUILLERMO E. ALVARADO
4

Abstract—We report the results of four soil H2 surveys carried out in 2000–2003 at Poás volcano,

Costa Rica, to investigate the soil H2 distribution and evaluate the diffuse H2 emission as a potential

surveillance tool for Poás volcano. Soil gas H2 contents showed a wide range of concentration from 0.2 to

7,059 ppmV during the four surveys. Maps of soil gas H2 based on Sequential Gaussian Simulation showed

low H2 concentration values in the soil atmosphere (<0.7 ppmV) for most of the study area, whereas high

soil gas H2 values were observed inside the active crater of Poás. A significant increase in soil gas H2

concentration was observed inside the active crater during 2001 and 2002 with respect to year 2000,

followed by a decrease in 2003. The observed spatial and temporal variations of soil H2 concentration have

been well correlated with seismicity, microgravimetry and fumarolic chemistry changes which occurred

during this study. These observations evidence changes in the shallow magmatic-hydrothermal system of

Poás, and it might be related to a potential magmatic intrusion during the period 1998–2004. Therefore,

monitoring diffuse H2 emission of Poás has become an important geochemical tool for the monitoring of its

volcanic activity.

Key words: Hydrogen, soil gas, Poás, Costa Rica.

1. Introduction

The study and monitoring of volcanic gases have provided important information

about the process occurring at depth at volcanoes, and have become a useful tool to

evaluate the volcanic activity (MATSUO, 1960; NOGUCHI and KAMIYA, 1963; MATSUO et al.,

1975, 1982; CASADEVALL et al., 1983; GERLACH and GRAEBER, 1985; HIRABAYASHI et al.,

1986; SYMONDS et al., 1990; SANO et al., 1991; GIGGENBACH, 1996; CHIODINI et al., 1998;

HERNÁNDEZ et al., 2001a; CARAPPEZZA et al., 2004). Recently, new techniques have
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GranadillaS/C de Tenerife, Spain. E-mail: gladys@iter.es
2 Instituto Geológico y Minero de España. Oficina de Proyectos de Canarias, Alonso Alvarado, 43, 2�A.
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enabled the measurement of volcanic gases from safe distances (MORI et al., 1993; MORI

and NOTSU, 1997; OPPENHEIMER et al., 1998; ALLARD, 1999; GALLE et al., 2002; BURTON,

et al., 2003; ALLARD et al., 2005; MCGONIGLE et al., 2005; MATSUSHIMA, 2005; SHINOHARA,

2005; WEIDMANN et al., 2005). Significant amount of gases are emitted in to the

atmosphere by active volcanoes through visible manifestations such as plumes, fumaroles

and hot springs, but nonvisible emanations through the surface environment known as

diffuse degassing are also a significant source of deep-seated gases released to the

atmosphere by active volcanoes (ALLARD et al., 1991; BAUBRON et al., 1990). During the

last 20 years significant contributions of soil degassing studies related to volcanic activity

have been reported (WAKITA et al., 1980; SATO and MCGEE, 1981; LOMBARDI and REIMER,

1990; CHIODINI et al., 1996, 2001; PÉREZ et al., 1996, 2006; D’ALESSANDRO and PARELLO,

1997; HERNÁNDEZ et al., 2000, 2001a, b, 2003; SALAZAR et al., 2001, 2002; ROGIE et al.,

2001; GERLACH et al., 2001; AIUPPA et al., 2004; CARAPEZZA et al., 2004; FRONDINI et al.,

2004; MCGEE et al., 2006). A few of these studies have been focused on hydrogen in the

soil atmosphere (SATO and MCGEE, 1981; SATO, 1988; GIAMMANCO et al., 1998;

HERNÁNDEZ et al., 2000; MELIÁN et al., 2003).

Hydrogen is an important component of volcanic gases and its use as a tool to

monitor the volcanic activity started with SATO and MCGEE (1981). Because of its

chemical and physical characteristics, H2 moves easily though the crust and constantly

escapes to the atmosphere. The atmospheric H2 concentration is relatively low

(0.5 ppmV), and its light solubility in groundwater coupled with its low concentration

in the air makes direct contamination of this gas from atmospheric sources negligible.

These characteristics make H2 an excellent tracer for processes operating deep in the

crust. H2 can be generated abundantly by several chemical reactions induced by water-

rock interaction. High concentrations of H2 often have been detected in soil gases and

dissolved gases from fault zones and volcanic emissions (WHITE and WARING, 1963;

WAKITA et al., 1980; KAZAHAYA et al., 1988; SATO, 1988; GIAMMANCO et al., 1998;

HERNÁNDEZ et al., 2000). The interaction between the infiltrated water and rock at depth

may also favor reduced condition and enhance formation of the H2. Hydrogen can be

generated in the earth’s crust by different processes. The main source is probably the

reaction of water with FeO in extrusive magmas. Other sources for H2 are reaction of

water with carbon of mantle origin, thermal decomposition of organic matter in

reactions of water with freshly cleaved surfaces of rocks in areas of fault activity

(SATO, 1988).

This article describes and discusses the results obtained during the four surveys of soil

H2 carried out at Poás volcano, Costa Rica, in the period 2000–2003. The objectives of

this paper are to evaluate the spatial and temporal distribution of diffuse degassing of soil

H2 at Poás volcano during this period and to discuss the origin of this gas. This study

demonstrates the importance of geochemical monitoring of volcanic gases in andesitic

volcanoes and provides important information for the identification of possible

geochemical precursors of volcanic unrest at Poás volcano.
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2. Geological Setting of the Study Area

Poás volcano is one of the most active volcanoes in Costa Rica. It is located within

the Cordillera Central, the southernmost volcanic front associated with the subduction of

the Cocos plate beneath the Caribbean plate (Fig. 1) and is one of the 41 active volcanoes

of the volcanic chain of America Central, which extends along 1100 km from Guatemala

to Panama (SINKIN and SIEBERT, 1994). It is a broad well-vegetated basaltic-andesite strato

volcano rising at an elevation of about 2708 m a.s.l., with a summit area containing three

cones aligned at the N-S direction and the eroded remnants of two elongated calderas.

The topography at the summit manifests three different eruptive centers: (1) Von

Frantzius, 2639 m a.s.l., a vegetated and eroded cone that lies to the north of the present

active crater; (2) Botos 2708, m a.s.l., a younger cone formed to the south with a

freshwater lake about 15-m deep in the center (RYMER et al., 2000), and (3) the present

active crater located at a lower elevation between the former two (Fig. 2).

The active crater of Poás shows two main features: (1) A 300-m diameter pit crater

partially filled with a hot (temperature range between 30 and 60�C) acidic crater lake
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Tectonics of America Central and the Caribbean area and location of Poás volcano, Costa Rica.
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(pH & 0) whose volume, temperature and water chemistry vary sharply in response to

rainfall and volcanic activity (BROWN et al., 1989; ROWE et al., 1992a, b); and (2) A 30-m

high dome formed during the last phreatomagmatic eruption of Poás in 1953–1954

(CASERTANO et al., 1985, 1987; ROWE et al., 1992a). At present, the main fumarolic

activity is located along the northeastern flank of this cone, which together with the gases

emanated from the acid lake, is responsible for the volcanic plume. The active crater

hosts an active hydrothermal system (CASERTANO et al., 1987) supplied with heat and

volatiles by a small magma body located at a relatively shallow depth (about 500 m) at

Poás (RYMER and BROWN, 1989). Based on the lake temperature, seismicity and

geochemical data, some authors suggested that pressure and temperature changes in the
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Map of summit region of Poás volcano with fumarolic locations.
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volcanic-hydrothermal system of Poás at depth might explain the observed increases in

heat and volatiles fluxes of the active crater (CASERTANO et al., 1987; ROWE et al., 1992a;

VASELLI et al., 2003). Variables as rock permeability, thickness of the water table, gas-

gas, rock-fluid and water-gas interactions could influence the composition of gases

released from Poás volcano (CASERTANO et al., 1987; ROWE et al., 1992a, b, 1995; VASELLI

et al., 2003).

3. Seismic activity

Seismicity is one of the most representative geophysical features of Poás volcano

showing a good correlation with the level of volcanic activity (CASERTANO et al., 1987;

FERNÁNDEZ, 1990; ROWE et al., 1992a). Seismicity at Poás is characterized by typical

A-type events (high-frequency >3 Hz), B-type events (low-frequency <3 Hz) and tremors

(MINAKAMI, 1969). Seismic data provided by a short-period seismic station (VPS-2)

located close to the main crater of Poás, and belonging to the National Seismic Network

(RSN. ICE-UCR), indicate that a steady background level of 50–100 A-Type events per

day is the most common of Poás seismic activity. A-type events have been erratic in their

frequency of occurrence during this study (2000–2003), as was also observed between

1980 and 1996 (RYMER et al., 2000), with notable peaks in September-November 1999,

March-August and October-December, 2001 and February-May, 2003 (Fig. 3). These

peaks might also be triggered by regional earthquakes which occurred during the same

period (OVSICORI-UNA). Following ROWE et al. (1992a), the A events observed might

represent externally triggered stress released within the volcanic edifice.

Long-term B-type seismic activity showed also an erratic distribution with peaks in

September-November 1999, December 2000, March 2001 and March-May 2003.

Increases in B-type events are well correlated with increases in A-type events and water

temperature changes in the lake, suggesting the occurrence of stronger hydrothermal

activity, pherhaps caused by an initial overpressure in the volcanic-hydrothermal system

of Poás. The observed changes in the rate of B-type activity might also reflect changes in

the volatile flux from the magma beneath Poás and water exolution through fractures

(ARAñA and ORTIZ, 1984; FERRUCCI, 1995; MARTı́NEZ et al., 2000).

4. Procedures and Methods

During years 2000–2003, four diffuse degassing surveys were carried out in and

around the active crater of the Poás volcano, after taking into consideration the geology

and structure of the study area as well as accessibility. The 2000 survey was carried out

between April 14 and May 4, with 109 sampling sites covering an area of about 3.6 km2.

The surveys were carried out in 2001 (February 27 to March 10), 2002 (March 19 to April

06) and 2003 (April 4 to 21). The covered areas for these three surveys were the same as
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the 2000 survey and the numbers of sampling sites were 182, 244 and 238 for the 2001,

2002 and 2003 surveys, respectively. The surveys were performed during the dry season

and under similar meteorological conditions. These conditions ensured minimal soil gas

variations from external changes and minimized disturbances from soil moisture changes

during the measurements. Meteoric water may play an important role in gas chemistry

since precipitations are variable at Poás, with dry and wet seasons not well defined

(VASELLI et al., 2003).

The sampling sites were selected in order to obtain a good spatial distribution. Soil

gases were sampled at each sampling site together with ground temperature measure-

ments at a depth of 30–50 cm using a metallic soil probe and 30 cc hypodermic syringes.

The gas samples were introduced in 10 cc vacutainers (HINKLE and KILBURN, 1979) filled

with deionised water. Later the water was displaced until the vacutainer was filled with

the gas sample to avoid air contamination.
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The composition of soil gas was determined in the laboratory by means of a gas

double column micro-chromatograph VARIAN model CP2002P. Hydrogen was analyzed

with a thermal conductivity detector (TDC) and a 20 m MolSieve 5 Å
´
column using Ar

as carrier gas. The temperatures of the column and injector were 60�C and 30�C,
respectively, and the injection time was 20 msec. In this column, helium, oxygen and

nitrogen were also determined. The detection limit for H2 was estimated to be about

0.05 ppmV and the accuracy of the measurement about 2.5% on the basis of standard

sample measurements. In another column (Poraplot-Q column of 10-m long, a TC

detector, and helium as a carrier gas) we analyzed the soil CO2 concentration. Soil

temperature was also determined at each sampling site at a depth of 30–40 cm.

5. Results and Discussion

A summary of analytical results of the chemical composition for all soil gas samples

is shown in Table 1. The soil H2 concentration values from the survey carried out in 2000

ranged from 0.5 to 1.6 ppmV. To check whether the data came from a unimodal or a

polymodal distribution, we applied the probability-plot technique (TENNANT and WHITE,

1959; SINCLAIR, 1974) to the entire soil H2 data set of this survey. Soil H2 concentration

data showed a unimodal distribution, and the histogram of the log-normally distributed

soil H2 values (Fig. 4a) showed a skewness and kurtosis of 1.9 and 3.3, respectively. Only

one distinct mode was found for the soil H2 data (Fig. 4b), indicating the existence of one

geochemical population, normal I (Table 2).

Soil H2 values measured in the 2001, 2002 and 2003 surveys ranged from 0.4 to

1,910 ppmV, 0.9 to 7,060 ppmV and 0.2 to 270 ppmV, respectively (Table 2). Soil H2

concentration data were also log-normally distributed, and the histograms of the log-

normally distributed soil H2 data showed a skewness and kurtosis of 1.5 and 2.3, 1.5 and

2.8, and 0.6 and 0.4 for the 2001, 2002 and 2003 surveys, respectively (Figs. 5a, 6a and

7a). At least three distinct modes were found for these three soil H2 data sets: normal I,

normal II and the mode comprised between both distributions (Figs. 5b, 6b and 7b).

Table 1

Statistics of soil gas data at Poás volcano, Costa Rica, for the 2000, 2001, 2002 and 2003 surveys

2000 2001 2002 2003

Min. Max. Med. Min. Max. Med. Min. Max. Med. Min. Max. Med.

He (ppmV) 4.2 6.2 5.6 4.4 6.0 5.4 4.8 6.1 5.8 3.5 7.6 6.3

H2 (ppmV) 0.5 1.6 0.7 0.4 1910 20.5 1.0 7059 94.9 0.2 271 7.4

O2 (%) 20.7 21.5 19.5 12.3 23.2 21.0 0.3 21.5 20.1 18.7 22.9 19.8

N2 (%) 78.1 80.6 79.6 41.7 80.5 78.0 74.0 81.7 77.6 70.7 82.8 79.3

CO2 (%) 0.03 58.5 0.92 0.03 53.9 1.9 0.03 80.9 2.2 0.03 4.28 0.22

T soil (�C) 7.2 92.7 17.9 8.3 92.0 18.1 10.0 94.3 18.1 10.4 93.3 19.4
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These three distinct populations are known as background, peak, and intermediate mixed-

population, respectively (Table 2). The existence of more than one geochemical

population of soil H2 measured at the surface environment of Poás volcano suggests

the occurrence of a deep perturbation of the volcanic-hydrothermal system.

Soil H2 distribution maps for the four surveys were constructed based on the

application of Stochastic Gaussian Simulation algorithms (SGS) provided by GSLIB

program (DEUTSCH and JOURNEL, 1998). The steps of data treatment included: (1)
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(a) Histogram of the log-transformed soil H2 concentration values showing the existence of one mode within the

sampling frequency distribution. (b) Probability plot of soil H2 concentration values observed in 109 sampling

sites at Poás volcano in 2000.
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Declustering of the original data distribution, higher weights given to areas with less data

density; (2) n-score normalization of the declustering data of soil H2 concentration; (3)

computation of the experimental variograms of n-score values; (4) definition of the

variogram model and (5) simulations of the soil H2 concentration using the SGS

algorithm provided by GSLIB.

Experimental variograms and variogram models of soil H2 concentration of 2000,

2001, 2002 and 2003 surveys are showed in Figure 8. The variogram models were

adjusted with a spherical model for 2000, 2001 and 2003 surveys, whereas for the 2002

survey an exponential model was used. Parameters to define the variogram, nugget effect

and range, are shown in Figure 8 (DEUTSCH and JOURNEL, 1998).

Soil H2 distribution maps (Figs. 9 and 10) were constructed using the average of 50

simulations for each survey. H2 distribution of the soil atmosphere showed a different

pattern for each survey, with a clear increase in both the spatial extension of the

anomalies and the magnitude of diffuse emission rates from 2000 to 2002 surveys. Most

of the studied areas showed background values for soil H2 concentration (0.6 ppmV,

2000; 0.6 ppmV, 2001; 4.1 ppmV, 2002, and 1.1 ppmV, 2003) in all the surveys. During

the 2000 survey the highest soil H2 concentrations were measured at the NE sector inside

the active crater (Fig. 9) with values up to 1.2 ppmV. Other areas showing relatively high

values of soil H2 concentration were located at the N and SE part of the studied area, with

values up to 1.0 ppmV. In 2001, an increase in the soil H2 concentration was observed

(Fig. 10a), with values reaching 400 ppmV, being mainly measured at the eastern wall of

the active crater where an intensive fumarolic activity started in 2000 (MORA, 2001;

Table 2

Estimated parameters of partitioned populations for soil H2 concentration values at Poás volcano, Costa Rica

Population No.

of

points

Proportion

(%)

Average H2

Concentration

(ppmV)

Standard

deviation

95% confidence

interval (ppmV)

Poás volcano 2000 I 72 66.3 0.6 0.58–0.66

II 37 33.7 0.8 0.51–1.4

total 109 100

Poás volcano 2001 I 36 20.2 0.6 0.31–1.2

II 115 63.0 1.9 1.2–3.0

III 31 16.8 12 0.34–405

total 282 100

Poás volcano 2002 I 85 35.2 4.1 2.6–6.4

II 142 58.2 18 3.7–86

III 17 6.6 394 47–3298

total 244 100

Poás volcano 2003 I 151 63.6 1.1 0.24–4.5

II 81 19.1 7.1 1.5–34

III 6 17.3 85 48–151

total 238 100

Vol. 164, 2007 Diffuse Emission of Hydrogen from Poás Volcano, Costa Rica, Central America 2473



MORA et al., 2003; FERNÁNDEZ et al., 2003). Other areas registering high soil H2

concentration (>120 ppmV) were S of the volcanic dome and inside the active crater. It is

important to note the observed increase in the soil H2 concentration (from 1.0 to

30 ppmV) from 2000 to 2001 at the volcanic dome.

During the 2002 survey, a general increase in the soil H2 emissions was observed at

the summit of Poás. The fumarolic activity remained strong at the eastern wall of the

active crater with soil H2 concentration values reaching 1,000 ppmV (Fig. 10b). The

highest values (> 800 ppmV) were measured along the ledge located inside the eastern
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part of the active crater, where fumarolic activity started to increase at the end of 2000

(MORA et al., 2003). Other relatively high soil H2 concentrations (>500 ppmV) were

measured at the volcanic dome. These results showed a clear increase in the soil H2

concentration at the summit of Poás volcano from 2000 to 2002. Other areas displaying

relatively high values of soil H2 concentration were located at the N part and NE of the

studied area, with values up to 300 ppmV. Inspection of the soil H2 concentration contour

map for the 2003 survey shows a clear decrease in the diffuse emission of H2 at Poás with
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the existence of only one anomaly with soil H2 concentration values up to 200 ppmV

(Fig. 10c), at the NE sector inside the active crater with values up to 90 ppmV.

If we compare these results with the diffuse H2 emission data reported for other

volcanic areas such as Sabatini volcano, Italy (BERTRAMI et al., 1990) and Teide volcano,

Spain (HERNÁNDEZ et al., 2000), soil H2 emission values during the 2001 and 2002

surveys at Poás volcano are in general higher. BERTRAMI et al. (1990) measured soil H2

concentrations between 5 and 52 ppmV with 10% of the total data over the detection
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limit, whereas HERNÁNDEZ et al. (2000) measured soil H2 concentration values between

the air content (0.5 ppmV) and 620 ppmV. The maximum soil H2 values measured at

Poás were 1,910, 7,059 and 271 ppmV in 2001, 2002 and 2003, respectively. These

differences may be related to the level of volcanic activity of each volcanic system. Other

geochemical and geophysical data at these two volcanic systems support these

observations (DE RITA et al., 1983; ALBERT-BELTRáN et al., 1990; PÉREZ et al., 1992;

HERNÁNDEZ, 1997; KARNER et al., 2001).

Soil temperature measured at Poás showed a similar temporal variation to that

observed for the diffuse emission of H2, with an increase in 2002. Soil temperatures

ranged from 7.2 to 92.7�C in 2000, 8.3 to 92.0�C in 2001, 10 to 94.3�C in 2002 and 10.4

to 101�C in 2003. Experimental variograms and variogram models of soil temperature

data for 2000, 2001, 2002 and 2003 surveys are depicted in Figure 11. The variogram

models for the 2000, 2001 and 2002 surveys were adjusted with a spherical model,

whereas the variogram of the 2003 survey was adjusted with a hole effect model. Most of

the studied area exhibited soil temperatures up to 20�C except inside the summit crater

and especially next to the fumaroles, where higher temperatures were measured during all
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these studies (Fig. 12). Thermal anomalies at Poás volcano occur mainly where the

fumarolic activity is stronger. In 2002, an increase at the areas affected by thermal

anomalies was observed together with the occurrence of the strongest fumarolic activity

during all this study, affecting the east summit rim and the ledge located inside the active

crater (VASELLI et al., 2003). During 2003, a general decrease in ground temperature was

observed at Poás with respect to the 2001 and 2002 surveys. Heat flow, steam and acidic

gas emissions were clearly identified along those areas of high soil H2 emission

(MARTı́NEZ et al., 2003; MELIÁN et al., 2002, 2003).

Temporal and spatial distribution of soil H2 evidenced a pattern similar to the

observed for other gases such as CO2 (MELIÁN et al., 2001). The correlation coefficients

between soil H2 and CO2 concentrations, and soil temperature are shown in Table 3. Soil

H2 data of the 2000 survey showed a poor correlation factor with the soil CO2

concentration (r2 = 0.290), whereas for 2001, 2002 and 2003 the correlation coefficients

were 0.473, 0.732 and 0.741, respectively. During 2001 and 2002 an increase of the
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correlation coefficients between soil H2 and soil temperature was observed, varying from

0.073 in 2000 to 0.477, 0.478 and 0.557 in 2001, 2002 and 2003, respectively. The spatial

correlation between soil CO2 and soil temperature manifests the same behavior,

increasing from 0.056 in 2000 to 0.610, 0.610 and 0.244 in 2001, 2002 and 2003,

respectively. These observations suggest that the increase in gas emission, steam and heat

flow might be related to changes in the shallow magmatic-hydrothermal system of Poás.

RYMER et al. (2005) reported new microgravity data from the active crater of Poás

during the period 2002–2004. They found during this study a significant increase in the

microgravimetry in the western and southern areas of the active crater, whereas a sharp

decrease was observed east and northeast of the same area. The observed decrease in

microgravimetry was explained in terms of drainage of cooling degassed magma beneath

the eastern part of the lake and the possible magma intrusion below the southwestern part

of the lake during the period 1998–2004. VASELLI et al. (2003) studied the gas

composition of the fumarolic gases at Poás during 1998–2001, finding a considerable

temporal variability in its chemical composition. During this period, dissolved gases in
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the acidic waters of crater lake and fumaroles gases showed high H2 contents of up to

1.2%vol, made possible magma intrusion below the southwestern part of the lake during

the period 1998–2004 become related to variations of both temperature and redox

conditions of the magmatic-hydrothermal system. The occurrence of fumarolic activity

and the observed soil H2 anomalies at the northern part of the active crater during the

period 2000–2004, are surface evidence of the changes which occurred in the magmatic-

hydrothermal system of Poás. Magma drainage beneath this sector of the active crater

together with the observed mass loss might have enhanced the circulation and entrance of

water favoring the hydrothermal alteration and changing the redox conditions in the

shallow environment of the system. They assumed that these variations were a

consequence of the permeability changes due to hydrofracturing in the system.

During September-November 1999, high A-type seismicity was observed at Poás

volcano, maybe related to stress release from the volcanic edifice. During this period, an

increase in the B-type seismicity was also observed. This increase was interpreted in

terms of magma intrusion enhancing hydrofracturing, which favored the drainage of

water into the system, increasing the reducing conditions and producing intense fumarolic
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Figure 12

Contour map of the soil temperature measured at 20-cm depth at Poás volcano, Costa Rica (2000, 2001, 2002

and 2003). Dots indicate sampling sites.
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activity at the south part of the active crater (VASELLI et al., 2003; RYMER et al., 2005).

Between January 2000 and February 2001, no significant A-type seismicity was observed

at Poás volcano. More reducing conditions in the magmatic-hydrothermal system of Poás

were assessed from the chemical composition of fumarolic gases (VASELLI et al., 2003),

starting to appear from strong fumarolic activity along the eastern rim of the active crater.

The persistent fumarolic activity was explained in terms of water excess in the system.

The soil H2 concentrations measured at the surface environment of the summit at Poás

during 2000 showed low concentration values close to the air (average value of

0.7 ppmV), suggesting that gases escaped preferentially through breaks and conduits

opened due to stress changes. Between March 2001 and November 2002, A-type

seismicity increased strongly again, coupled with a peak on the B-type seismicity,

indicating a new stage of the volcanic activity level and may be related to pressure

changes on the volcanic fluids below SW of the crater’s lake . At this time, a significant

increase in the soil H2 concentration was observed, being measured during the March

2002 soil gas survey as the highest concentration values during this study (7,059 ppmV)

with an average value of 95 ppmV. Even when in February-May 2003 a new increase of

the A-type seismicity was observed, soil H2 decreased to an average value of 7.4 ppmV.

These observations suggest that the shallow hydrothermal system of Poás volcano

degassed, keeping the heat and mass transport required to maintain persistent fumarolic

activity. The seismic events may have resulted from the hydrofracturing of carapace of

the magma body with a consequent increase in the volatiles flux in the system. Because of

its high diffusivity, most of the H2 might have escaped in the atmosphere in 2002 due to

the observed change in the volcanic-hydrothermal system.

In addition, spatial distribution of peak values of soil H2 concentration at the eastern

sector of the summit crater followed a N-S trending parallel to a local faulting system.

Generally soils at the areas of high soil H2 concentration are characterized by high

temperatures (T > 60�C) whereas the areas with low soil H2 concentration are

characterized by lower temperatures (20�C T). Assuming a common origin for the H2

discharged from the fumaroles and the areas having relatively high H2 diffuse degassing,

water-rock interaction and redox conditions of the magmatic-hydrothermal system seem

to be the main mechanisms controlling the observed soil H2 anomalies at the crater of

Poás volcano. This positive correlation between soil H2 concentration and temperatures

in soils is supported by both spatial distribution of soil H2 concentration and soil

Table 3

Correlation coefficients between soil H2 and CO2 concentration and soil temperature at Poás, Costa Rica

2000 2001 2002 2003

H2

(ppmV)

CO2

(ppmV)

H2

(ppmV)

CO2

(ppmV)

H2

(ppmV)

CO2

(ppmV)

H2

(ppmV)

CO2

(ppmV)

CO2 (ppmV) 0.290 1.0 0.473 1.0 0.732 1.0 0.741 1.0

T(�C) 0.073 0.056 0.477 0.610 0.478 0.610 0.557 0.244
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temperature maps, suggesting that part of the energy coming from the shallow heat

source beneath the Poás volcano (ROWE et al., 1995) is used to heat the water. Drainage of

water into the system together with vapor excess from the hydrothermal system seem to

be responsible for the reducing conditions. The observed increase of the soil temperatures

at the surface environment in 2002 seems to be an expression of an increase of heat flux

related to a possible magma intrusion below the Southwestern part of the lake during the

period 1998–2004 (RYMER et al., 2005), which might have enhanced water-rock

interaction and favored the production of H2. The presence of fumarolic fields linked to

the fracturing system suggests that permeable structures act as preferential pathways to

the surface for deep gases.

The observed temporal variations in the diffuse H2 emission together with other gases

and volatiles (MELIÁN et al., 2001; NOLASCO et al., 2003) and soil temperature suggest that

H2 at the surface environment of Poás volcano is not coming only from the thermal

reactions between the meteoric water infiltrated through fissures and the rocks beneath

Poás but also from the additional contribution of deep-seated gases to the diffuse

degassing. Changes in the physical and chemical conditions at depth in a volcanic-

hydrothermal system can produce an increase in the gas and volatile emission to the

surface (HERNÁNDEZ et al., 2001a).

6. Conclusions

Diffuse H2 degassing data from four soil gas surveys carried out at Poás volcano

during the period 2000–2003 proved useful in evaluating the physical-chemical changes

observed in the shallow magmatic-hydrothermal system of Poás and related to the

possible magma intrusion beneath the SW and crater lake during the same period. The

magma body at depth and the superficial aquifer control and regulate the volcanic activity

of Poás volcano. The magmatic intrusion which occurred in this period is associated with

the transport of mass and heat from depth. Boiling of the hydrothermal aquifer might

have favored water-rock interaction processes, which seem to be the main factor

controlling the observed spatial and temporal changes in the soil H2 at Poás. Meteoric

water infiltrated into the system and vapor excess related to an increase of heat flux due to

a possible magma intrusion below the Southwestern part of the lake may have changed

the redox conditions favoring H2 production. The observed changes also occurred when

fumarolic activity was stronger at the active crater.

The good spatial correlation between soil H2 concentration and soil temperature

during the period of study indicates the existence of areas of high heat flow which may

have a higher permeability and therefore better connection with the system at depth. The

observed temporal variations in the intensity of diffuse H2 degassing makes diffuse

degassing studies at Poás a useful tool to distinguish between steady-state degassing due

to magma convection and gas pulses due to magma intrusion and/or changes in the

pressure of the fluids in the magmatic-hydrothermal system.
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from Miyakejima Volcano, Japan, Chem. Geol. 177, 175–185.
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PÉREZ, N., WAKITA, H., LOLOK, D., PATIA, H., TALAI, B., and MCKEE, C. (1996), Anomalous soil gas CO2

concentrations and relation to seismic activity at Rabaul Caldera,Papua NewGuinea, Geogaceta 20, 1000–1003.

PÉREZ, N., WILLIAMS, S., SANO, Y., CARRACEDO, J., COELLO, J., and WAKITA, H. (1992), Helium-3 emision from

The Canarian Volcanoes, Spain, III Congreso Geológico de España y VII Congreso Latinoamericano de

Geologı́a, Salamanca, actas tomo 1, 468–472.

ROGIE, J., KERRICK, D., SOREY, M., CHIODINI, G., and GALLOWAY, D. (2001), Dynamics of carbon dioxide emission

at Mammoth Mountain, California, Earth Planet. Sci. Lett. 188, 535–541.
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Anomalous Emissions of SO2 During the Recent Eruption of Santa Ana

Volcano, El Salvador, Central America

RODOLFO OLMOS,1 JOSÉ BARRANCOS,2 CLAUDIA RIVERA,3 FRANCISCO BARAHONA,1

DINA L. LÓPEZ,4 BENANCIO HENRIQUEZ,1 AGUSTÍN HERNÁNDEZ,1 EFRAIN BENITEZ,1

PEDRO A. HERNÁNDEZ,2 NEMESIO M. PÉREZ,2 and BO GALLE
3

Abstract—Santa Ana volcano in western El Salvador, Central America, had a phreatic eruption at 8:05 am

(local time) on October 1, 2005, 101 years after its last eruption. However, during the last one hundred years this

volcano has presented periods of quiet degassing with fumarolic activity and an acidic lake within its crater. This

paper presents results of frequent measurements of SO2 degassing using the MiniDOAS (Differential Optical

Absorption Spectroscopy) system and a comparison with the volcanic seismicity prior to the eruption, during,

and after the eruption. Vehicle measurements of SO2 flux were taken every hour during the first nine days of the

eruption and daily after that. The period of time reported here is from August to December, 2005. Three periods

of degassing are distinguished: pre-eruptive, eruptive, and post-eruptive periods. The intense activity at Santa

Ana volcano started in July 2005. During the pre-eruptive period up to 4306 and 5154 ton/day of SO2 flux were

recorded on October 24 and September 9, 2005, respectively. These values were of the same order of magnitude

as the recorded values just after the October 1st eruption (2925 ton/day at 10:01 am). Hourly measurements of

SO2 flux taken during the first nine days after the main eruptive event indicate that explosions are preceded by an

increase in SO2 flux and that this parameter reaches a peak after the explosion took place. This behavior suggests

that increasing accumulation of exsolved magmatic gases occurs within the magmatic chamber before the

explosions, increasing the pressure until the point of explosion. A correlation between SO2 fluxes and RSAM

(Real Time Seismic Amplitude Measurements) is observed during the complete sampling period. Periodic

fluctuations in the SO2 and RSAM values during the entire study period are observed. One possible mechanism

explaining these fluctuations it that convective circulation within the magmatic chamber can bring fresh magma

periodically to shallow levels, allowing increasing degasification and then decreasing degasification as the batch

of magma lowers its gas content, becomes denser, and sinks to give space to a new magma pulse. These results

illustrate that the measurements of SO2 flux can provide important warning signals for incoming explosive

activity in active volcanoes.

Key words: Sulfur dioxide flux, RSAM, magma degassing, volcanic eruption, Santa Ana volcano.
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1. Introduction

In October 1, 2005, Santa Ana volcano in western El Salvador, Central America

(Fig. 1) finally erupted after several years of quiet degassing and seismic activity. Prior to

the October 1st phreatic eruption, from 2001 to 2005, several discrete measurements of

the SO2 fluxes emitted with the plume by Santa Ana volcano were measured occasionally

(see Table 1) using a COSPEC (correlation spectrometer) (RODRIGUEZ et al., 2004). More

recently, frequent measurements of SO2 fluxes using the Mini-DOAS system (GALLE

et al., 2002) were taken before the eruption until December 2005. These measurements

started two months before the October 1st eruption. At the same time, the Servicio

Nacional de Estudios Territoriales of El Salvador (SNET) had been monitoring the

seismic activity of this volcano using three seismic stations at the volcano. These

measurements have allowed us to compare the emissions of SO2 with the seismic and

explosive activity of Santa Ana volcano. This paper presents the results of these

investigations and their significance for the monitoring of the Santa Ana volcano and

other similar volcanoes.

Santa Ana volcano, with a summit of 2365 m, is located in western El Salvador at

13�510 N and 89�380 W, to the west of Coatepeque caldera (Fig. 1). It forms part of the

volcanic system known as the Coatepeque-Izalco-Santa Ana volcanic complex, one of the

most active volcanic systems in the Central American volcanic arc. The volcanism in

Central America is related to the subduction of the Coco’s plate below the Caribbean

plate (MOLNAR and SYKES 1969). Santa Ana volcano was the source of the debris

avalanche that formed the Acajutla peninsula in the Pleistocene or early Holocene

Figure 1

Map of pyroclastic products of the October 1, 2005 at Santa Ana volcano, El Salvador. Central America.

Servicio Nacional de Estudios Territoriales de El Salvador SNET, October (2005).
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Table 1

SO2 Flux from Santa Ana Volcano, 2001–2005. Units in tons/day. VS: vertical scans.

Date No. 
 Of Meas. 

Min Max Average S.D Technique Reference Periods 

1/8/01 13 30 260 393 60 Stationary 
(VS)

COSPEC/
Rodriguez,2004 -

E
RP

E
R

U
PI

V
E

PE
R

IO
D

1/9/01 42 100 950 280 140 Vehicular COSPEC/ 
Rodriguez,2004

1/9/01 3 190 420 270 130 Vehicular COSPEC/ 
Rodriguez,2004

5/9/01 n.r.d.a. - - 170 - Stationary 
(VS)

COSPEC/
Rodriguez,2004

1/24/02 8 10 220 80 80 Stationary 
(V S) 

COSPEC/
Rodriguez,2004

1/25/02 4 10 40 30 10 Stationary 
(VS)

COSPEC/
Rodriguez,2004

1/26/02 14 20 180 50 40 Stationary 
(VS)

COSPEC/
Rodriguez,2004

8/24/04    586   COSPEC/INSIVUMEH 
8/25/04    400   COSPEC/INSIVUMEH 
8/26/04    176   COSPEC/INSIVUMEH 
8/27/04    526   COSPEC/INSIVUMEH 
4/13/05    523  COSPEC/INSIVUMEH 
4/14/05    520  COSPEC/INSIVUMEH 
4/15/05    581 

39
 COSPEC/INSIVUMEH 

8/20/05 5 880 1928 1434 466 Vehicular 
8/24/05 2 4265 4306 4285 29 Vehicular 
8/29/05 4 2642 3737 3040 509 Vehicular 
8/31/05 4 301 482 370 85 Vehicular 
9/2/05 7 2317 3768 3129 600 Vehicular 

Stage A 
Incandescente
increases

9/3/05 4 1405 3593 2315 1052 Vehicular 
9/10/05 2 1747 2653 2200 640 Vehicular 
9/11/05 12 1348 2541 1881 401 Vehicular 
9/12/05 2 2033 2409 2221 266 Vehicular 
9/13/05 2 3329 5154 4241 917 Vehicular 
9/14/05 4 3324 5099 3882 820 Vehicular 
9/15/05 10 1917 4326 3320 777 Vehicular 
9/16/05 6 757 4326 1603 1130 Vehicular 
9/17/05 9 1135 2191 1731 354 Vehicular 
9/18/05 7 1001 1713 1432 281 Vehicular 
9/20/05 4 1233 3848 1653 793 Vehicular 
9/21/05 1   1866  Vehicular 
9/22/05 4 844 1838 1184 446 Vehicular 
9/24/05 6 1312 3329 2401 839 Vehicular 
9/25/05 8 793 2634 1601 650 Vehicular 
9/26/05 3 2879 3633 3315 391 Vehicular 
9/27/05 3 713 828 770 57 Vehicular 
9/28/05 2 1742 2384 2063 454 Vehicular 
9/29/05 3 1363 1798 1564 219 Vehicular 
9/30/05 3 1382 1747 1623 291 Vehicular 

D
OI

R
EP

E
VIP

U
R

E-
E

RP

Stage B 
Higher

incandescence

10/1/05 2 212 2925 1568 1919 Vehicular            Eruption 
10/2/05 18 240 986 547 229 Vehicular 
10/4/05 6 152 1104 438 344 Vehicular 

repap
siht,S

A
O

Dini
M

Stage C
Small

Explosion
10/6/05 2 507 521 514 10 Vehicular 
10/7/05 12 380 1158 755 243 Vehicular 
10/8/05 5 69 1685 743 726 Vehicular 
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(SIEBERT et al., 2004; PULLINGER, 1998). The later activity of Santa Ana volcano produced

volcanic deposits that have filled the depression formed by this volcanic collapse. The

new volcano presents several crescent-shaped concentric craters and several flank vents

along a fault system that extends around 20 km in the NNW direction bisecting the

volcano (PULLINGER, 1998). Moderate eruptions from the summit and flank vents have

characterized Santa Ana’s activity since the 16th century. One of those vents is the San

Marcelino cinder cone that erupted in 1722, producing lava flows that traveled 13 km to

the east (PULLINGER, 1998).

The last recorded eruption of Santa Ana volcano, prior to the October 1, 2005

eruption, occurred in 1904. A crateric acid lake and a fumarolic field on the crater wall

were formed after this eruption (PULLINGER, 1998; BERNARD et al., 2004). The latter crater

has a diameter of about 0.5 km. During the past century, Santa Ana volcano emitted

important gas emissions consisting of a mixture of magmatic gases and steam from the

magmatic-hydrothermal system. During the most recent period of degassing, 2001–2005,

the acid rain associated with the volcanic plume has produced extensive damage to the

surrounding vegetation, particularly in the south and southwest flanks of the volcano.

Table 1

(Contd.)

10/9/05 11 207 2074 727 632 Vehicular 
10/10/05 3 276 320 291 25 Vehicular 
10/11/05 5 86 562 399 184 Vehicular 
10/12/05 10 26 492 245 137 Vehicular 
10/16/05 8 199 527 342 104 Vehicular 
10/17/05 9 311 674 470 124 Vehicular 
10/18/05 4 570 726 652 81 Vehicular 
10/19/05 5 363 847 627 204 Vehicular 
10/23/05 2 1140 1495 1318 250 Vehicular 
10/24/05 2 873 1201 1037 232 Vehicular 
10/25/05 3 752 994 858 124 Vehicular 
10/26/05 7 294 475 386 63 Vehicular 
10/27/05 6 415 1140 710 269 Vehicular 
10/28/05 4 181 337 257 66 Vehicular 
10/29/05 4 311 415 372 48 Vehicular 
10/31/05 6 95 207 154 38 Vehicular 

from crater
and an

additional
input of

magmatic
gases

11/1/05 6 276 389 314 40 Vehicular 
11/2/05 6 847 1210 1024 151 Vehicular 
11/3/05 5 82 138 110 22 Vehicular 
11/4/05 10 311 648 483 110 Vehicular 
11/5/05 7 708 1452 1159 279 Vehicular 
11/7/05 3 544 562 553 9 Vehicular 
11/8/05 4 380 821 639 230 Vehicular 
11/12/05 9 423 527 490 58 Vehicular 
11/26/05 7 294 475 386 63 Vehicular 
11/27/05 6 415 1140 710 269 Vehicular 
11/28/05 4 181 337 257 66 Vehicular 
12/2/05 4 233 605 438 161 Vehicular 
12/4/05 4 769 933 829 72 Vehicular 
12/5/05 6 372 1123 753 275 Vehicular 

Stage D 
Fluctuant-state

degassing
interval

D
OI

R
EP

E
VI

TP
U

R
E

-
TS

OP

(a) COSPEC/Rodriguez, (2004); (b) COSPEC/INSIVUMEH.
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HERNÁNDEZ et al. (this volume) reported a significant increase in the extent and intensity

of the fumarolic field inside the crater rim and of the surface temperature of the crater’s

lake a few days before the October 1, 2005 eruption. SO2 flux measurements were taken

using COSPEC during this period of time, showing average values around 140 tons/day

(BERNARD et al., 2004; RODRIGUEZ et al., 2004).

The surface covered by the pyroclastic products ejected during the October 1, 2005

eruption are shown in Figure 1 (SNET, 2005). The eruption produced ashfall on the west

side of the volcano. Ash layers about 3–5 cm were observed in Los Naranjos village. In

addition, the eruption produced lahars and launched ballistic material (up to 2 m in

diameter) at distances up to 3 km from the crater. About 80% of the vegetation in an area

defined by a radial distance of 3 km from the crater was damaged during this eruption.

The villages more affected by ash fall were Los Naranjos, La Majada and Apaneca, as

well as Ahuachapán city.

Increased emissions of volcanic gases usually precede eruptive activity (MALINCONICO,

1979; YOUNG et al., 1998; TARAN et al., 2002). Research and monitoring of these emissions

can provide warning signals for possible eruptions such as has happened in other global

volcanoes, for example the March-April, 1982 eruption of Mount St. Helens (SWANSON et

al., 1985). Previous work on diffuse CO2 at Santa Ana volcanic complex was carried out by

SALAZAR et al., 2001, finding that most of the CO2 degassing at Santa Ana is limited to the

central area of the volcano. An important challenge in volcanic research andmonitoring has

been the sampling of volcanic gases within the crater, which is dangerous during active

periods. Therefore, optical remote sensing methods such as Ultraviolet and Infrared

Spectroscopy are suitable to measure volcanic gas emissions. The UV sensor COSPEC has

been used for remote monitoring of volcanic plumes since the early eighties (STOIBER et al.,

1983). COSPECwas a major change from direct gas sampling to remote sensing. Sampling

of gases within craters and determination of their composition are more accurate than

remote methods. However, better safety and increased sampling frequency are the benefits

of remote sensing, greatly improving the ability to evaluate degassing trends.More recently,

Differential Optical Absorption Spectroscopy (DOAS) has allowed highly sensitive and

specific detection of many gases using artificial sources or scattered sunlight (GALLE et al.,

2002). The MiniDOAS is compact, lightweight, portable, and relative simple equipment,

which was successfully introduced for remote sensing of SO2 fluxes in volcanoes in 2002

(GALLE et al., 2002). In this paper, we present measurements of SO2 emissions performed

using a miniDOAS system before, during, and after the last phreatic eruptive period of the

Santa Ana volcano.

2. Methodology

The miniDOAS system is based on a spectrometer (Ocean Optics S2000) coupled to a

telescope through a quartz optical fiber (diameter 800 lm). The unit is powered via the

USB-port of a laptop computer, which also supports data transfer. The spectrometer is
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calibrated using a mercury lamp. The software used for controlling the spectrometer was

developed at Chalmer University of Technology and it is called MobileDoas. In our work,

the spectra were re-evaluated using DOASIS (DOAS Intellingent System). DOASIS is a

software that filters the interference of other chemical species with the SO2 spectrum,

generating a cleaner spectrogram and a better determination of the SO2 fluxes. In a typical

measurement the mini-DOAS was carried on a car and spectra were recorded while the car

moved under the volcanic plume. The plane formed by the moving car with the

MiniDOAS and the trajectory of the car is approximately perpendicular to the direction of

movement of the plume. The distance from the transect to the crater is between 5 and

15 km. The car position was tracked using a handheld GPS receiver. The parameter

obtained at every measurement point along the transect is concentration of SO2 times

meter (ppm.m or mass.length-2) or SO2 column density. The direction of plume transport

was found using the GPS position of the maximum SO2 column density and the crater

position. Integrated path values were obtained by adding the products of the SO2 column

density and perpendicular displacement for each segment along the path (mass.length-1).

SO2 flux values were obtained multiplying the integrated path values times the mean value

of the wind speed during the time of the measurements (mass.time-1). Values of wind

speed were estimated using the FNL model of the National Oceanic and Atmospheric

Administration (NOAA) at 700 and 850 HPa (Hectopascals). Typical transects for this

study are shown in Figure 2.

During the time period of this investigation, SO2 flux measurements were taken at

variable time intervals. From August 24 to December 5, 2005, almost daily measurements

were taken. The number of transects measured every day varied from 1 to 18. When

several transects were measured in one day, the average daily flux is reported. Variations

in SO2 flux at different times of the day were investigated on October 2, 7, and 9. The

results for the different SO2 flux measurements taken by other authors before 2005 and

the values obtained in this work are shown in Table 1.

3. Results and Discussion

3.1. Pre-eruptive Period (June–September 2005)

The relatively low values of SO2 flux measurements taken using COSPEC during

2001 and 2002 (140 tons/day; BERNARD et al., 2004; RODRIGUEZ et al., 2004) are in good

agreement with the low RSAM (Real Time Seismic Amplitude Measurements) values

measured during April–June 2005 (< 20 RSAM units), as shown in Figure 3. This value

of around 20 RSAM units will be considered in this paper as the base line for volcanic

seismicity. The RSAM system was developed by the USGS to study seismic activity

during volcanic crises (EWERT et al., 1993). During volcanic crisis, it is often difficult to

distinguish individual seismic events. Instead of focusing on individual events, the

average amplitude over 10-minutes intervals is computed and stored (RSAM). If the
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amplitude or rate of the volcanic tremor increases, RSAM also increases. The importance

of seismicity as a precursor to eruptive activity has been demonstrated (CHOUET, 1996).

This increase in seismicity can be related to magma or gas movement.

At Santa Ana volcano, two stages can be identified during the pre-eruptive period as

shown in Table 1 and Figure 3. Stage A comprises the period between 05/13/2005 and

09/02/2005, as it can be observed in the increase in RSAM and SO2 happening around

that date in May. During stage A, from 05/13/2005 to 08/20/2005, we observed an

anomalous increase in SO2 flux of 893 tons/day (from 541 ± 34 tons/day to

1434 ± 466 tons/day), as shown in Table 1. In comparison, from 08/20/2005 to 08/24/

2005 the flux increased *2850 tons/day (from 1434 ± 466 to 4285 ± 29 tons/day,

respectively). This emission of SO2 is up to 30 times greater than the 140 tons/day found

during the previous period. Increases in SO2 emissions at Santa Ana volcano have been

reported during non-erupting periods. In February, 2001, COSPEC measurements

showed a noticeable increase of SO2 by a factor higher than 8 (WUNDERMAN and ED

VENZKE, 2001). However, that increase is considerable lower than the factor of 30

observed at Santa Ana during the period prior to the eruption of 2005. This increase of

SO2 flux suggested the rise of magma to a level that promoted gas emission and/or gas

transmission through the hydrothermal system. The increase of volcano-tectonic (VT)

seismicity is in good agreement with this interpretation (Fig. 3). The RSAM values,

measured at the San Blas Station increased to values of 54 RSAM units on 08/20/2005.

This value represents an increase of more than 30 RSAM units with respect to the base

line seismicity. Two seismic events occurred on 08/24/2005 on the south flank of the

Santa Ana volcano. These events were located between Cerro Verde and San Blas

Figure 2

Typical transect A: Los Naranjos-Sonsonate B:Santa Ana-El Congo, October (2005).
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Seismic Station (see Fig. 2). On 08/30/2005 a maximun RSAM of 154 units was

observed. This increase in seismicity occurred at the time that high incandescence

appeared in the volcano crater. Starting on 09/02/2005 a decrease of the SO2 emissions

was observed. These changes can be interpreted as a partial sealing of the conduit by a

solidified plug of magma, which will cause later overpressurization of the system as

suggested by CASADEVALL et al. (1981).

Stage B comprises events taking place from 09/03/2005 to 09/30/2005 which

follows a cyclic behavior similar to stage A but with a much higher incandescence in

the volcano main crater (visual observations). During the first part of stage B, SO2 flux

increased, reaching a daily maximum of 4241 ± 917 tons/day on 09/13/2005 followed

by a decrease to 1184 ± 446 tons/day on 09/22/2005. Subsequently SO2 flux increased

again reaching a daily average of 3315 ± 391 tons/day on 09/26/2005. The two peak

values of the SO2 flux on 09/13/2005 and 09/26/2005 correlated with increases in VT-

seismic events during the subsequent days, reaching 14 and 23 events, respectively

(Demetrio Escobar, SNET, personal communication). According to DAAG et al. (1996),

an increase in SO2 flux to a peak value suggests the rise of magma to a level that

promotes gas exsolution, water displacement, and gas transmission through the

hydrothermal system.

The observations during stage B can be summarized as follows. The SO2 flux appears

to have been variable prior to the 10/01/2005 eruption. This behavior may indicate

periodic fracturing of the rocks that had been sealing and pressurizing the magma in the

conduit. This fracturing of the sealing cap is due to increased pressure and allows gases to

be exsolved more easily from the magma head, but in a cyclic way following the

fracturing events. The changes observed in the rates of SO2 flux reflect changes in the

magmatic degassing. These changes are also reflected in the heating rate of the crater as

reflected in variations in incandescence. Two days prior to the October 1st eruption

Figure 3

SO2 flux variations in the pre-eruptive, eruptive and post-eruptive periods and the RSAM signal of Seismic

Station San Blas at Santa Ana Volcano during 2005. SO2 flux was measured with a MiniDOAS system.
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changes in the predominant seismic frequency (from 8 to 5 Hz) were observed (Demetrio

Escobar, SNET, personal communication). The observed changes in gas release could be

the main cause of the changes in seismic frequency. Modeling studies of degassing in

magmatic chambers by BENOIT and MCNUTT (1997) and NEUBERG et al. (2000) show that

gas concentration affects the seismic velocity and the observed spectra in the low

frequency region. Changes in seismic frequency are produced by cycles of pressure

within the magma conduit due to different types of resonance sources at different depths.

As a gas pulse moves upward within the magmatic conduit towards the magma head

intercepts fractures. The magma conduit acts as a resonance source that changes

resonance frequency due to the fractures and produces the changes in spectral frequencies

measured in the seismograms. The degassing and bubbling of magma also changes due to

changes in acoustic vibration. Changes in gas concentrations can produce changes in

dominant seismic frequency and shift in spectral frequencies during hybrid and long-

period seismic events (NEUBERG et al., 1998; BAPTIE et al., 2002;NEUBERG and O’GORMAN,

2002).

3.2. Phreatic Eruption (1st October 2005)

The phreatic eruption occurred at 08:05 a.m. on 10/01/2005 as shown with the arrow

in Figure 3. Two transects were performed during this day around 10:00 am and 04:00

pm producing SO2 flux values of 2925 ± 29 tons/day and 212 ± 21 tons/day, respec-

tively. These values are a factor of 3 and 47 lower than the 10,000 tons measured in the

erupted cloud by the Ozone Monitoring Instrument (OMI) on board NASA’s Aura

satellite during the phreatic eruption of Santa Ana Volcano (NASA EARTH OBSERVATORY,

2005). Ground-based and satellite-based measurements can give different values due to

the uncertainties in the measurements and the different methodologies (fluxes in the

ground-based measurements and SO2 mass content in the OMI measurement). However,

these values show order of magnitude differences. On the other hand, the RSAM values

reached values up to 1368 RSAM units at the time of the eruption, extremely higher than

all previous values. However, similar to the SO2 fluxes, the RSAM values decreased

dramatically after the eruption. At 07:00 pm (11 hours after the eruption), the RSAM

went down to 20 RSAM units.

Observations by the OMI instrument (NASA EARTH OBSERVATORY, 2005) show that

the cloud of gas displaced to the southwest. This is in agreement with the mapped ash fall

as shown in Figure 1 that presents a thickness of up to 10 m close to the crater and the

plume spreading towards the southwest with 2 mm thickness at Ahuchapán City.

3.3. Post-eruptive Period (October 2 – December 5, 2005)

Stage C corresponds to small explosions in the crater from October 2 to October 31,

2005. Measurements of SO2 flux from active volcanoes are not done very frequently due

to instrumental limitations, changes in wind conditions, expensive equipment and time
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consumption (Andres and Rose, 1995). However, on the days following the eruption,

transects of SO2 were measured approximately every hour with the purpose of observing

variations of this parameter and its relationship with subsequent events in the Santa Ana

volcano. The results for the SO2 flux measured at the Santa Ana volcano plume are

presented in Figures 4, 5, and 6 for the dates October 2, 7, and 9. In these graphs, the

occurrence of explosions as detected by San Blas seismic station is also shown. Seismic

tremor, and lahars are indicated with arrows. It should be noted that Hurricane Stan was

hitting El Salvador during early October, increasing the risk for lahars and other related

phenomenon. On October 2nd, an increase from 262 ± 21 to 866 ± 104 tons/day of SO2

flux preceded an explosion. Later that day, a landslide to the east and southeast of the

crater generated a lahar that traveled 5 km away from the crater towards Coatepeque

Lake. In addition, the Stan storm and the small explosions produced during this day

considerable damage to the west and northwest flanks. On October 7 (Fig. 5) peaks of

SO2 flux were observed at 9:14 am,12:30 and 15:32 pm. In addition, a marked increase of

the VT-seismic events at 11:40 am, 14:00 and 20:17 pm due to small explosions was

observed. On October 9 (Fig. 6), the SO2 flux started to increase clearly before an

explosion occurred around 11 a. m. and reached peak values around 12 m. In all these

explosive events, SO2 flux started to increase before the explosions and reached a peak

after the explosions took place. Note that on the explosion of October 2, the peak value

was probably not detected because measurements were not taken during the few hours

after the event. The observational results imply that increased degassing occurs before the

explosions. A low permeability degassed magma cap on top of the magma head can

generate an accumulation of gases and over-pressurization on the magma head. As the

pressure rises, the magma cap starts to break and allows the release of small fluxes of

gases before the explosions. However, before the explosions the rate of accumulation of

gases is greater than the fluxes released to the atmosphere and the pressure continues to

increase. This high pressure is transferred throughout the magmatic conduit and the

magmatic chamber until it is high enough to produce the observed explosions and

subsequent high release of gases. These conditions can be considered similar to those

Figure 4

Hourly SO2 flux at Santa Ana volcano plume during October 2, 2005.
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happening on Soufriere Hills volcano, Montserrat, where long period seismic events have

been recorded and occurred at the same time with visual observations of ash and gas

venting at the surface, and immediately preceding rockfalls (LUCKETT et al., 2002).

Increased SO2 emissions often precede and/or occur simultaneously to increases in

eruptive activity (MALINCONICO, 1979; YOUNG et al., 1998). In Figure 3, an additional

input of magmatic gases into the feeding system is suggested during October 24–26, due

to an increase of SO2 flux. At that time, a new crisis of the volcano was suspected with

values of 103 y 127 RSAM units registered at the San Blas seismic station. These high

RSAM values occurred on October 23 and 24, 2005. At the same time, SO2 flux increased

reaching values of 1318 ± 250 and 1037 ± 232 tons/day, respectively. These fluctua-

tions in SO2 flux can be interpreted as decreases in pressure in the magma head that

allows the ascent of intermittent, less dense bubble-bearing magma through the magma

conduit and produces changes in the RSAM signal. On the other hand, LP-events and

hybrid earthquakes are generated from the excitation and resonance of a fluid magma

body surrounded by an elastic medium (FERRAZZINI and AKI, 1987).

Figure 5

Hourly SO2 flux at Santa Ana volcano plume during October 7, 2005.

Figure 6

Hourly SO2 flux at Santa Ana volcano plume during October 9, 2005.
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3.4. Stage D Fluctuant-state Degassing Interval (November–December, 2005)

During the months of November and December, 2005, measurements of SO2 flux

were done more irregularly (Fig. 3). The changes of SO2 flux observed during this time

correlate with small variations in the seismicity of the volcanic system. Visual

observations were done on November 4, at a distance of 2 km from the crater, at the west

side. These observations allowed us to identify a small plume ascending approximately

three hundred meters above the crater (Fig. 7a). In another inspection of the summit

crater on November 11, a change in color in the crater lake was observed (Fig. 7b), from

green before the eruption to turquoise after the eruption. This change in color could

correspond to the deposition of new sulfate minerals that were not present before the

eruption. The fumarolic area that existed at the walls of the crater was found sealed, and

an intensive bubbling was occurring at the crater lake. This bubbling indicates direct

interaction of the lake with the magmatic-hydrothermal system. More recently (March,

2006), a reduction in the size of the crater lake was observed (Fig. 7c) if it is compared

with its original area before the eruption. Heat and gas transfer is changing the chemical

composition and temperature of the lake (Figs. 7b and 7c). For the entire stage D, a

maximum value of SO2 flux of 1024 ± 151 ton/day was measured in November 2, 2004,

and a minimum value of 110 ± 22 ton/day in November 3, 2004, with an average of

599 ± 218 tons/day.

At Santa Ana volcano, frequencies of 2 and 4 Hz (Demetrio Escobar, SNET,

personal communication) in the spectrograms were recorded during stage D. These

dominant frequencies correlated with the decreasing and fluctuating flux of SO2.

JOHNSON and LEES (2000) explains that signals between 1 and 5 Hz can be classified as

degassing ‘‘chugging’’ events. At Pinatubo volcano, similar bands with frequencies

between 3.5 and 4.5 Hz were present on June 12, 1991, and continued until June 16,

1991. These bands were explained as magma movement and release of associated

volatiles into a new system of cracks before the eruption of June 15, 1991 (POWER et al.,

1996). The displacement of frequency patterns correlated well with the RSAM signal.

Figure 7

a) Small plume at Santa Ana volcano on November 4, 2005. b) Sulphurous lake at the Santa Ana volcano crater

as observed on November 12, 2005. c) Sulphurous lake at the Santa Ana volcano crater as observed on February

26, 2006.
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These changes in the frequency pattern (long-period earthquakes and tremor) have been

observed in other global volcanoes, for example: Arenal in Costa Rica (HAGERTY et al.,

2000), Karymsky in Russia (JOHNSON and LEES, 2000), Montserrat in West Indies

(NEUBERG et al., 2000), Erebus in Antartica (ROWE et al., 2000), and Lascar in Chile

(HELLWEG, 2000).

The gas pulses identified in the frequent SO2 measurements taken during stage D are

probably explained by changes in the partially sealed conduit of the crater as well as

possible changes in the density of the magma (JAUPART and VERGNIOLLE, 1989). The

pressure within the magma head decreases due to the released gases. The gas composition

of the remaining gases changes because different magmatic gases have different partition

coefficients (GIGGENBACH, 1980). These changes in composition also generate changes in

magma density. The decreasing trends of SO2 flux have also revealed the influence of the

hydrothermal system covering the degassing magma. Open or partially open conduits in

the interior of the crater make possible the leak and rapid ascent of gases through the

hydrothermal system that surrounds the magmatic environment (DOUKAS and GERLACH,

1995). However, the magma that does not have the right pressure for the gases to ascend

and leave the crater, remains trapped in the magma conduit until more gases accumulate

or new batches of magma reach shallower levels. The fluctuations of SO2 flux also can

reflect a convective magma circulation and transfer of gases within the magmatic

chamber, such as is observed in the large period events registered in the seismograms.

New batches of magma arriving at shallow levels by convective circulation from deeper

levels within the chamber should provide higher release of gases. In addition, convection

of magma within the magma conduit has been proposed as a mechanism to transport

volatiles to shallow levels (KAZAHAYA et al., 2004; WITTER et al., 2004). The geometry of

the magma conduit controls the exsolution of gases. KAZAHAYA et al. (2004) have

modeled the ascent of magma within a pipe showing that gas exsolution is affected by the

radius of the magmatic conduit. As heat and gases are transferred to the surrounding

rocks and to the atmosphere, changes in the radius of the magmatic conduit can occur due

to channel erosion or rock collapses. These processes can also produce changes in the

emitted SO2. Variations in density due to the degasification process have been proposed

to drive magmatic convection within magmatic conduits. As magma degas, the denser

magma in the magma head sinks and allows the lighter magma, richer in gases, to ascend

producing an increase in gas release at the magma head (STEVENSON and BLAKE, 1998).

This mechanism explains the degasification process in non-erupting volcanoes that

release gases continuously at their craters (KAZAHAYA et al., 1994; ALLARD, 1997;

STEVENSON and BLAKE, 1998). As the magma batch degasses decreasing the volatile

concentration, the exsolved fluxes should decrease. As convection is a periodic

phenomenon, the fluxes should also behave periodically. Another possible explanation

for the decrease in SO2 flux is the decreasing degasification of the magma as the

concentration of dissolved gases decreases with time (ANDRES et al., 1993; GARDNER and

WHITE, 2002).
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3.5. Correlation between RSAM and SO2 Flux

The SO2 flux and RSAM data versus time plotted in Figure 3 suggest that both variables

are correlated in time. Higher values of both variables occur almost at the same days.

However, the construction of a cross-correlogram between both variables can allow the

identification of any time lag between these two variables (DAVIS, 2002). Figure 8 shows the

cross-correlogram between SO2 and RSAM. In this Figure, a clear lag of zero days can be

observed between the two variables because the cross-correlogram has a peak at zero days

with a correlation coefficient equal to 0.58. The test of significance of the correlation

coefficient (DAVIS, 2002) for the correlation coefficient of 0.58 and 61 data points gives a t

statistics equal to 5.41, which is significant at a confidence level higher than 99.99%. The lag

phase between the two variables is probably lower than 1 day, as suggested by Figures 4–6,

and the occurrence of explosions and seismic events. These figures suggest that the phase lag

is probably only minutes or hours. Time intervals between measurements smaller than 1 day

are needed to find the right phase lag between the variables.

4. Conclusions

At Santa Ana volcano, seismic measurements (RSAM) and fluxes of SO2 have proved

to be a good tool to detect changes in volcanic activity during the recent eruptive period.

Both parameters showed an increase, with some variability, several months before the

eruption. SO2 flux reached thousands of tons/day a few days before the eruption and

RSAM showed similar trends. This behavior indicates that the measurement of these two

parameters in active volcanoes such as Santa Ana is essential to forecast future eruptions

as has happened in other worldwide volcanoes (e.g., Pinatubo and Montserrat volcanoes).

Figure 8

Cross-correlogram of RSAM and SO2 flux at Santa Ana volcano from August to December, 2005. A maximum

in the cross-correlogram at zero lag indicates that the lag phase between the two variables is smaller than one

day.

2502 R. Olmos et al. Pure appl. geophys.,



Within a few days of the eruption, variations in emissions of SO2 were closely related to

seismic and explosive activity at Santa Ana volcano. Increases in SO2 emissions were

observed prior to explosive events and the flux increased to peak values after the explosion.

This initial increase seems to occur within an hour of the explosion. This situation probably

also happens whenmajor eruptions occur but we have not detected it because SO2 fluxes are

notmeasured very frequently in volcanoes. These changes are probably evenmore dramatic

at the time of large eruptions as found for Santa Ana volcano by the OMI instrument on

board NASA’s Aura satellite. Consequently, methods to monitor SO2 more frequently are

needed. COSPEC andMiniDOASmeasurements made from an Air planes or from vehicles

take too long and can be made only during the day. New sensors that can be operated

remotely and thatmeasure the fluxes at night and day are needed, aswell as the improvement

of the resolution of the remote sensors used by satellites.

According to the behavior of the SO2 flux from Santa Ana volcano and the RSAM,

SO2 degassing of magma at Santa Ana volcano after the anomalous changes that started

in May of 2005 have been caused mainly by a high accumulation of volatiles at shallow

levels (magma head) in the magmatic conduit. The periodic fluctuations in SO2 degassing

and seismicity at Santa Ana volcano are probably the result of a combination of processes

such as the convective circulation of magma within the magmatic chamber that transports

fresh magma rich in gases to shallower levels and releases high fluxes as it arrives. Later

the gas fluxes decrease until the magma becomes denser and sinks again to give path to

another magma batch. another possible mechanism is the plugging and unplugging of the

conduits as magma cools and solidifies, then the increase in pressure inside the chamber

can again break the seal, and gases again are released abundantly. Finally, during the

periods of low to moderate release of magmatic gases, external factors such as tidal and

atmospheric effects can also generate cyclic behavior in the seismicity and probably in

the gas released (LóPEZ et al., 2006; NEUBERG, 2000a, b; RYDELEK et al., 1988).
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Crater Lake Temperature Changes of the 2005 Eruption of Santa Ana

Volcano, El Salvador, Central America

P. A. HERNÁNDEZ,1 N. M. PÉREZ,1 J. C. VAREKAMP,2 B. HENRIQUEZ,3 A. HERNÁNDEZ,3

J. BARRANCOS,1 E. PADRÓN,1 D. CALVO,1 and G. MELIÁN
1

Abstract—A sudden eruption at Santa Ana occurred on 1 October 2005, producing an ash-and-gas plume to

a height in excess of 10 km above the volcano. Several days before, thermal infrared images of the crater

provided precursory signals of the eruption. A significant increase in the extent and intensity of the fumarolic

field inside the crater rim and of the surface temperature of the crater’s lake was observed. Changes in energy

input was also estimated to explain the increase in lake temperature based on energy/mass balance calculations.

Key words: Santa Ana, crater lake, volcanic eruption, thermal precursors.

1. Introduction

Santa Ana volcano is located 40 km west of San Salvador, in Central America. This

massive stratovolcano rises 2,381 m above mean sea level (Fig. 1) and forms a part of the

Central American volcanic chain, which results from the convergence of the Cocos and

the Caribbean plates. It is located at the intersection of a NW-SE system of regional faults

(WILLIAMS and MEYER-ABICH, 1955) and the southern boundary of the so-called ‘Central

American Graben’, an extensional structure parallel to the Pacific coastline of El

Salvador (ROTOLO and CASTORINA, 1998). The NW-SE system of faults is considered a

major structural feature of El Salvador’s geology (WIESEMANN, 1975), found over the

entire country, and expressed in the Santa Ana region by fissures and alignments of

volcanic edifices and eruptive centers. This volcanic complex consists of the Coatepeque

collapse caldera, a 6.5 9 10.5 km elliptical depression about 0.22 Ma (PULLINGER, 1998),

the Santa Ana and Izalco volcanoes, as well as numerous cinder cones and explosion

craters (Fig. 1).
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The activity during the last few thousand years has been characterized by phreatic or

phreatomagmatic eruptions at the central summit vent (PULLINGER, 1998), suggesting the

existence of a large and permanent hydrothermal system beneath the Santa Ana volcano.

With 12 historic eruptions, it is one of the most active volcanoes in El Salvador. Its

summit contains an acid lake with an average surface temperature of 18–20�C within a

0.5-km diameter explosion crater that was formed during the most recent eruption in

1904. Hot springs, gas bubbling and intense fumarolic emissions are observed along the

shoreline of this crater lake. A volcanic gas plume, usually driven by the NE trades, may

be seen rising to 500 m from the summit crater of the Santa Ana volcano.

The presence of a lake in the crater represents an interesting opportunity for long-term

monitoring since it acts as a calorimeter and chemical condenser, integrating most of the

heat flux and volatiles released by the shallow magma (BERNARD et al., 2004). The

physico-chemical characteristics of a volcanic lake depend largely on the magnitude of

the volcanic/hydrothermal heat and mass influx and the capacity of the lake to dissipate

the heat. BERNARD et al. (2004) observed changes in the depth and volume of the crater’s

lake between 2000 and 2002 from 27 m to 20 m and from 4.5 9 105 m3 to 3.105 m3,

respectively. Changes of the temperature and chemical and physical parameters of the
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Simple morphological and structural map of Santa Ana volcano complex and its surroundings, El Salvador,

Central America. In the map of Central America, closed triangles represent active volcanic systems of the

Central American Volcanic Belt.
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volcanic gases and volcanic lakes have been observed before volcanic eruptions and

became useful tools to monitor the activity of the volcanoes (GIGGENBACH, 1974, 1983;

TAKANO, 1987; ROWE et al., 1992; BADRUDIN, 1994; PASTERNACK AND VAREKAMP, 1997;

VANDERMEULEBROUCK et al., 2000; HERNáNDEZ et al., 2001; VAREKAMP et al., 2001, DEHN

et al., 2002).

In the beginning of July 2005, the seismic network of the Servicio Nacional de

Estudios Territoriales (SNET) of El Salvador at Santa Ana volcano detected an

anomalous seismic activity (09/2005, BGVN 30:09). After the detection of these possible

volcanic precursors, a monitoring of the SO2 emission in the volcanic plume of Santa

Ana by means of remote sensors (COSPEC and miniDOAS) started. University of El

Salvador (UES) scientists carried out most of the measurements under a collaborative

scientific project UES-ITER (Institute of Technology and Renewable Energy) financed

by the Spanish Aid Agency (AECI), finding a significant increase of the SO2 emission

rate at the beginning of September 2005 (OLMOS et al., 2007). Subsequently, a more

intensive survey was carried out at Santa Ana volcano several days before the volcanic

eruption on October 1, 2005. A thermal survey of the summit crater fumaroles and the

volcanic lake together with intensive monitoring of the volcanic plume before and after

the volcanic eruption provided information on precursory signals of the pending volcanic

eruption.

This paper reports the thermal precursors detected before the 2005 eruption of Santa

Ana and estimates the energy/mass balance associated with the volcanic heat transfer

during the volcanic unrest.

2. Chronology of the Volcanic Eruption

Based on the monthly Smithsonian reports of the volcanic activity of Santa Ana

(04/2001, BGVN 26:04; 09/2005, BGVN 30:09) since June 2005, strong degassing

occurred at the summit area with an ash emission on 16 June. A slight increase in the

seismicity together with a significant increase in the gas emission rate were observed

from 27 July until at least 30 August. SNET scientists recorded on a daily basis surface

temperature at the center of the lake, documenting an increase of the from 20�C to

25�C during the period April–June 2005. No more data are available since then due to

accessibility problems. Observations made by SNET scientists on 29 August revealed

incandescent rocks in the fumarolic fields inside the summit crater, effects attributed to

hot gases heating the rocks. At that time, a significant increase in SO2 emission was

recorded (OLMOS et al., 2007), together with a gas-and-steam plume rising 500–1,000 m

above the volcano’s crater. After these volcanic unrest signals, seismicity and gas

emissions continued above normal levels. During the first two weeks of September, the

SO2 flux was over 1,000 metric tons per day and from 5 September, satellite imagery

detected a thermal anomaly. On 16 September SO2 flux reached a maximum of 3,320

metric tons per day (14–20 September/2005, BGVN; OLMOS et al., 2007). Microseis-
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micity remained at relatively high levels and incandescence was visible inside some

cracks. During 21–26 September, seismicity and gas emissions showed the highest

values (1000–4000 tn SO2; BARRANCOS, 2005; OLMOS et al., 2007), indicating the

possibility of the occurrence of a volcanic eruption.

On 1 October 2005, a volcanic eruption occurred at Santa Ana, producing a plume of

14 km of altitude and several lahar deposits as far as 2 km SE of the volcano (28

September – 4 October/2005, BGVN). Following the eruption of 1 October, small

explosions, degassing, and low-to-moderate seismicity occurred at Santa Ana during

5–11 October. Surprisingly, during an aerial inspection of the volcano by the scientific

staff of SNET on 11 October, no important changes were observed at the crater. On 11

October, SO2 measurements were around 600–700 metric tons per day.

The volcanic activity of Santa Ana remained high until February 2006, with relatively

high SO2 emission rates (500–1000 t/d) (Barrancos, personal communication), seismicity

above background levels, and strong evaporation of the summit crater lake.

3. Procedures and Methods

With the aim to detect thermal precursors of the volcanic eruption of Santa Ana

volcano, a handheld thermal camera FLIR (Forward Looking Infrared Radiometer)

model P65 was used to collect thermal images from the crater’s lake and fumarolic area

at the summit of the volcano. FLIR data were collected on a daily basis between

September 19 and 26, 2005, and between February 20 and 26, 2006. This type of

handheld thermal camera has been used at other volcanoes such as Etna and Stromboli

volcanoes (DEHN et al. 2002, CALVARI and PINKERTON, 2004; CALVARI et al. 2005) and

other volcanic areas (CALVO et al., 2006, PADRóN et al., 2006). The FLIR consists of an

uncooled microbolometer detector with a thermal sensitivity of 0.05�C (50/60 Hz

50 mk at 30�C) which allows us to clearly see the smallest temperature differences. A

total of 76,000 pixels provide real-time, crisp, high-resolution 16-bit thermal images.

The built-in visual camera provides digital images linked with corresponding thermal

images. The field of view/min focus distance is 19 9 14�/0.3 m with a spatial

resolution (IFOV) of 1.1 mrad. Internal calibration together with an atmospheric

correction based on user input for reflected ambient temperature, distance, relative

humidity, atmospheric transmission, and external optics allow the FLIR to calculate

realistic digital source temperatures. Ambient temperature and relative humidity were

measured every ten minutes at the start of the thermal measurements with specific

sensors, whereas an emissivity correction factor was taken at 0.95 for hot rocks at the

fumarolic areas and at 0.96 for the lake water surface. Accuracy of the instrument (% of

reading) was ± 2 �C or ± 2%.

Depending on the lens installed in the camera, different ranges of temperature are

available: -40�C to +120�C, 0�C to +250�C, +150�C to +500�C, and up to +1500�C,
which we did not have at the time of the September 2005 survey. During the collection of
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images, it is very important to select the correct range as well as the long line-of-sight.

Since the distances from the measuring points to the crater’s lake were about 400 m

(Fig. 2), we used the low-temperature range (-40�C to +120�C) for the detection of

small temperature gradients. Solar reflection was avoided since most of the measurements

were carried out after sunset. To check if reflection on the lake surface due to the thermal

energy radiated from the high temperature fumarolic field was affecting the observed

thermal anomalies, several pictures were taken from the west side of the rim. The results

were similar to the images taken from A and B sites (Fig. 2). The middle temperature

range (+150�C to +500�C), which can measure extrapolated temperatures up to +850�C,
was used for observing the incandescent fumarolic areas. To minimize the effect of gas

and aerosols absorption, most of the measurements were carried out from the opposite

side of the crater where the volcanic plume occurred. We assumed following CALVARI

et al. (2005), the associated errors to the thermal images collected during this field work

to be between 6–20%, depending mainly on the wind direction during the measurements.

Once measurements in the field were completed, images were optimized with the

software TherrmaCAM at the field lab.

SO2 flux measurements were taken by means of two different remote sensors, mini-

DOAS and COSPEC. Mini-DOAS was used in all the measurements whereas COSPEC
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Figure 2

Summit area of Santa Ana volcano showing the sites (A and B) from where the thermal IR images were recorded

in both surveys, September 2005 and February 2006. Abbreviations are as follows: FA, Fumarolic Area; L,

Lake; R, NE Rim of inner crater.
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was used only during several days to compare the fluxes obtained with both instruments

(BARRANCOS, 2005).

Mini-DOAS is based on an Ocean Optics USB2000 spectrometer, taking the light

caught by the telescope and guided through an optical fiber to the spectrometer. The

detector, which can operate at ambient temperature, is a CCD-array of 2048 elements (13

lm (width) 9 200 lm (height)) treated for enhanced sensitivity below 360 nm

resolution, a 50 lm slit and spectal resolution of *0.6 nm over the wavelength range

of 245–380 nm. The COSPEC is a correlation spectrometer designed for vertical or slant

column measurements of SO2 concentration using zenith sky-scattered sunlight. The

calibration always was performed in situ by placing cells containing known amounts

(ppm•m) of gas in the path of the radiance dispersed by the instrument (‘high and low’).

The detection limit of the COSPEC is lower than 5 ppm with short time constants (1 s),

and higher than 10% during adverse meteorological conditions which affect the intensity

of light.

Measurements by COSPEC and mini-DOAS were carried out as mobile measure-

ments by placing the instruments on a car and traversing beneath and roughly

perpendicularly to the volcanic plume of Santa Ana (BARRANCOS, 2005). Total integrated

concentration cross-sections of SO2 were obtained and later multiplied by the estimated

plume velocities to yield the total source emission rates (ton/day).

4. Summit Crater’s Lake and Fumarole Temperatures

Measurements of temperature were focused at the summit crater lake and the active

fumarolic areas by means of a thermal camera FLIR. During the September 2005 survey,

a significant increase in the extent and intensity of the fumaroles and the surface

temperature of the lake was observed. For several years, the fumarolic area located at the

west side of the lake has been present, with temperatures of 532�C measured in January

2000, 875�C in June 2002 due to a sudden increase in the fumarolic activity (BERNARD

et al., 2004) and decreasing in December 2003 to 264�C and January 2004 to 360�C
(SNET, Monthly Report). Due to technical and accessibility problems, no more

temperature measurements in the high temperature fumarolic area have been carried out

since February 2004.

Surface temperature of volcanic lakes is a good indicator of volcanic activity. During

periods of low volcanic activity, temperatures of the water at the crater’s lake of Santa

Ana volcano range near ambient atmospheric values (17–21�C). Heating episodes

increase the temperature of the lake water and reflect changes in the flow rate or in the

enthalpy of hot fluids entering the lake (BERNARD et al., 2004). The only way to obtain

temperature data of the fumarolic area and crater’s lake at the time of both surveys was

the use of a handheld thermal camera. For this reason thermal IR images were taken at the

lake‘s surface during September 2005 and February 2006 surveys. During both thermal
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surveys, measurements were carried out under stable weather conditions, avoiding cloudy

days and rain.

During the measurements carried out in September 2005, we used an average value of

65% for atmospheric humidity, 22�C for atmospheric temperature and 0.88 for

atmospheric transmission. The viewing distance for the measurements was 400 m,

resulting in a pixel size of 50 cm; such a small pixel size can reduce apparent peak

temperatures. One of the most important observations was the significant increase of the

temperature at the center of the lake surface‘s, compared to the temperatures measured at

the same area by the SNET scientific staff until July 2005 (Fig. 3). This increase was

higher in those areas closer to the fumarolic field, where bubbling was also observed,

indicating changes in the flow of hot gases entering the lake. These observations, together

with the increase in the seismicity and the relatively high SO2 flux emission rates

measured during this survey, indicated precursory signals of renewal magmatic activity at

Santa Ana and suggested the possibility of an incoming high volcanic activity in the

immediate future. From the observed temperature gradient at the lake’s surface in 20

September 2005, we distinguished four areas characterized by different colors (different

temperatures) which we called areas 1, 2 3, and 4 (Fig. 4). Table 1 shows the average and

maximum surface temperatures of the four colored areas selected at the lake during the

September 2005 thermal survey. The maximum apparent temperature measured at the

surface of the lake at that time was 58�C and close to the fumarolic field with an average

temperature of 29�C for the lake surface.
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Figure 3

Time series of temperature measured at the center of Santa Ana volcano crater’s lake by scientific staff of SNET

(El Salvador) during the period April to July 2005. Also shown are the maximum and average temperatures

measured at the center of the crater’s lake with the thermal camera FLIR in September 25, 2005.
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Thermal images of the fumarolic field were taken on 20, 21 and 25 of September

2005, the last one five days before the volcanic eruption (Figs. 5a, 5b and 5c). These three

images have been corrected with the atmospheric and internal parameters of the FLIR for

comparison. The IR images show the concentric and incandescent fractures which
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Figure 4

(a) View of Santa Ana’s summit crater and hosted crater’s lake taken September 20, 2005, from the southeast

rim. Dark blue line indicates the area affected by intensive fumarolic activity. (b) Thermal image of the lake’s

surface taken from the southeastern rim of Santa Ana volcano on 20 September 2005. White lines indicate

separately the four different thermal areas selected in this study. Green line denotes the crater’s lake shore line.

The yellow bright spot at the high left end of the image is the high temperature fumarolic area.

Table 1

Surface lake’s apparent temperatures measured at Santa Ana crater

lake on September 20, 2005

Area Average Temperature (�C) Maximum Temperature �C)

1 27 33

2 29 37

3 36 47

4 46 58
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Figure 5

Thermal images taken on the high temperature fumarolic area (FA) on (a) 20 September 2005, (b) 21

September 2005 and (c) 25 September 2005, just few days before the volcanic eruption of Santa

Ana volcano.

Vol. 164, 2007 Crater Lake Temperature Changes 2515



resulted from inflation of the fumarolic field due to the high pressure of endogenous hot

gases. An increased intensity of the hotter areas is observed, indicating the increase of the

hydrothermal activity beneath Santa Ana volcano a few days before the volcanic

eruption.

In February 2006, four months after the volcanic eruption, a new thermal survey

was performed at Santa Ana summit crater. At this time the crater’s lake showed a

continuous lowering of the water lake level. Thermal IR images were recorded at the

same sites as those in September 2005. A significant decrease in the apparent

temperature of the remaining fumaroles at the summit crater was observed. As was

mentioned above, the area affected by hot degassing and incandescence was ‘‘cut’’ and

disappeared with the volcanic explosions during the eruption, leaving just a vertical

escarpment. During this second thermal survey, the remaining vertical escarpment

showed no significant high temperature (Fig. 6a). At the time of the volcanic eruption,

the incandescent area disappeared due to the volcanic explosions that occurred inside

the summit crater. This fact, together with the decreasing hydrothermal activity,

explains the observed relatively low fumarolic temperatures. However, a different

behavior was observed at the surface lake temperature. At the time of the February

2006 thermal survey, a significant increase in the water lake surface temperatures was

observed, this time quite homogeneous over the lake (Fig. 6b). The maximum recorded

apparent temperature was about 67�C, close to a small island that formed on the east

70
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Temp (°C)
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Figure 6

(a) Thermal image of the remaining vertical escarpment left after the volcanic eruption taken during the

February thermal survey (R in Fig. 2). White square indicates the location of the Fumarolic area before the

volcanic eruption. No significant thermal anomalies are observed. (b) Thermal image of the lake’s surface taken

from the southeastern rim of Santa Ana volcano on 24 February 2006, blue line shows the crater’s lake shore

line.
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side of the lake due to the strong evaporation. The fast evaporation process occurring at

the crater lake of Santa Ana after the volcanic eruption was possibly due to the residual

heat in hot rocks remaining beneath the volcano.

Lack of evidence regarding the presence of ‘‘fresh rocks’’ suggests that the anomaly

that led to the explosion was fed by a shallow, strongly degassing magma body. The

closeness to the surface was responsible for the high measured temperatures, and possibly

water that drained into heated cracks served as the trigger of the eruption. Seismic data

provided by SNET shows that banded as well as polychromatic tremor, and also LP and

VT events were indicating the ascent of magmatic gases, however no evidence of

extruding magma has been provided. In 2002, 875 �C was measured in the fumarolic field

without an eruption, consequently we can assume a vertical oscillation of a magmatic

body beneath the volcano. Thermal imagery is then essential for detecting future changes

in the dynamics of Santa Ana volcano.

5. Energy and Mass Balance Calculation

The observed increase of temperature at the surface of the lake of the Santa Ana

volcano during the volcanic unrest of 2005 indicated the existence of changes in the heat

input into the lake system of the volcano. To evaluate the magnitude of volcanic energy

input during the volcanic crisis, we used a box model developed by PASTERNACK and

VAREKAMP (P&V, 1997). Since the physico-chemical characteristics of a volcanic lake

depend largely on the magnitude of the volcanic/hydrothermal heat and mass influx and

the capacity of the lake to dissipate the heat, the P&V model uses outgoing energy and

mass fluxes as a function of lake temperature, basin geometry and atmospheric

parameters. Water mass balance with inputs of meteoric water and geothermal vapor or

liquid and outputs of water lost by evaporation, seepage, or stream outflow determine

whether a lake will maintain its volume or not (BRANTLEY et al., 1993). For a steady-state,

energy balance is expressed as:

Evolc
cond þ Esun

rad þ Evolc þ Eatm
rad ¼ Elake

rad þ Eevap þ Elake
cond þ Emeteoric ð1Þ

This equation shows that the energy inputs expressed as the sum of conductive heat input

from a shallow magma body (Econd
volc ), the short-wavelength solar flux (Erad

sum), the enthalpy

of the volcanic/hydrothermal flux (Evolc) and the long-wavelength radiative input from

the atmosphere (Erad
atm) must equal the lake surface long-wavelength radiation (Erad

lake), heat

loss due to surface evaporation (Eevap), lake surface conduction (Econd
lake ) and heating of

meteoric influxes up to the lake’s temperature (Emeteoric). To yield a conceptual and

generic model Pasternack and Varekamp made several simplifications and assumptions

(see P&V, 1997).

The model currently runs in Mathematica 5.2 and solves simultaneously all the

energy and mass-balance statements. Atmospheric parameters such as average annual
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air temperature, cloudiness and precipitation rate were entered, based on local

observations or derived from the geographical location (latitude) and altitude. The

temperature of the volcanic gas input is expressed as a function of the gas mass flux,

using a step function (a small flux of gas cools rapidly whereas a big gas flux maintains

magmatic temperatures). Following P&V (1997), we used a ‘standard arc gas’ with the

composition of 2% SO2, 5% CO2 and 93% of H2O. Gas inputs were expressed in MW

as well as in equivalent SO2 fluxes (t/d) for comparison with COSPEC data

(BARRANCOS, J., 2005; OLMOS et al., 2007). Ultimately, since the main energy input

comes from the conversion of steam to liquid water (enthalpy of condensation), gas

temperature and gas composition are not critical parameters (P&V., 1997). The current

version of the P&V model uses the evaporation expressions after SILL (1983) conformed

to STEVENSON (1992), nonetheless an important difference is the phrasing of the long

wavelength heat input from the atmosphere. The P&V model uses an empirical

expression that relates measured long wavelength heat fluxes to the surface temperature

(following LINACRE, 1992), whereas most other models simply use Boltzman’s Law with

the surface temperature (STEVENSON, 1992, BERNARD et al., 2004). The latter approach

creates larger atmospheric heat inputs into a lake (up to 30%), with resulting smaller

volcanic heat inputs needed to obtain a given temperature.

Running the model with various air surface temperatures at different elevations from

El Salvador, we calculated the surface temperature from the latitude and the elevation of

Santa Ana volcano (using a lapse rate of 6�C per km), getting a satisfactory relation

between elevation and air temperature. With this fitting we used a mean September 2005

temperature for the town of Santa Ana of 26.1�C (http://www.tutiempo.net/en/Climate/

Santa_Ana_El_Palmar/09-2005/786550.htm) which gave an air temperature in the crater
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Energy model results for a volcanic gas input and the resulting lake water temperature, with parameters specific

for Santa Ana volcano. The flux of volcanic gas is expressed in MW as well as in equivalent SO2 fluxes (t/d).

Also shown in more detail are the results for lake water temperature range 20–34�C.
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of 16.6�C, very close to locally measured temperatures in situ. We used a gas temperature

of 875oC, as measured in 2002 in the crater. The results of the model calculations are

shown in Figure 7.

Assuming an average temperature of 26.6�C for the entire lake’s surface during our

field work in September 2005, we estimated the flux of volcanic gas necessary to

maintain the observed lake temperature. Our calculations yielded a total of 21 t/d of SO2

(Fig. 8) or 10 MW for Santa Ana volcanic lake (20 m depth and 200 m of diameter), a

value in the range of similar volcanic lakes (PASTERNACK and VAREKAMP, 1997). BERNARD

et al. (2004) reported an energy flux of 16 MW when the lake surface was at its peak

temperature (30�C) in July-August 2000, which would give with the P&V model an

energy flux of 24 MW (using a crater air temperature of 15.7�C for June 2000), a slightly

larger value for model specific reasons that were discussed above. These values reflected

changes in the dynamics of the volcanic gas entering the lake and a clear sign of volcanic

unrest. Most of reported values of SO2 flux measured with COSPEC and miniDOAS

during our thermal measurements (OLMOS et al., 2007) were in the range of 500–1500 t/d,

which are considerably higher than the calculated values for the lake. In situ observations

at the crater area during our measurements showed that most of the volcanic gas (volcanic

plume) escaped through the fumarolic field and not from the lake’s surface. Only part of

this gas was heating the water of the lake to the observed temperature. Those areas of the

lake showing higher temperatures (max. of 54�C) were located close to the fumarolic

field, indicating that only these areas of the lake (areas 3 and 4 in Fig. 4) were affected by

the hot gases entering the lake.

During the volcanic eruption which occurred on October 1, part of the lake was

‘‘ejected’’ due to the phreatic explosion. Since the meteorological conditions did not
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allow scientists to make visual inspections of the summit crater, later on (November

2005) again a volcanic lake with slight changes in the color (light green), shape, level

of water and with a strong bubbling at its center (SNET, Informe mensual N�7) was

observed. Our observations made in February 2006 indicated a higher lake temperature

(67�C) and a fast evaporation rate indicating that the lake was not going to keep its

mass for a longer period of time. The loss of mass was so fast that during the 10-days

field work the level of the lake decreased about 1 meter. The volcanic input required

to create a lake temperature of 67 oC is 1400 t SO2/day or 860 MW energy input

(Fig. 8).

6. Conclusions

Two thermal surveys conducted before and after the occurrence of a volcanic eruption

of Santa Ana volcano on 1 October 2005 enabled detection of crater’s lake temperature

changes related to the eruption. The strong degassing observed before the eruption seems

to be responsible for the recorded thermal anomalies at the crater’s lake surface. The

observed changes in the apparent temperatures in the fumarolic field and lake, together

with the magnitude of volcanic energy input, reflected changes in the dynamics of the

volcanic gas entering the lake and were a clear sign of a volcanic unrest. The use of a

thermal imaging system at Santa Ana volcano provides a clear potential for detecting

changes in the dynamics of active volcanic systems.
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HERNáNDEZ, P.A., PéREZ, N.M., GALLE, B., and RUDAMAS, C. (2007), Anomalous emissions of SO2 during

the recent eruption of Santa Ana Volcano, El Salvador, Central America. Pure Appl. Geophys.

(this volume).
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Temporal Variability of Major and Trace Element Concentrations in the

Groundwaters of Mt. Etna (Italy): Effects of Transient Input of Magmatic

Fluids Highlighted by Means of Cluster Analysis

SALVATORE GIAMMANCO,1 MASSIMO OTTAVIANI,2 and ENRICO VESCHETTI
2

Abstract—Data for major, minor and trace elements in groundwaters from Mt. Etna volcano collected in

1994, 1995 and 1997 were analyzed using Cluster Analysis (CA). Two groups of sampling sites were identified

(named clusters A and B), mainly on the basis of their different salinity and content of dissolved CO2. The

highest levels of both of these parameters were observed in the sites of cluster A, located in the lower south-

western and central eastern flanks of the volcano. For both of the statistical groups CA was repeated, taking into

account the mean values of each parameter in time, and the results allowed us to recognize four distinct groups

of parameters for each group of sites on the basis of their temporal patterns. Four different types of temporal

patterns were recognized: concave, convex, increasing, decreasing. The observed changes were basically

interpreted as a result of the different response of dissolved chemical elements to changes in the aqueous

environment and/or in their solubility/mobility in water due to different rates of input of magmatic gases to

Etna’s aquifers. The main changes occurred in 1995, when Etna’s volcanic activity resumed after a two-year

period of rest. The temporal changes of the majority of the studied parameters (water temperature, water

conductivity, Eh, pH, Al, Mg, B, Ca, Cl-, Hg, Mn, Mo, Na, Ni, Se, Si, Sr, Cr Zn and pCO2) were not cluster-

dependent, therefore they were not apparently affected by differences in water salinity between the two groups

of sampling sites. A limited number of parameters (Ti, K, Li, HCO3
-, As, Fe, SO4

2-, Cu and V), however,

manifested different behaviors, depending on the cluster of sites to which they belonged, thus suggesting their

apparent dependency on water salinity.

Key words: Trace elements, groundwater, Mount Etna, cluster analysis, volcanic activity.

1. Introduction

The chemical characteristics of groundwaters in the absence of human perturbations,

are the result of several geochemical processes that are closely linked to the local natural

environment. Underground water acquires salts from leaching of the host rock, a

phenomenon strictly dependent upon the chemical composition of host rocks, the

residence time of water—that in turn is a consequence of water flow velocity and length

of the flow path—and the presence of reactive gas species, such as carbon dioxide (CO2),
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that dissolve into water and enhance water aggressiveness towards the rock. In an active

volcanic environment such as Mt. Etna, the latter is a highly efficient process (ANZÀ et al.,

1989; GIAMMANCO et al., 1998; AIUPPA et al., 2000). Actually, magma-derived gases, in

particular CO2, are abundantly released through the flanks of Etna besides their massive

emission through the volcanic plume (ALLARD et al., 1991; GIAMMANCO et al., 1995;

D‘ALESSANDRO et al., 1997), and strongly interact with the aquifers. DONGARRÀ et al.

(1993) and BONFANTI et al. (1996) found that the concentration of the major species in

solution, and particularly the calculated values of partial pressure of CO2 with which

waters equilibrated, can be subject to marked variations in time. Such variations were

found to be caused both by seasonal effects and, more significantly, by increases in the

volcanic activity of Etna.

Previous works on minor and trace elements in Etna’s groundwaters (GIAMMANCO

et al., 1996, 1998; AIUPPA et al., 2000) showed that their concentrations mostly derive

from the geochemical processes mentioned above. However, many of those dissolved

elements can also be directly supplied by magma-derived fluids and/or by hydrothermal

fluids. Lastly, the pH and redox conditions of water can greatly affect the mobility of

several trace elements in solution. These conditions in turn depend on the amount of

reactive gas interacting with groundwater, and are expected to change markedly with

time chiefly as a function of the intensity of volcanic activity.

2. Geological and Hydrogeological Settings

The large volcanic edifice of Mt. Etna (3,340 m of altitude and about 1200 km2 of

total surface) has matured during the last 500,000 years on the eastern coast of Sicily

(Southern Italy) with the alternate superimposition of lava flows and pyroclastic deposits

(ROMANO, 1982; CHESTER et al., 1985). During the last 5,000 years Etna has been

persistently active and has erupted volcanic products essentially made of lavas, with a

composition that ranges from alkali-basalt to hawaiite (CHESTER et al., 1985). Etna’s

volcanic products lie over a thick (>15 km) sedimentary substratum which is mostly

composed of clays (Messinian age) to the east and south, and of clay, marl and quartz-

arenite units, aging from Triassic to upper Pliocene, to the west and north (LENTINI, 1982).

These units belong to the so-called Appenninian-Mahgrebian Chain that runs along

northern Sicily from east to west, linking the Appennines to the Atlas Mountains of North

Africa, and is structurally a part of the Indo-European plate (LENTINI, 1982). The units are

reduced into several south-verging thrust sheets which progressively thrusted over each

other during the collision with the African plate, from Eocene to the Quaternary (LENTINI,

1982).

The permeability of Etna’s volcanics is generally high (2.5 9 10-7 to 2.9 9 10-6

cm2, according to AURELI, 1973 and FERRARA, 1975), while that of the sediments of Etna’s

basement is on the contrary much lower (average value of 1 9 10-10 cm2, according to

SCHILIRÒ, 1988). Such a large permeability contrast, together with the remarkable amount
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of water and snow precipitation that characterizes the area, implies that Mt. Etna volcano

is also an important reservoir of groundwater (about 7 9 108 m3 of water available per

year, according to OGNIBEN, 1966).

The circulation of groundwater inside Mt. Etna is strongly influenced by the

morphology of the sedimentary basement of the volcano. In fact, most of the waters that

fall on the ground surface as rain and/or snow percolate through the permeable volcanic

rocks. After reaching the impermeable basement, such waters move along radial

directions towards the outer boundaries of the volcanic edifice. However, since Etna’s

basement reaches its maximum height (about 1200 m a.s.l.) slightly NW of the summit of

the volcano and has a general slope towards SE, groundwaters tend to move and

accumulate in the southern and eastern flanks of the volcanic edifice, where the number

of springs and water-wells is actually highest (OGNIBEN, 1966). On the basis of the

groundwater circulation, three main hydrogeological basins can be distinguished on Etna

(OGNIBEN, 1966; FERRARA, 1990): The first roughly corresponds to the northern sector of

the volcano, the second includes a great part of the western and southern flanks and the

third, which is the largest one, includes most of the eastern part of it (Fig. 1). Regardless

of the hydrogeological basin considered, the seasonal variation of water discharge from

all of the springs of Mt. Etna normally shows two maxima, from November to January

and from May to June (AURELI, 1973). The first period of high water discharge follows the

period of highest rainfall in the area, whereas the second period of high discharge is

related to spring melting of the abundant snow cover of Mt. Etna, with a consequent

transitory increase in the recharge of water into the local aquifers (OGNIBEN, 1966).

3. Sampling and Analytical Methods

Twelve sampling sites at Mt. Etna were chosen for the collection of groundwater

samples to be analyzed for their contents of major, minor and trace elements. Samplings

were carried out in August 1994, November 1995 and September 1997 from 4 springs, 6

water wells and 2 drainage galleries, quite uniformly distributed over the surface of the

volcano (Fig. 1). These sampling sites are part of a larger group that was first surveyed in

1994, and the results of that study can be found in GIAMMANCO et al. (1998). Hence, in the

present work the sampling sites will be indicated with the same names used by

GIAMMANCO et al. (1998). Before sampling from wells, tap water was allowed to run for

several minutes. Samples for laboratory analyses were collected into 500 ml polythene

flasks with screw caps. Prior to the sample collection, the flasks were rinsed at least four

times with groundwater directly at the tap or at the spring and then three more times with

filtered water, using a 0.45 lm membrane filter (GELMAN Sciences, Ann Arbor,

Michigan, U.S.A.). After collection, each sample was filtered using the 0.45 lm Gelman

filter, acidified with Ultrapur nitric acid to pH < 2 (0.2% v/v) and then stored at

approximately 4�C. Water temperature, pH, Eh and electrical conductivity values were

measured in the field with portable electronic instruments. Values of pH, Eh and
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conductivity are referred to the sampling temperature. The content of bicarbonate ion was

also determined in the field by titration with standard hydrochloric acid 0.1 N using a

bromocresol green-methyl red mixture as a colorimetric indicator. Values of p(CO2) were

calculated from pH and HCO3
- values.

Collected samples were quantitatively analyzed at the Istituto Superiore di Sanità,

Rome, for the determination of major species (Ca, K, Mg, Na, Si, Cl- and SO4
2-) and

minor and trace elements (Li, B, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo,

Cd, Hg and Pb), after stabilization of samples with nitric acid. The concentration of

sulphate ion was determined through the turbidimetric method. Chloride anion was

measured by potentiometric titration with a standardized silver nitrate solution. The

concentrations of Ca, K, Mg, Na, Li, Sr, as well as Fe and Mn for a few samples
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Figure 1

Simplified volcano-tectonic map of Mt. Etna (modified from ACOCELLA and NERI, 2003) showing the location of

the groundwater sampling points and the main hydrogeological basins (separated by thick dashed lines: A =

Northern basin; B = Western basin; C = Eastern basin) according to FERRARA (1990). Filled circles indicate

wells, filled triangles indicate springs and filled squares indicate the entrance of drainage galleries. The white

area encloses Etna’s volcanic rocks. TFS = Timpe Fault System. VB = Valle del Bove morphological

depression. Altitudes in meters.
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particularly enriched in the two elements, were analyzed by means of inductively coupled

plasma emission spectroscopy using a Perkin-Elmer PLASMA 400 spectrometer. Cold-

vapor and hydride generation methods were applied to the determination of Hg and of the

couple As - Se. These measurements were performed by a Perkin - Elmer 5000 atomic

absorption spectrometer fit with Perkin - Elmer MHS - 20 Mercury/Hydrade System

and electrically heated cylindrical quartz cells. The concentrations of B, Al, Ti, V, Cr,

Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd and Pb were determined by an Ati - Unicam SOLAAR

939QZ atomic absorption spectrometer using a SOLAAR GF90 Zeeman electrothermal

atomizer and a SOLAAR FS90 PLUS furnace autosampler.

The accuracy of the analytical procedures was verified using both certified reference

materials (CRM 398 and CRM 399, Community Bureau of Reference, BCR, Brussels,

Belgium) and synthetic aqueous solutions, following the procedure indicated by

GIAMMANCO et al. (1998). The precision of the values obtained by atomic absorption

spectroscopy was determined as the percentage relative to the standard deviation of three

consecutive measurements of the reference and synthetic solutions. Both accuracy and

precision concerning the other parameters were those indicated in literature (APHA,

AWWA and WEF, 1992; BAUER et al., 1985). Detection limits (LOD) were set as three

times the standard deviation of the blank.

4. Results and Discussion

4.1. Geochemical Characterization of Sampled Waters

The analytical results of the three surveys carried out on Mt. Etna are reported in

Tables 1 and 2. The results for the major chemical species (Table 1) show that ten out of

twelve samples displayed a bicarbonate alkaline-earth composition, typical of most

groundwaters of Mt. Etna (ANZÀ et al., 1989; GIAMMANCO et al., 1996, 1998; AIUPPA et al.,

2000, 2004). Major elements in solutions are generally more abundant where the highest

values of HCO3
- concentrations are observed, which is an indication of the important role

of the interaction between groundwater and CO2 in enhancing basalt weathering.

According to the model first proposed by ANZÀ et al. (1989), Etna’s groundwaters are of

meteoric origin, based on their Deuterium/Hydrogen and 18Oxigen/16Oxigen isotopic

ratios. When rain waters enter the aquifer, they become enriched in CO2 which, according

to the d13C values already available in literature, is mostly of magmatic origin (ANZÀ

et al., 1993; ALLARD et al., 1997; AIUPPA et al., 2004). This process is ubiquitous on Mt.

Etna, although it is enhanced in the most fractured and seismically active zones of the

volcano (i.e., the SW and the E flanks), and it seems to mask any evolution of water

chemistry from recharge to discharge areas (AIUPPA et al., 2004, and literature therein

cited).

Sample C6 shows a chloride-sulphate alkaline-earth composition, being enriched in

Cl- and particularly in SO4
2- ions. Sample B1 falls instead into the chloride-sulphate
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alkaline category, being particularly enriched both in alkali ions (Na+ and K+) and in Cl-

ions. The peculiar compositions of these two samples have been explained by GIAMMANCO

et al. (1998) as a result of the interaction between groundwaters and evaporitic deposits

rich in gypsum and chlorides, respectively at shallow (oxidizing) and deep (reducing)

Table 1

Analytical results for physico-chemical parameters and major species in the three surveys of Etna’s ground

water

Samplea Date T

(�C)
Cond.

(lS/cm)

Eh

(mV)

pH Na

(mg/L)

Mg

(mg/L)

K

(mg/L)

Ca

(mg/L)

HCO3
-

(mg/L)

SO4
=

(mg/L)

Cl-

(mg/L)

A2 1994 12.5 377 244 7.01 24 16 7 36 194 26 19

A2 1995 10.4 672 117 6.44 58 69 9 32 308 103 39

A2 1997 13.2 480 162 7.02 37 26 6 55 281 55 26

B1 1994 9.1 1220 -265 6.84 288 46 22 17 308 20 347

B1 1995 9.0 1920 -336 6.74 365 19 14 54 342 13 513

B1 1997 9.7 1468 87 8.03 165 52 11 17 354 31 338

B2 1994 13.0 1123 253 6.91 148 58 46 24 417 164 97

B2 1995 10.2 1206 106 6.75 167 29 21 85 442 269 103

B2 1997 13.2 1127 162 7.63 119 78 19 15 439 222 94

B3 1994 14.4 1129 292 7.03 142 66 30 31 539 161 93

B3 1995 12.2 1161 135 6.64 145 36 23 84 549 148 197

B3 1997 18.4 1198 440 7.77 119 89 22 37 610 145 101

B5 1994 17.3 1816 270 6.89 252 119 40 33 887 221 126

B5 1995 16.7 1825 93 6.73 227 38 24 119 891 153 130

B5 1997 17.4 137 358 8.14 152 122 23 33 915 156 148

B10 1994 19.2 1874 67 6.75 192 131 26 110 1439 148 85

B10 1995 19.2 1921 -21 6.55 198 143 23 156 1440 24 127

B10 1997 19.8 1778 112 6.09 133 113 17 128 1379 34 63

C1 1994 19.3 1269 402 6.76 105 79 25 48 652 121 112

C1 1995 19.1 1302 163 6.85 120 58 30 101 668 92 98

C1 1997 18.1 1155 221 6.36 77 46 12 42 634 85 106

C5 1994 14.5 375 310 7.03 46 16 12 11 176 43 24

C5 1995 14.3 338 129 6.89 43 9 8 15 151 26 19

C5 1997 14.7 363 354 7.57 57 21 8 12 195 35 28

C6 1994 17.7 842 184 7.04 63 26 30 51 111 127 89

C6 1995 17.3 850 118 6.35 67 60 30 28 122 101 93

C6 1997 17.6 855 229 7.24 78 35 30 62 134 152 104

C12 1994 20.2 1710 216 6.91 214 74 50 29 870 260 110

C12 1995 19.8 1779 127 6.24 247 86 51 101 886 219 118

C12 1997 19.7 1586 150 6.36 103 86 28 35 805 233 127

C14 1994 21.8 1795 253 6.71 276 78 68 21 920 251 83

C14 1995 20.3 1923 128 6.18 229 68 49 86 940 263 140

C14 1997 19.2 1715 191 6.28 154 98 48 73 830 275 152

C16 1994 13.8 204 174 6.89 23 6 4 6 67 14 19

C16 1995 11.8 226 51 6.53 26 16 3 5 81 19 17

C16 1997 13.1 314 380 7.31 42 13 3 25 159 39 22

LOD – – – – 1 1 1 1 1 1 1

a LOD = Limit of detection. Letters in samples names refer to the hydrogeological basins (see Fig. 1).
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conditions. The presence of such sedimentary deposits underneath Etna’s volcanic

products is inferred also from geological data (LENTINI, 1982).

Water temperatures in the collected samples were in general low (9.0 to 21.8�C)
throughout the three surveys, indicating a relatively shallow and fast circulation of water

within the volcanic edifice.

4.2. Statistical Treatment of Data

The chemical and physico-chemical determinations of the groundwater samples

collected on Mt. Etna generated a series of data structured in a multidimentional matrix

(32 variables 9 12 sites 9 3 sampling surveys). In order to obtain the largest amount

of information from the acquired data, it was necessary to perform a multivariate

statistical analysis. In particular, we identified the Cluster Analysis (CA) as the most

appropriate one to carry out in this study. Actually, the low number of sampling sites

(cases) compared to the number of parameters determined (variables), did not allow us to

perform a Principal Component Analysis, which was used in a previous work on the

geochemical characterization of Etna’s groundwaters (GIAMMANCO et al., 1998).

Differently from other statistical procedures, some of the algorithms used in the CA

are applied when it is not possible to formulate a priori hypotheses on the taxonomy of

the data. Those algorithms recognize the most significant classification, starting from the

information included in the matrix of the examined values. The grouping of the data into

clusters is based on their degree of similarity. Every object is correlated with the others so

as to identify the couple of objects with the highest similarity (i.e., with the shortest

distance in the multidimentional space) to be merged into a cluster. Among the criteria

developed to merge single clusters into progressively larger ones, that of Ward is thought

to be the most efficient, because it minimizes the increment in heterogeneity that occurs

when two clusters unite. The initial or final heterogeneity of each group is calculated

a posteriori by summing the squares of the distances between the centroid and the

objects. A drawback of this method is its tendency to form clusters of small dimensions.

In this work the CA was used to find eventual relations not only among the

parameters determined, but also among the sampling sites, as already performed in non-

volcanic areas (GÜLER and THYNE, 2004). Grouping the sites was necessary in order to

elaborate separately data sets with a stronger affinity among them. Actually, the data in

Table 1 clearly indicate large differences in the geochemical characteristics of the

groundwaters sampled from one site to the other within the same survey, thus suggesting

different types and/or intensity of geochemical processes affecting them.

Figure 2 depicts the dendrograms resulting from the application of the CA to the

matrices of data obtained in each of the three surveys, after assigning a zero value to a

parameter in each case that it was below detection limit. They display the clusters of

sampling sites in each survey, in decreasing order of similarity. Sites belonging to the

same cluster imply a high degree of similarity among the chemical and physico-chemical

characteristics of the relevant waters. The initial distances d among the objects (sampling
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sites) were calculated starting from the linear correlation coefficient r using the following

equation:

d ¼ 1� r: ð1Þ
In the computation we did not include Cd, Co and Pb, because they were found only a

very few times in a very limited number of sites, and their valid values were too few to be

computed for a significant analysis.

The three dendrograms show a good similarity in their results: All of them present a

high correlation among sites B5, B10, C12 and C14, which form a small cluster (named

A) that is poorly correlated with the rest of the other sites (grouped into cluster B). We

therefore calculated the average values of the parameters belonging to each of the two

clusters found with the CA for each survey, and the resulting values are plotted with time

in the diagrams of Figure 3. The figure shows that practically all of the considered

parameters changed in their average values throughout the three surveys, but not all in the

same way. Several patterns of change can be actually recognized (basically: increasing,

decreasing, concave and convex), which suggest a possible grouping of parameters

according to their behavior.

As a first approach to investigate the similarities among parameters, a correlation

matrix was calculated for the parameters of each cluster. In the two correlation matrices,

the average values of each parameter in time were correlated with those of all the other

parameters according to their pattern of changes from 1994 through 1997, and the

resulting values of the correlation coefficients are shown in Tables 3 and 4. In order to

visualize the correlations between parameters obtained from the correlation matrices, CA

was again used. Figure 4 shows the dendrograms resulting from the application of the CA

to the matrices of data obtained from both of the clusters of sampling sites considering

the average values of each parameter in time. The dendrogram for cluster A (Fig. 4a)

highlights four families of parameters with high similarity. Family I includes

Temperature, Al, SO4
2-, V, K, Eh, Mg and pH; these parameters manifest either a

concave pattern, that is they decrease from 1994 to 1995 and then slightly increase or

remain low in 1997, or a decreasing pattern (only for element K). Family II includes

Conductivity, Si, HCO3
-, Ti, Sr, Na, B and Mn; these parameters show a slight convex

pattern, with a marked decrease in 1997. Family III includes Ca, As, Mo, Hg, Li, Fe, Cl-,

Ni, Se and pCO2; these parameters show a clear convex pattern, apart from pCO2 which

shows a slight increasing pattern. Lastly, family IV includes Cr, Zn and Cu, which show

an increasing pattern. Actually the pattern of pCO2 shows a greater similarity with the

pattern of parameters in family IV, and the relevant values of the correlation coefficient

between this parameter and those of family IV would support this indication (Table 3),

thus leading either to the reallocation of this parameter into family IV or to its affinity to

both family III and family IV. Besides, some of the parameters in family II, namely

Conductivity, Si, HCO3
-, Ti and Sr, display patterns that are similar to those of the

parameters in family III. Also in this case the correlation matrix for cluster A parameters

indicates high values of the correlation coefficients among the above indicated

Vol. 164, 2007 Temporal Change of Trace Elements in Etna’s Waters 2531



B10

C14

C12

B5

C1

B3

B2

B1

C6

C16

C5

A2

0 500000 1000000 1500000 2000000 2500000 3000000

B10

C14

C12

B5

C6

C16

C5

B1

C1

B3

B2

A2

0 500000 1000000 1500000 2000000 2500000

B10

C14

C12

B5

C1

B3

B2

B1

C6

C16

C5

A2

0 500000 1000000 1500000 2000000 2500000

A

B

A

A

B

B

Figure 2

Dendrograms resulting from the application of the CA to the matrices of data obtained in each of the three surveys

of Mt. Etna’s groundwaters. Distances among groups were evaluated using the Ward’s method. Distances among

objects were calculated using Euclidean distances. Computation performed using STATISTICA for Windows

software. The graphs show the clusters of sampling sites in each survey (two clusters recognized, indicated with A

and B), in decreasing order of similarity. Linkage distances in arbitrary units.
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Figure 3

Temporal evolution of the parameters measured in the three surveys of Mt. Etna’s groundwaters, divided by the

two clusters of sampling sites found with the CA. Pairs of symbols for each sampling year (open circles

connected with solid lines for cluster A sites, open squares connected with dashed lines for cluster B sites)

represent the average values of the indicated parameter calculated for the sites relevant to that cluster (sites B5,

B10, C12, C14 for cluster A, all the other sites for cluster B). Temperature is in �C; Conductivity is in lS/cm;

pH is in pH units; Eh is in mV; calculated p(CO2) is in atm; Ca, K, Mg, Na, Si, Cl-, SO4
2-, HCO3

-, Li, B, Si and

Sr are in mg/L; all other elements are in lg/L.
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parameters of family II and many parameters of family III, particularly Li and Fe. Thus,

in the case of cluster A the basic temporal patterns recognized can be reduced to three:

concave, convex and increasing.
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Figure 4

Dendrograms resulting from the application of the CA to the matrices of data obtained correlating the temporal

patterns of the average values of each analyzed parameter in a) cluster A and b) cluster B of sampling sites.

Distances among groups were evaluated using the Ward’s method. Distances among objects were calculated

using (1-r) distances. Computation performed using STATISTICA for Windows software. Both of the graphs

highlight four families of parameters with high similarity (indicated with roman numbers).
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The dendrogram for cluster B (Fig. 4b) also highlights four families of parameters

with high similarities among them. Family I includes Temperature, Eh, pH, Ti and Mg;

these parameters show a concave pattern. Family II includes HCO3
-, As, Cr, Zn and Fe,

which show an increasing pattern. Family III includes Conductivity, pCO2, Ca, Cl
-,

Hg, SO4
2-, B, Cu, Se, Na, Mo, Si, V, Mn, Ni and Sr, which show a convex pattern.

Family IV includes only K, Li and Al, which show a concave (Al) or decreasing (K

and Li) pattern. As for cluster A, also in the case of cluster B some similarities can be

found among parameters belonging to different families. In particular, Al shows a

similar pattern to that of the parameters of family I; the highest correlation being with

Ti (Table 4).
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Figure 5

Spatial distribution of sampling sites at Mt. Etna, according to their respective cluster, following the results

shown in Figure 2. Open circles = Cluster A sites; filled circles = Cluster B sites. Light dashed lines enclose

cluster A sites. Thick dashed lines indicate the main hydrogeological basins (A = Northern basin; B = Western

basin; C = Eastern basin) according to Ferrara (1990). Altitudes in meters.
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4.3. Geochemical Evaluation of the Temporal Variations of Data

Cluster A is characterized by waters with higher contents of dissolved salts than those

of cluster B. This is highlighted mainly by the values of conductivity, although more

generally by the contents of the major ions in solution. The concentrations of minor and

trace elements are also generally higher in this cluster, and the higher values of pCO2

combined with the lower values of pH indicate that the sites belonging to this cluster

represent aquifers that are most subject to gas-water-rock interaction. The sites entailed

by cluster A (B5, B10, C12 and C14, Fig. 5) are actually located in the areas of Mt. Etna

Table 5

Percentages of Etna’s ground water samples, divided by the two clusters of sites (cluster A = 4 sites; cluster B =

8 sites), that in each survey showed saturation or oversaturation (SI > 0) in the phases listed. The horizontal

dash indicates under saturation. Calculations carried out with PHREEQC software (PARKHURST, 1995)

Phases Cluster A Cluster B

1994 1995 1997 1994 1995 1997

Clay Minerals

Annite 25 25 – 13 25 13

Ca-Nontronite 25 50 75 50 50 88

Halloysite 25 75 25 50 38 50

K-Nontronite 25 50 75 50 50 88

Kaolinite 25 75 75 63 63 100

Leonhardite 25 75 50 63 63 100

Mg-Nontronite 25 50 75 50 50 88

Montmorillonite 25 50 50 50 63 88

Muscovite 25 75 75 63 63 100

Na-Nontronite 25 50 75 50 50 88

Pyrophyllite 25 75 75 63 63 100

Talc – – – – – 13

Tremolite – – – – – 13

Carbonates

Aragonite 25 – – – – –

Calcite 25 50 25 – – 25

Dolomite 25 25 25 – – 38

Magnesite – – 25 – – 38

Siderite 25 25 – – – –

Oxy-Hydroxides

Cr2O3 – 25 100 – 25 88

Cr(OH)3 – – 25 – – 38

Cuprite – – – – 25 –

Diaspore 25 75 100 13 63 100

Gibbsite (c) 25 25 50 13 13 38

Goethite 25 25 100 13 75 88

Hematite 25 50 100 13 75 88

Lepidocrocite 25 25 100 13 75 88

Maghemite 25 – 25 13 25 75

Magnetite 25 50 100 13 75 88

Vol. 164, 2007 Temporal Change of Trace Elements in Etna’s Waters 2539



where degassing of magmatic volatiles into the aquifers is the highest (ANZÀ et al., 1989;

AIUPPA et al., 2000, 2004; ALLARD et al., 1997; BRUSCA et al., 2001; GIAMMANCO et al.,

1995, 1998). These areas are located distant from the main craters of the volcano, but this

is not surprising because leakage of magmatic gases from the flanks of Mt. Etna is

strongly connected with the presence of deep tectonic faults (Timpe Fault System),

largely belonging to the regional structural framework of eastern Sicily, that cut the crust

down to the main magma reservoirs of Mt. Etna and act as high-permeability pathways

for the escape of magmatic gases to the surface (e.g., AIUPPA et al., 2004).

As regards the temporal changes observed in the parameters of cluster A from 1994 to

1997, it can be noted that the elements that showed a convex pattern, that is an increase in

1995 (groups II and III), are actually those whose mobility in solution is normally high

and/or are particularly abundant in the basaltic rocks that constitute Etna’s aquifers,

because they are found as primary or secondary components in mineralogical phases like

olivines, pyroxenes and Ca-plagioclases (e.g., CHESTER et al., 1985). Therefore, alkalis

and alkaline earth elements such as Na, Ca, Sr, as well as Si, Ni and Mo, show an

expected increase of their concentration in solution when water-rock interaction is

enhanced due to a higher input of CO2 and other acid volcanic gases into the aquifer. This

is suggested mostly by the higher values of conductivity, parameter normally related to

the total content of solids in solution, measured in 1995. Other elements in these groups,

particularly in group III, are volatiles (Cl-, Hg, As, Se) associated to pCO2, which

suggests their input to groundwaters together with magmatic gases (mainly CO2, but also

HCl and other reduced gas species). Conversely, the parameters in group I mainly

indicate significant changes in the redox and acid conditions of groundwaters belonging

to cluster A. Particularly in 1995, waters became more acid and more reduced because of

the higher input of CO2 and possibly other magmatic gases in the sampled groundwaters.

This in turn caused a marked decrease in V contents, because this element tends to form

insoluble compounds (such as V2O4 and V2O3) with low pH and Eh values (GIAMMANCO

et al., 1998). Similarly, the low sulphate contents in 1995 may result from more reducing

conditions of groundwater during that survey, which prevented the oxidation of volcanic

H2S. The low Al contents observed in 1995, as well as in 1997, can be explained by its

uptake in secondary clay minerals precipitated from solution. Table 5 shows the

percentage of saturation or oversaturation in a number of phases theoretically in

equilibrium with the sampled groundwaters. The data of Table 5 indicate that the

percentage of samples saturated with clay minerals generally increased after 1994, both

in cluster A and in cluster B. Formation of secondary clay minerals, as well as carbonates,

may also justify the low contents of Mg measured in the 1995 survey. Notwithstanding its

high mobility in Etnean waters (AIUPPA et al., 2000), Mg may be efficiently removed by

secondary clay minerals like, for example, Mg-Nontronite or Mg-Smectite, as indicated

by the data of Table 5.

Oxide and hydroxide anion-forming elements such as Se, Mo, As, along with Hg,

should normally decrease with low pH and Eh values, opposite to what was observed.

Their apparently strange behavior is reasonably to be ascribed to their direct input to
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solution from volcanic fluids (GIAMMANCO et al., 1998), particularly in the case of volatile

elements like Hg and Se. In the case of Hg, its relative high concentration found in Etna’s

groundwaters during the 1995 survey may be explained by a direct input of large amounts

of mobile Hg(aq)
0 , transported as vapor and/or sulfide (HgS) (SYMONDS et al., 1992;

NICHOLSON, 1993; BARNES and SEWARD, 1997), after exsolution from magma.

Elements in group IV (Cr, Zn, Cu and, possibly, pCO2) show a constant increase from

1994 to 1997. This behavior can be ascribed either to a elemental affinity with the

magmatic gas phase (as in the case of Cr, according to GIAMMANCO et al., 1998), or to

increased selective mobilization of the elements under hydrothermal conditions (as in the

case of Cu, according to ROSE et al., 1991; NICHOLSON, 1993; GIAMMANCO et al., 1998) that

may have progressively developed in the aquifers feeding the sampled waters during the

period of our observations, or to elemental mobilization under acid/reduced conditions, as

in the case of Zn (GIAMMANCO et al., 1998), or to a combination of the above. Chromium

and zinc should normally behave like iron, and this would explain why their contents in

the 1995 survey were higher than those in the 1994 survey. However, their much higher

values measured in 1997, particularly if compared to those of Fe, can be explained in

different ways: Cr, like V, is actually more mobile in oxidized conditions (in the form of

chromates, HCrO4
- or CrO4

2-), hence its greatest concentration in water was found when

Eh values were markedly higher, as in the case of the 1997 survey. The further increase in

Zn contents in 1997, although the pH and Eh values for the sampled waters indicate a

return to oxydized and less acid conditions, may instead suggest that the enhanced

leaching of Etna’s volcanic rocks continued even after 1995, although at a slower rate,

and brought to solution less mobile species such as this element (AIUPPA et al., 2000). The

decrease of HCO3
- in 1997, which apparently seems to indicate a less intense water-rock

interaction, may be in part explained by the above-mentioned increased saturation of

groundwater in carbonates (Table 5).

In the low salinity waters belonging to cluster B some parameters show temporal

changes that differ from those observed in cluster A waters. For example, Ti shows a

concave pattern instead of convex; in this case the behavior of Ti is similar to that of Al

and therefore it could be related to co-precipitation of Ti in titanium-containing clay

minerals. Precipitation of secondary clay minerals, as discussed above in the case of

group I of cluster A, could be the consequence of their saturation in water after increased

leaching of the host rocks that was observed particularly in 1995. HCO3
-, As and Fe show

an increasing pattern, instead of convex, in association with Cr and Zn; in this case it is

reasonable that their behaviour reflects an ever-increasing degree of water-rock

interaction, which continued in 1997 even though the values of pCO2 slightly decreased.

SO4
2-, Cu and V show a convex pattern instead of concave or increasing, as for Cu. In this

case it seems that these parameters are not related with the redox conditions of water, but

rather they seem more closely related with water-rock interaction driven by dissolved

CO2. In particular, the contemporaneous increase of both SO4
2- and pCO2 in 1995 may

indicate a greater input of both H2S and CO2 in the groundwaters represented by the

samples of cluster B. Lastly, Li and K display a decreasing pattern instead of convex and
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concave, respectively. The concentrations of both of these elements in groundwater

should be strongly affected by water-rock interaction, however their decrease,

particularly in 1997, may be explained with their removal by secondary formation of

amorphous silica and fine-grained, poorly crystalline K-rich clays (GOGUEL, 1983). This

hypothesis is also strengthened by the thermodynamic data of Table 5, which indicate, as

above-mentioned, a general increase in the percentage of samples that showed saturation

or oversaturation in clay minerals, and hence also K-rich clays, from 1994 to 1997.

4.4. Correlation with Mt. Etna’s Volcanic Activity

From the above discussion we can deduce that during the period 1994–1997 the

changes in the chemical and physico-chemical characteristics of Mt. Etna’s groundwaters

are related, either directly or indirectly, to an increased input of magmatic fluids to the

local aquifers due to a higher level of volcanic activity. The influence of recharge (due to

infiltration of rain and snow) on the temporal variability of the studied waters seems to

play a negligible role. This arises mostly from consideration that the only sampling that

was carried out during a period of high discharge, i.e., in November 1995, when dilution

of groundwaters should be close to its maximum (BONFANTI et al., 1996), showed instead

an increase in many parameters and particularly in those most closely linked to magmatic

gas input.

Support for the hypothesis of chemical changes induced by the increased input of

magmatic gas comes from many observations, mainly from the temporal evolution of

SO2 flux from the summit vents and of the partial pressure of dissolved CO2 in

groundwater during the studied period. Mt. Etna is actually one of the largest contributors

of magmatic CO2 and SO2 to the atmosphere, even during non-eruptive periods (e.g.,

ALLARD et al., 1991; ALLARD, 1997). Crater emissions from the four summit vents of the

volcano provide mostly the totality of the emitted SO2 and the large majority of CO2

(ALLARD et al., 1991; D’ALESSANDRO et al., 1997). During the studied period both

parameters showed a strong increase from 1994 to 1995 and then remained sensibly high

in 1997, although with values slightly lower than in 1995. In fact, average pCO2 values

measured in the three hydrogeochemical surveys object of this study (based on the data of

Tables 1 and 2) were 0.124 atm in 1994, 0.279 atm in 1995 and 0.277 atm in 1997.

Accordingly, average crater SO2 flux values were about 3440 t/day in August 1994, about

6180 t/day in November 1995 and about 5580 in August 1997 (data from BRUNO et al.,

1999, 2001). Such behavior is explained by the evolution of concurrent volcanic activity

at Mt. Etna: after the huge 1991–1993 eruption a period of almost complete calm

occurred at Etna from March 1993 to late July 1995, when mildly explosive magma

ejection was again observed at the summit craters of the volcano (ARMIENTI et al., 1996).

The explosive activity continued with increasing intensity throughout the second half of

1995 and the beginning of 1996. During this period several episodes of violent lava

fountaining took place in one of the four summit vents of Etna (namely, the North-East

Crater). From February to August 1996 volcanic activity became more continuous, but
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less vigorous, and was also characterized by modest lava outflows from the North-East

Crater (ARMIENTI et al., 1996). Since the second half of 1996 and throughout 1997 Etna’s

eruptive activity showed a lower intensity: Mild magma explosions occurred inside its

summit vents, and the emission of small intra-crateric lava flows was frequent (LA VOLPE

et al., 1999). Therefore, the overall level of volcanic activity at Etna was very low in

1994, high in 1995, particularly in late 1995 when our sampling was carried out, and then

moderately high throughout 1997; an indication that since mid-1995 magma was almost

continuously present within the shallowest portions of Etna’s feeder system.

The increased gas-water interaction following the increased volcanic activity since

1995 is also responsible for the enhanced hydrothermal conditions in some of Etna’s

aquifers, as indicated by the triangular plot of Figure 6. The plot shows that all samples

except those from sampling site B1 seem to derive from mixing between carbonate

peripheral groundwaters and volcanic waters (trend A in Fig. 6). Samples from site B1

fall close to the composition of mature geothermal waters, with a sample from the 1995

Figure 6

Cl–SO4–HCO3 triangular plot for the samples collected at Mt. Etna during 1994, 1995 and 1997 surveys

(modified from GIGGENBACH, 1991). Ionic contents are in mg/kg. In the plot the compositional fields of the main

types of water recognized by GIGGENBACH (1991) in volcanic and geothermal areas are also shown, along with

the mixing trends (grey areas) that are likely to affect the sampled waters. The cross symbol with S.W.

represents the composition of sea water. Most samples fall on a mixing trend between Bicarbonate Peripheral

Groundwaters and Volcanic Waters (trend I). Other samples (e.g., all of those from site B1 and the 1995 sample

from site B3) fall on a mixing trend between Bicarbonate Peripheral Groundwaters and Mature Geothermal

Waters (trend II). The 1995 sample from site C6 seems to show as well a moderate influence from the

geothermal component.
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survey being the closest to them. This would provide an alternative explanation for the

peculiar composition of site B1 samples to that given by GIAMMANCO et al. (1998). Waters

from site B1 would, therefore, derive from mixing between geothermal water and cold

bicarbonate water (trend B in Fig. 6). Other samples show a possible transient interaction

with geothermal waters, mostly in 1995 (e.g., the 1995 samples from sites C6 and B3).

5. Conclusions

In active volcanic areas, such as Mt. Etna, interaction among groundwater, the rocks

hosting the aquifers and magmatic fluids is obviously strong, even during periods of

relative volcanic quietness (GIAMMANCO et al., 1998; AIUPPA et al., 2000). Gas-water-rock

interaction is particularly strong where deep faults cut the volcanic edifice down to the

magma reservoirs and allow for an easier escape of magmatic volatiles to the surface.

Examples of this can be found in the south western and eastern flanks of Mt. Etna. In

these areas, groundwaters display a significantly higher salinity as a result of higher

contents of most of the elements leached from host rocks and higher values of dissolved

CO2, so as to form a statistically distinct group of waters (cluster A obtained from CA).

Gas-water-rock interaction is generally enhanced when magma moves closer to the

surface and releases a greater amount of high-enthalpy fluids (mostly water) and other

incondensable gases, among which CO2 is the most abundant. As a consequence, the

aquatic environment of Mt. Etna is subject to sudden and marked changes in its chemical

and physical conditions, particularly in the areas of highest flank emission of magmatic

gases: leaching of soluble elements from volcanic rocks is enhanced, and volatile

elements carried with volcanic gas increase their concentration in water. As the gas-

water-rock interaction proceeds, secondary clay minerals and other insoluble minerals

like carbonates and oxides form and precipitate, apparently at fast rates, thus causing a

decrease in the concentration of the elements complexed by those mineral species. Lastly,

increased interaction between hot magmatic fluids and groundwater could induce or

intensify hydrothermalism at least in some parts of Etna’s aquifers. Elements like Cr, Zn

and Cu could be possible tracers of such conditions. Recent studies (CHIODINI et al., 1996)

demonstrated that some hiper-saline waters discharged by mud volcanoes located in the

lower southwestern flank of Etna, near the town of Paternò, are fed by a hydrothermal

system whose temperature was estimated at 100–150 �C. It must be noted that sites B5

and B10, both belonging to the high-salinity waters of cluster A, are located very close to

this area. Other ‘‘stable’’ geothermal systems may exist in the Mt. Etna area, however

they should be deeper than the aquifers of Etna and would not normally interact with

them (BRUSCA et al., 2001). However, temporary exchanges of fluids between ‘‘cold’’ and

‘‘hot’’ waters during periods of increased volcanic activity (e.g., because of increased flux

of magmatic gases that carry deeper hot fluids to shallower levels of the crust) could also

be invoked as an alternative explanation to the suggested hydrothermal conditions in Mt.

Etna’s shallow aquifers.
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In conclusion, the results of this work demonstrate that the use of statistical tools such

as Cluster Analysis in the elaboration of chemical data of groundwaters at Mt. Etna can

provide useful information, both for modelling the gas-water-rock interaction in aquifers

particularly subject to fast changes of the physical and chemical characteristics of their

aqueous environment and for the strategies of geochemical surveillance of volcanic

activity.
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Continuous, Direct Gas-Geochemical Monitoring in Hydrothermal Vents:

Installation and Long-Term Operation on Nisyros Island (Greece)

MANFRED TESCHNER,1 ECKHARD FABER,1 JÜRGEN POGGENBURG,1

GEORGIOS E. VOUGIOUKALAKIS,2 and GEORGIOS HATZIYANNIS
2

Abstract—In this paper the installation and long-term operation of a system for continuous monitoring of

fumarolic gases is described. Several physicochemical and gas-geochemical parameters such as the

concentration of CO2, H2S and CO in the fumarolic emissions, as well as the temperatures of the hydrothermal

steam and soil in close vicinity of the fumarole and steam pressure are measured in short-time intervals

(typically 15 seconds). Data are logged on-site and in parallel transferred to a remote station by digital

telemetry. Specially developed software enables the real-time observation of the local conditions in the crater

and full bidirectional control of the monitoring system. Fluctuations in the monitored parameters are also

reported. From the data presented it can be concluded that environmental conditions (direction and strength of

wind, precipitation) will interact with some of the parameters monitored. These influences can only be revealed

by continuously operated monitoring systems.

Key words: Aegean arc, Nisyros, Greece, fumaroles, hydrothermal vents, gas-geochemistry, continuous

real-time monitoring, volcanic risk.

1. Introduction

Geochemical and geophysical phenomena observed on volcanoes and their fumaroles

are initiated, influenced and controlled by a variety of complex processes. Mostly they are

related to the transport of fluids in the magmatic and/or in the hydrothermal systems.

These processes generate a broad variety of chemical and physical signals on different

time scales which may be used as input for monitoring and possibly quantifying changes

in the volcano’s activity and for modelling the dynamic processes involved (MARTINELLI,

1997).

Whereas geophysical methods have been widely introduced as surveillance tools,

gas-geochemical monitoring is still used only infrequently and lacks some general

acceptance by the scientific community. Collection of fumarole gases is—depending on
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the state of volcanic activity, for logistics and other practical reasons – mostly performed

discontinuously with time intervals of days, weeks or even months between consecutive

sample collections (e.g., PECORAINO and GIAMMANCO, 2005). By this way any short-term

variation in gas-geochemical parameters must be missed. These sampling frequencies are

surely too low to allow for an efficient comparison between gas data and geophysical

information. Therefore a strong need exists for continuously operated gas-geochemical

monitoring systems.

Gas monitoring at volcanoes may have different motives: (i) it may be a contribution

to risk mitigation by identifying potentially hazardous developments in quiescent or

active volcanoes (e.g., ARAMAKI 1991; ANDAL et al., 2005), or (ii) it may be applied to

obtain a more complete understanding of the part gases may play in the magmatic and

overlaying hydrothermal systems (e.g., ROSE et al., 1986; ALLARD et al., 1991; SYMONDS

et al., 1994; GIGGENBACH, 1996; YANG et al., 1999, 2005; PECORAINO and GIAMMANCO,

2005; LEE et al., 2005). A number of studies have pointed out that the composition of

volcanic gas along with some reactive gas ratios changed dramatically before eruption

(e.g., NOGUCHI and KAMIYA, 1963; CASADEVALL et al., 1983; WALKER, 1974; OSKARSSON,

1984). The monitoring approach involves methodologies to quantify the rate and the

amount of gases erupted and to characterize their composition. Besides that the general

question arises as to how to distinguish a magmatic gas signature from that of a related

hydrothermal system.

In recent papers by FRANCIS et al. (2000), DE NATALE et al. (2001), OPPENHEIMER and

MCGONIGLE (2004), and DE ROSA et al. (2007) currently available direct sampling and

remote sensing techniques for fumarolic gases have been reviewed and observations or

interpretations made at some key volcanoes have been summarized. With the mostly

applied remote techniques, gas concentrations within plumes are determined; a direct

monitoring of individual fumaroles or hydrothermal vents by remote techniques is still

difficult.

Few instrumental systems for continuous gas monitoring have been discussed in the

literature. Investigation of gases from a well located at the foot of the active cone on

Vulcano Island, Italy, has been presented by TOUTAIN et al. (1992) with data for CO2, He

and 222Rn. Japanese scientists report on a monitoring system for volcanic gases extracted

from an observation well in the vicinity of Izu-Oshima volcano (SHIMOIKE and NOTSU,

2000). They also review other papers describing the application of gas-monitoring

equipment. Recently an automatically operated monitoring system based on a quadrupole

mass spectrometer for the surveillance of seismic and geochemical variations on mud

volcanoes in southwest Taiwan was described by YANG et al. (2006).

Due to the presence of hot water vapour and the variable content of corrosive

components like CO2, SO2, H2S, HF or HCl in the volcanic fluids, analytical equipment

may be damaged in a short time. Only limited technical information is available in the

literature and from manufacturers on suitable monitoring equipment which can be

directly installed to active fumaroles. ZIMMER and ERZINGER (1998, 2003) and ZIMMER

et al. (2000) applied a gas chromatographic system which has been operated continuously
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at the summit of Merapi volcano (Indonesia). Another technical system which pumped

fumarolic gases through an inert pipe to a remote station—equipped with a gas

chromatograph, a mass spectrometer and several other physical instruments—operated at

Galeras volcano (Colombia), was described by FABER et al. (1998).

In situ monitoring of CO2, H2S, Rn and other gases and physical parameters like

fumarolic pressure requires lightweight and corrosion-resistant instruments with low

power consumption. Here we present experience in long-term operation of a monitoring

system which has been briefly described by FABER et al. (2000) and—after installation and

operation for a longer period at Galeras volcano, Colombia, until its recent eruption in

June 2004—in more detail by FABER et al. (2003), HELLWEG et al. (2004) and TESCHNER

et al. (2004). Further instrumental development has been performed by our group on

Nisyros Island, Greece, where a monitoring system has been installed at a hydrothermal

vent and which is now in continuous operation for several years (TESCHNER et al., 2005).

2. The Aegean Region

The volcanic island of Nisyros (27�150E, 36�350N) is located at the eastern end of the

quaternary calc-alkaline Aegean active volcanic island arc, close to the coast of Turkey,

where the Mediterranean oceanic lithosphere is subducting beneath the Aegean

continental lithosphere (LE PICHON and ANGELIER, 1979). The Aegean arc also includes

localities like (from E to W) Kos, Yali, Santorini, Milos, Aegina, Poros, Methana, and

Crommyonia, and other minor eruptive centres. Further details may be found in a recently

published book by FYTIKAS and VOUGIOUKALAKIS (2005).

2.1. Geological Framework

The island of Nisyros is built on a basement of Mesozoic limestones and Neogene

sediments (GEOTERMICA ITALIANA, 1983; BARBERI et al., 1988). Three main stages were

distinguished in the evolution of the Nisyros volcanic island (DI PAOLA, 1974; KELLER,

1982; VOUGIOUKALAKIS, 1984; FRANCALANCI et al., 1995): (i) an early submarine stage,

(ii) a composite volcano stage, culminating in the formation of a central caldera, and (iii)

a post-caldera stage, characterized by emplacement of several dacitic-rhyodacitic domes

of unknown age in the western and northern sectors of the caldera. Today the island

represents the emerged portion of an andesitic volcano built in the last 150,000 years, and

truncated by a summit caldera of 3.8 km in diameter. Geochronology of Nisyros is poorly

known: a K–Ar age of 200 ka was obtained for a pre-caldera dacite (DI PAOLA, 1974) and

ages of 38 and 66 ka were obtained on dacite and rhyolite lavas from the flank of the

stratovolcano, respectively (KELLER et al., 1989). The formation of the caldera occurred in

multiple stages and the first one, related to the eruption of the Lower Pumice deposit, was

dated at 35 ka by tephrostratigraphic markers (HARDIMAN, 1999). Post-caldera activity
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occurred as the intrusion of dacitic lava domes, raising the caldera rim to a maximum

height of 698 m along a NE-trending tectonic.

The eastern and southern part of the caldera is called Lakki plain. It lies about

110–120 m above sea level and shows many signs of recent hydrothermal activity,

indicated by the presence of craters as well as by deposits. Historical records describe the

most recent hydrothermal explosions in 1871–1873 and 1887 (GORCEIX, 1873 a–d, 1874;

MARTELLI, 1917; GEORGALAS, 1962; MARINI et al., 1993). Hydrothermal explosive activity,

focused in the eastern half of the caldera floor, produced numerous hydrothermal craters,

at least 10 of them are well preserved. The island is today a site of intensive hydrothermal

activity which feeds many fumaroles in the caldera floor area and hot springs along the

coast line. The risk of a hydrothermal explosion is considered to be moderate to high

(SEYMOUR and VLASSOPOULOS, 1989; MARINI et al., 1993; FYTIKAS and VOUGIOUKALAKIS,

1995; VOUGIOUKALAKIS and FYTIKAS, 2005; CALIRO et al., 2005).

Further details of the geological, volcanological and structural framework of the island

have recently been supplemented by data collected during deep geothermal drilling projects

which were carried out by the Hellenic Public Power Corporation in 1982–1983 (MARINELLI

et al., 1983, KOUTROUPIS, 1983, VROUZI, 1985). Research performed by the Lausanne

University group onmapping, geochemistry of rocks andminerals and on geochronology on

Nisyros Island has been recently documented in detail (HUNZIKER and MARINI, 2005).

2.2. Past and Recent Seismicity of Nisyros

Although the last magmatic activity on Nisyros is comparatively old, hydrothermal

eruptions are recent. However, high seismic unrest and discharges of thermal water and

fumarolic gases indicate the continuous activity of the volcano.

At the end of 1995, an intense seismic activity began on the island and lasted for

about three years (VOUGIOUKALAKIS et al., 1998; SACHPAZI et al., 2002). Thousands of

local, shallow, low magnitude seismic events have been manifested, located mainly in the

area between Nisyros and Yali islands, with characteristics that do not permit the

discrimination between tectonically and volcanically triggered events. In the same period

ground deformation was manifested by the opening of two fractures on North Nisyros and

Yali, along active faults previously mapped on land and underwater and by a vertical

ground uplift of about 140 mm revealed by SAR interferometry (SACHPAZI et al., 2002).

Similar periods of intense seismic activity have been common to the past: It is known that

violent seismic shocks accompanied the eruptions of 1871–1873 (GORCEIX, 1873a–d,

1874). Local swarms were also felt on Nisyros from time to time such as those of

April 1887 which preceded by 5 months the last hydrothermal eruption of 1887

(GALANOPOULOS, 1953). Other swarms felt in Nisyros at the beginning of the century, in

1953 (BORNOVAS, 1953) and in 1970 (STIROS and VOUGIOUKALAKIS, 1996) were not

associated with any change in the state of the volcano (VOUGIOUKALAKIS et al., 1998).

After the strong seismic crisis in 1996–1997, PAPADOPOULOS et al. (1998) compared

the recent seismic signatures with earlier seismic activity in the Dodecanese region and
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came to the conclusion that the micro-earthquake properties seem to be characteristic in

general for the region rather than for a precursor of forthcoming volcanic eruptions.

Between November 2001 and December 2002 a considerably long fissure (> 400 m

long) trending N-S, has been manifested on the central caldera flat floor (VOUGIOUKALAKIS,

2003; GALANOPOULOS and KOLETTIS, 2005). Fracturing developed in two distinct

short–time periods, with no vertical or lateral movement. This fissure was probably

created by the collapse of the caldera floor soft sediment cover in a maximum visible

depth of 15–20 m. No changes have been detected in the activity state of the volcano

before, during and after that period. All the observed, registered or measured parameters

have been unchanged in respect to the post 1995–1998 seismic crisis state of the volcano.

The abnormally high precipitation rate during this period, combined with the

denudation of the vegetation on the caldera walls and probable very shallow low

magnitude local seismic events, could trigger the collapse of the upper sediment cover in

the deepest pre-existing open spaces. The numerous 1995–1998 shallow intra-caldera

earthquakes probably enhanced the existing discontinuities and open framework in the

lower caldera filling deposits, facilitating the large-scale quasi linear collapse.

But these cracks gave rise to concern by local inhabitants and authorities. According to

an article in a newspaper (Kathimerini News, Athens, 10.01.2003) and information in the

Weekly Activity Report of the Smithsonian’s Global Volcanism Program (8.-14.01.2003):

… the crater of Nisyros was declared off limits to visitors, due to increasing

temperatures and growing surface cracks. Evangelos Layios, the director of Athens

University’s geophysics laboratory, stated, ‘‘earthquakes in 1995–96 triggered

changes in the general condition of the volcano. For example, the hydrothermal

system has increased in heat [temperature] from 210 to 315 degrees Celsius, there is

continuous microseismic activity as well as changes on the surface of the ground.’’

The ban on visitors was prompted by a crack on the volcano that almost tripled in

length over the past year to 139 m. …

In summer 2003 the ban for visiting the caldera and Stefanos crater, visited every

summer by more than 60,000 day visitors, was cancelled.

Since April 2002 the National Earthquake Planning Organisation monitors

continuously the geomagnetic field of the area at three sites, two on Nisyros and one

on Yali Island (FOUNDULIS, D., personal communication). It is planned for the near

future to establish and operate a volcano observatory structure, integrating the existing

monitoring systems with a seismic and a ground deformation network.

2.3. Geochemistry of the Fumaroles

Two deep geothermal wells (Nis-1 and Nis-2) have been drilled at the Lakki plain in

the central part of the caldera floor (Fig. 1; GEOTERMICA ITALIANA, 1983, 1984). They

revealed the existence of two distinct hydrothermal aquifers. The hydrothermal mineral

paragenesis of the shallow aquifer (250–700 m depth) indicates formation temperatures
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of 120–180�C. Temperatures of 330–340 and 300–320�C were measured at the bottom of

Nis-1 (1,800 m depth) and Nis-2 (1,550 m depth) wells, respectively (CHIODINI et al.,

1993a; GEOTERMICA ITALIANA, 1983). However, the quartz equilibrium temperature

(FOURNIER and POTTER, 1982) of the Nis-2 reservoir liquid is only 290�C (CHIODINI et al.,

1993a), which might correspond to the temperature of the productive zones of Nis-2 well,

at a depth of 1,400 m.

Considerable gas anomalies were also detected in soil gas surveys of the area during

1995–1998. The Radon content registered in the fumaroles and soil gases of the

caldera floor was very high during the whole seismic crisis (166.5 Bq/L [equivalent to

4,500 pCi/L] in soil gases). After this period it progressively declined to finally less than

11.1 Bq/L (300 pCi/L) in a 2000 soil gas survey (VOUGIOUKALAKIS and FYTIKAS, 2005).

Increased fumarolic activity was also observed from June to September, 1997. Intense

Figure 1

Location of Nisyros (Greece) and location of the gas geochemical monitoring station in the center of the caldera

(sketch maps after VOUGIOUKALAKIS, 1993, slightly modified).
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fumarolic activity appeared specifically in the southern flanks of the Polyvotis Megalos

hydrothermal crater. The intensification of the fumarolic activity and the discharge of

melted sulphur and hot mud on Stefanos crater floor took place one day after the

recording of the two strongest earthquakes since the beginning of the recent unrest phase

(ML 5.3 and 5.2, August 28, 1997).

In historical times, several hydrothermal eruptions occurred in the southern part of the

Lakki plain producing craters and partially destroying the small Lofos dome (Fig. 1). A

large fumarolic field is now present in this area, which is affected by fracturing along the

main NW- and NE-trending active fault systems (PAPADOPOULOS et al., 1998). The

fumaroles of the Lofos dome area, including those of the craters Polyvotis Megalos,

Polyvotis Mikros, and Phlegethon, distribute along a NE fault located on the west of the

fumarolic field, whereas the eastern NE–SW faults feed the fumaroles of the Kaminakia

crater. The Stefanos crater fumaroles and Nis-1 well lie along another NE–SW fault.

Water vapour is the major constituent of all the hydrothermal vent gases, followed in

concentration by CO2, H2S, H2, N2, CH4, Ar, He, and CO. The fumarolic gases have

hydrothermal rather than magmatic characteristics as indicated by their relatively high

CH4 and low CO content, and by the absence of highly acid gases, such as SO2, HCl, and

HF (GIGGENBACH, 1980, 1987; CHIODINI et al., 1992, 1993b). The outlet temperature of all

the fumaroles is close to 100�C.
Gas composition for the southern vent in Polyvotis Mikros (where our monitoring

station is located) from recent sample collections is given by BROMBACH et al. (2003),

FIEBIG et al. (2004) and MARINI and FIEBIG (2005); it can be summarized as given in

Table 1 (original concentrations in the whole fumarolic gas steam escaping from the vent

Table 1

Composition of gas samples taken from Polyvotis Mikros hydrothermal vent; original analytical data taken from

BROMBACH et al. (2003) (sample number B-1 to B-6) and from FIEBIG et al. (2004) (sample number F-7)

Sample Month Year Temp. H2O CO2 H2S H2 N2 CH4 CO He Ar O2

— original analytical data, composition given in lmol/mol —

B-1 Nov. 1997 n.d. 988000 10000 1740 154 74.8 26.9 0.060 0.183 0.818 n.d.

B-2 Sept. 1998 99.0 989000 9230 1720 167 18.8 26.8 0.034 0.358 0.195 0.061

B-3 Sept. 1999 99.8 986000 12030 1570 223 18.4 24.9 0.121 0.535 0.120 0

B-4 May 2000 n.d. 988000 9600 2160 158 48.2 10.2 0.079 0.265 0.688 0

B-5 Sept. 2000 100 989000 8340 2210 153 30.1 10.3 0.115 0.259 0.571 0

B-6 Feb. 2001 99.9 990030 7867 1819 250 15.7 18.2 0.069 0.462 0.124 0

F-7 Sept. 2001 100.5 991000 6440 2420 136 8.6 7.2 0.072 0.190 0.100 0

— recalculated to water-free gas, composition given in % —

B-1 Nov. 1997 n.d. – 83.35 14.50 1.28 0.62 0.22 0.0005 0.0015 0.0068 n.d.

B-2 Sept. 1998 99.0 – 82.68 15.41 1.50 0.17 0.24 0.0003 0.0032 0.0017 0.0005

B-3 Sept. 1999 99.8 – 86.75 11.32 1.61 0.13 0.18 0.0009 0.0039 0.0009 0

B-4 May 2000 n.d. – 80.15 18.03 1.32 0.40 0.09 0.0007 0.0032 0.0057 0

B-5 Sept. 2000 100 – 77.62 20.57 1.42 0.28 0.10 0.0011 0.0024 0.0053 0

B-6 Feb. 2001 99.9 – 78.90 18.24 2.51 0.16 0.18 0.0007 0.0046 0.0012 0

F-7 Sept. 2001 100.5 – 71.46 26.85 1.51 0.10 0.08 0.0008 0.0021 0.0011 0
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expressed in lmol/mol, and recalculated gas concentrations after removal [condensation]

of water vapour given in %).

Especially the concentration of H2S in the (partially) de-watered gas is very

high. Commercially available electrochemical sensors can only measure accurately

considerably smaller concentrations and therefore gas streams have to be diluted to fit

these measuring ranges.

CHIODINI et al. (2002) noted increasing H2S/CO2 and decreasing CH4/CO2 ratios for

samples taken from several of the active fumaroles over the period 1990–2001 and

interpreted these chemical changes as an increasing contribution of sulphur-rich,

oxidizing magmatic fluids into the hydrothermal system below Nisyros Island.

Considering the historical information about hydrothermal eruptions, the recent changes

in the fumarolic gas composition and the physical phenomena affecting Nisyros may be

interpreted as long-term precursors of a new period of volcanic unrest possibly

culminating in a magmatic eruptive phase.

3. Monitoring System

We decided to connect a continuous gas extraction device directly into a hydrothermal

vent. Hot vapour and gases escaping the fumaroles seem to be linked in a short way to

regions influenced by themagmatic body of a volcano and/or to its overlaying hydrothermal

systems. In the fumarole gases we believe to sense changes in temperature and gas

composition at depth more rapidly than by analysing diffusive emanating soil gases.

The gas-geochemical monitoring station has been located close to one of the active

fumaroles of the youngest hydrothermal intra-caldera crater (Polyvotis Mikros, opened

up in 1887). The basic installation of the equipment was started during April 2003 and

was supplemented by additional gas sensors and improved devices for gas extraction and

flow control in 2003–2005. The operation of the monitoring system is performed in the

frame of a BGR-IGME research project, in straight collaboration with the municipality of

Nisyros in Mandraki.

The components of the gas monitoring system are shown schematically in Figure 2.

The system is composed of the following main components:

— physical sensors to measure temperatures of vent gases and of surrounding soil;

— physical sensors to measure fumarolic (differential) and atmospheric pressure;

— a system to condensate water vapour and remove most of the water from the gas to be

analysed;

— a system to transport and to dilute the vent gas so that standard electrochemical

sensors may be used. For dilution ambient air from outside the crater is pumped by

Thomas pumps (type Rietschle Thomas 3003 or 3013) and filtered over activated

charcoal. The composition of this ‘‘fresh’’ air is checked occasionally, it shows very

small concentrations of the analysed gas components with no variability over time;

— flow sensors in all gas streams;
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— gas-geochemical sensors for the measurement of CO2, H2S, CO and 220Rn / 222Rn (Rn

sensor temporarily disconnected due to technical reasons). Electrical signals from all

gas-geochemical sensors have to be considered as proxies for a temporal variation of

concentration (exact quantification of the gas components is not yet completed);

— an electronic system including A/D- and D/A-converters and a data logger,

interconnected by a digital bus (RS-485);

— power supply using solar panels and back-up batteries;

— digital telemetry to a remote station in Emborios (a small village to the north on the

caldera rim). From here connection to BGR or IGME office by standard telephone

line or via GSM is used;

— software to control all components of the monitoring system and to store measured

data (software developed by BGR – gas geochemistry group).

CO2 concentration is monitored using an NDIR sensor (model AGM10, Sensors

Europe, Ratingen, Germany). The gas enters a cabinet (volume about 6 cm3) and diffuses

through a membrane into the infrared cell (volume about 1 cm3). The relative accuracy of

the data is about ± 2% (specification given by the manufacturer). Gas leaving the CO2

sensor enters flow-through cells of devices with electrochemical sensors for the

measurement of H2S and CO (model Polytron II, Draeger, Lübeck, Germany).

Subsequently a radon sensor (model RTM 1688, SARAD GmbH, Dresden, Germany)

is passed and then the gas escapes into the atmosphere. The radon sensor was operated

Figure 2

Block diagram of the monitoring system.
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during a short period only and had to be disconnected due to signal timing problems

between control software and instrument firmware.

The temperature inside the fumarole (determined at 50-cm depth) and at about 5 cm

below the soil surface is measured using standard thermocouples (Pt-100). The soil

temperature was determined at a location about 1.5 m away from the main opening of the

hydrothermal vent, to the east, behind a huge stone. No direct connection of this location

to hydrothermal vent openings was evident at the time of installation, however

observations over the years showed the occasional dislocation of hydrothermal vent

openings. At the same place a box with the electronic equipment was stored under a

shelter.

A solid state sensor (type Motorola MPX 5100) measures the pressure in a pipe

(8-mm wide) inserted ca. 50 cm into the fumarole and compares it to the atmospheric

pressure. It is unlikely that the thermocouple, pressure sensor tube and gas extraction

device disturb the flow of the gases emanating from the hydrothermal vent (which has an

outlet diameter of about 15 cm), as inserting the devices into the fumarole did neither

change the noise of the escaping gases nor were changes in the vapour plume apparent.

All gas tubing is made from Teflon. It was noticed that standard polyethylene tubing

could not withstand the high concentration of H2S in the steam for a prolonged period.

The whole monitoring system is remotely controlled. Control commands to the

system and data from the system are transmitted via digital telemetry to a computer in a

station on the rim of the caldera at Emborios. Data are accessible worldwide via

telephone line or GSM from this computer at Emborios. Under standard operation

conditions data are measured and transmitted every 15 seconds. The telemetric system

and the software developed include bi-directional communication, allowing all compo-

nents (pumps, sensors) to be switched on/off (e.g., to save power in case of low battery

voltage or component malfunction) or to be varied in their settings. A screen shot of the

software used is shown in Figure 3.

The most demanding problem was to find a direct coupling of the analytical

equipment to the hot steam. Because open tubes cannot be used due to the high

temperature water vapour, various polymer tubing has been tested to find an acceptable

solution for an efficient removal of most of the water vapour or condensate and a

reproducible transfer of the gas components under investigation (POGGENBURG and FABER,

2004; LABED et al., 1992, 1997; GUT et al., 1998; SCHMID et al., 2001).

4. Results and Discussion

Fluctuations recorded in time series of data may occur for various reasons. Firstly

variations due to technical components have to be detected and corrected, which may be

done by replacement with parts of different brands. This may be a long-lasting and

tedious task. But it is a prerequisite to finally detect signals which are caused by geologic,

volcanic, meteorological or other ‘‘natural’’ events.
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Figure 4 shows a data set recorded over a three-week period in April/May, 2004. The

pressure of the steam emanating from the fumarole at the vent opening is very low and

does not exceed a few hectopascal. It fluctuates randomly without a clear correlation

neither to atmospheric pressure, fumarole temperature nor to power supply conditions (as

seen by the data for the battery voltage). The differential pressure data record contains

some negative values which can be explained by steam condensation in the tubing

connecting the sensor and the vent exit. After formation of a water drop in the tubing, the

drop flows gravimetrically driven down and creates a slight vacuum until it leaves the

tubing.

The temperature of the fumarolic gas stays rather constant at about 97.6–98�C. It
shows a pronounced scattering to considerably lower values during short-time intervals,

usually with durations of several hours. Afterwards it returns to the previous temperature

range. These periods of lower fumarole temperature often coincide with adverse weather

conditions (e.g., a clouded sky, which can be deduced from the profile of the battery

recharge voltage). From these findings we conclude that bad weather conditions

(including strong wind and rain) may influence the temperature of the steam escaping

Figure 3

Control window of the software used with the monitoring station. Concentration data of gas components and

flow rates shown are not calibrated and may only be taken as proxies.
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from the vent. Here an influence on the temperature of the steam itself, coming from the

hydrothermal system, has to be assumed because a superficial effect can be excluded due

to insertion of the thermocouple about 50 cm deep into the opening of the vent. It has also

to be noted from the data recorded during e.g., May 04, 2004, a clouded sky and lower

fumarole temperatures are not necessarily interrelated in any case. These effects may be

further evaluated with a weather record from a nearby meteorological station unavailable

at the time of measurement.

The time series for CO2 and H2S concentration fluctuate in a very similar way. They

show a prominent diurnal oscillation. A frequency of about 13 hours may be estimated in

both data sets. Again there are time spans where the daily fluctuations are not well

pronounced (e.g., April 23 or May 1, 2004). These temporal sections sometimes coincide

with those where we find scattering in fumarole temperature (e.g., April 29, 2004),

however this is not valid in any case. One may speculate that weather conditions will

influence the fumarolic system close to the surface and that wind coming from a suitable

direction entering through small cracks will dilute the gas stream originating from the

hydrothermal system by ambient air.

The monitoring system is measuring a gas stream from which most of the water

vapour has been removed and which is diluted by ambient air (taken from a place outside

the crater). On-site calibration for gas concentration proved to be difficult and has not yet

Figure 4

Typical data set, recorded in April/May 2004. Grey marks indicate periods of missing diurnal fluctuations.
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been completed. We estimate a dilution factor of 5–7 in comparison to the original steam.

The concentration readings from the sensors of the monitoring system are in acceptable

agreement with analytical gas geochemical data for Polyvotis Mikros fumaroles given by

BROMBACH et al. (2003). In their sample B-6, taken during February 2001, a CO2

concentration of 7867 ppm and a H2S concentration of 1819 ppm have been determined

in the total fumarolic gas mixture. The same applies for the data published by FIEBIG et al.

(2004) for a sampling in September 2001, see Table 1 above.

A detailed comparison of the temporal variations of the CO2 concentration and the

H2S concentration reveals that the graphs are very similar, although surprisingly there is a

phase shift between both gases. This shift is of about 4.5 hours, and H2S concentration is

behind the CO2 concentration (Fig. 5). This feature has been observed throughout the

whole period the monitoring system is in operation with both sensors (i.e., from March

2004 onwards). To our best knowledge, similar observations have not been described in

the literature and no explanation for this effect is evident. Technical reasons have to be

ruled out because both sensors are connected in series by a short piece of tubing. Taking

the typical flow rate in the monitoring system into account, a delay of a few seconds

between the response onsets for both sensors will be calculated and rules out any

chromatographic effect. Additionally, exchange of sensors, digitizers and loggers had no

influence on the data set recorded.

Figure 5

Detailed graph for the fluctuations of CO2 and H2S concentration including a plot of the H2S/CO2 ratio.
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The daily short-period fluctuations, which cover a relative concentration change of at

least ± 10%, may misguide the interpretation of a series of discontinuous sample

collections. Such a sampling may be executed when fluctuation shows high or low values

or between both extremes. Consequently construction of gas concentration trends or

concentration ratio trends over time may be influenced by the time of sampling and

results may be misleading.

Another set of (selected) data is displayed in Figure 6 for the period November 2004

to December 2004. Comparing temperature data for steam and soil with gas data one

notices the scattering of signals in all traces shown and described above. Besides that,

another striking behaviour can be seen for the gas data during the periods around

November 12, 2004 or December 2, 2004 (highlighted in grey). We see three consecutive

drops in gas concentration, with minima which are separated by about 33 hours. This

does not correlate with any change in gas flow data or with ambient weather conditions.

An explanation for this observation is not obvious.

Figure 6

Graph of selected data for the observation period November to December, 2004. Grey marks indicate unusual

fluctuations with in a period of about 33 hours.
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In Figure 7 an extended set of (selected) data is displayed for the period November

2004 to February 2005. During this period the weather was rather bad at Nisyros with

clouded sky, rain and thunderstorms. The recharging of the batteries by solar panels (2 *

50 W) was not sufficient to ensure a permanent operation of the monitoring station.

Especially around January 25, 2005, and February 1, 2005, the system switched off due to

low battery voltage, but resumed operation automatically about one day later. After

restart the gas concentrations show immediately high values, decreasing to normal

concentration over several hours. This is a typical behaviour of the monitoring system

after a total power failure and restart. Probably some moisture condensed during switch-

off on the inner walls of the tubing or the frits/membranes of the sensors and trapped

some portion of the gas components (CO2, H2S) which had to be flushed out first after

restart.

The data gap between December 22, 2004 and January 12, 2005 is due to a general

power failure in the telecom station in Emborios. This small village at the caldera rim is

mostly inhabited over the winter season and longer periods of power failures occurr

frequently. Therefore, data transfer from the crater station to our offices was not possible;

however data were additionally stored in an additional data logger directly in the box of

Figure 7

Graph of selected data for the observation period November 2004 to February 2005. Between December 20,

2004, and January 13, 2005, data were lost due to power failure.
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the monitoring system in the crater. After retrieval of this data set (which could be done

under remote control) gas data were included into the long-term data set, only some

physical data (soil temperature, differential pressure, battery voltage) were lost.

From Figure 7 it is obvious that there is a steady decrease in fumarole temperature

from about 97.3�C in November 2004 to 94.8�C in February 2005. This is a result of the

cool weather during winter time; over summer time (not shown here) steam temperature

increases again to values close to 99�C. Nonetheless it cannot be excluded that also a

geogenic/volcanological influence could be responsible for the observed temperature

decrease.

During various visits on-site in 2003–2006, it was noticed that from time to time new

vent openings occurred or that the shape of the vent exit changed its size over a period of

several months. The sensor for soil temperature was at first installed for the surveillance of

heat-sensitive electronic components. Unexpectedly, large fluctuations in soil temperature

were noticed, very pronounced e.g., between November 17, 2004, and November 28, 2004

(Fig. 6). The soil temperature, which is typically between 50–60�C, decreased by about

15�C to less than 40�C and reverted to its previous value within several days.

This behaviour can be followed in detail in a data set for October 12, 2006 (Fig. 8).

Beginning shortly after 07:00 UTC (10:00 local time) a thunderstorm with several heavy

Figure 8

Data set for October 12, 2006, during thunderstorm with heavy rainfall events.
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rainfall events crossed Nisyros, coming from north-northeastern direction. It was

observed that fast-flowing streams flushed the southern slope of the Polyvotis Micros

crater and entered into several hydrothermal vent openings. As a result temperatures of

emanating steam and soil dropped sharply (partly off-scale). The differential pressure

signal turned to negative values, probably due to water droplet formation inside the

connection tube to the sensor, as described above. But also signals from gas sensors were

influenced: during the flushing of steam vents at first the concentration increases for

several minutes and then drops to considerably lower values. This effect is most

pronounced for the first event around 07:00 UTC which occurred after a long period with

dry weather. Again we must notice a small phase shift between the data sets for CO2 and

H2S, on the order of about 10–15 minutes. The reason for this small phase shift is still not

known.

From these observations we must conclude that meteoric water (rain) will definitely

enter the hydrothermal vent system at Polyvotis Micros site and will cause a cooling

down of the gas stream and perhaps a washing out of gas components. This effect should

be kept in mind when comparing discontinuously collected samples.

In Figure 6 variations in concentration for CO2 and H2S are similar to those shown in

Figure 4. In addition to the former system, a sensor for CO was included in November

2004. But the readings of this sensor are several orders of magnitude higher than those

concentrations determined by gas chromatographic analysis after classical sample

collection (BROMBACH et al., 2003; FIEBIG et al., 2004). The manufacturer of the

electrochemical CO sensor system admits a cross contamination by H2S, however they

claim to have an efficient and selective filter system to overcome this influence. This may

be valid for an H2S concentration in the ppm range, but in the fumarolic gas of Polyvotis

Mikros we find H2S concentrations on the order of 20% (Table 1), which exceeds clearly

the efficiency of the selective filter system. Besides that the data sets of H2S and CO have

a correlation factor of close to unity (e.g., for November 2004 it is 0.981). This

demonstrates that for the measurement of small concentrations of CO in the presence of

high concentrations of H2S no electrochemical sensor may be used reliably and either a

suited type of sensor should be installed or H2S has to be removed effectively prior to CO

measurements.

Various drastic decreases of gas concentration were noted in Figure 7, e.g., on

November 16, 2004 or on January 14, 2005. Here the concentration drops sharply within

a few minutes. Simultaneously we also realize a sharp decrease in fumarole and soil

temperature. From the weather archive of Rhodos airport (about 100 km ESE of Nisyros)

heavy rainfall was recorded these days, e.g. on November 16, 2004, 23 mm was reported.

Unfortunately no exact timing of the rainfall was available. Nonethless the sharp drop in

gas concentration and simultaneously in temperatures may be explained by heavy rainfall

entering the fumarolic system.

Periods of increased seismic unrest are noticed in the Dodecanese area and adjacent

Turkey during the monitoring period. A crosscheck of recorded earthquakes with the time

span of unusual data recordings for gas concentration and temperature as mentioned
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above did not, however, correlate with these events. Also estimating the local effect of

more distant earthquakes with high magnitude (ML >> 3), e.g., using the formulas given

by FLEISCHER (1981), did not correlate with changes monitored. Unfortunately no seismic

monitoring equipment is presently installed on Nisyros Island itself.

In Figure 9 gas and temperature data are shown in combination with weather data

from Kos airport (about 15 km to the north of Nisyros Island). The weather data show

that wind from the north is prevailing in this area of the Dodecanese. Wind speeds of 16

or 18 knots (roughly higher than 30 km/h) for prolonged periods coming from the north

has a pronounced effect on the temperature of fumarole steams (and surrounding soil, too;

cf. Fig. 9 for February 6 and 7, 2005). The main openings of the fumarole field are

located at the southern wall of the Polyvotis Mikros crater and are therefore sensitive to

wind blowing from the north.

Gas concentrations also are influenced by this combination of wind direction and

wind speed in a way described above. Additionally we find some sudden increases in gas

concentration, e.g. on February 3, 2005, around 13:00 UTC or on February 8, 2005,

Figure 9

Graph of fumarole temperature, adjacent soil temperature and gas concentrations in fumarole steam in

combination with wind speed and direction data from Kos airport weather archive. Wind from northern

directions (m, lowest trace, scale on left-hand side) is prevailing; wind from western directions is indicated by

(b), from southern directions by (.), from eastern directions by (b, uppermost trace). General power failures in

Emborios telecom station on February 8, 2005.
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around 18:00 UTC. These increases are not correlated with distinct weather situations as

was deduced previously for the reported decreases in gas concentration. At present the

reason for this behavior remains unknown.

5. Summary

The successful installation of a continuously operated monitoring station at a

Polyvotis Mikros hydrothermal crater fumarole is described. The system developed

comprises sensors for the most prominent gases CO2 and H2S as well as sensors for

ambient parameters. During short periods additionally sensors for CO and for Rn have

been included in the station although technical difficulties prevented a reliable and

unattended operation. Due to numerous power-failure situations in the control center in

Emborios telecom station, data logging on-site proved to be a necessary feature of the

unattendedly operated station.

Interpretation of recorded data sets showed a strong influence on the long-term

variation of parameters by meteorological data which were collected from archives of

nearby airports. Unfortunately, only part of the necessary meteorological information

(wind direction, wind speed) was available. The next supplementation planned for the

monitoring system will be a local meteorological station on Nisyros. Some of the

fluctuations in temperature and gas concentration graphs are easily related to meteoro-

logical parameters, whereas other effects like short-term increases in gas concentration

were not easily explained. Frequency analyses are needed to elucidate the origin of

regular variations of gas concentrations. Regional seismic events or strong remote

earthquakes do not reveal a clear correlation to the changes observed. Interpretation could

probably be improved by correlation of the local seismic signal with gas data.

Unfortunately appropriate equipment is not yet available.

With the exception of a general decrease in fumarole temperature over the winter

season and short-term influences on temperatures and gas concentrations related to heavy

rainfall, no significant deviation from the mean values of parameters monitored has been

noticed. Thus proxies for a new period of increase in volcanic unrest are presently not

deducible from the data set recorded.
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