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Combined electromagnetic, geochemical and thermal surveys

of Taal volcano (Philippines) during the period 2005–2006

J. Zlotnicki & Y. Sasai & J. P. Toutain & E. U. Villacorte &

A. Bernard & Julio P. Sabit & Juan M. Gordon Jr &

Ernesto G. Corpuz & M. Harada & J. T. Punongbayan &

H. Hase & T. Nagao

Abstract Since 1572, 33 phreatic to phreatomagmatic

eruptions have occurred on Taal volcano (Philippines),

some of them causing several hundred casualties. Consid-

ering the time delay between two consecutive eruptions,

there is an 88% probability that Taal volcano should have

already erupted. Since 1992, several phases of seismic

activity have been recorded accompanied by ground

deformation, opening of fissures, and surface activity. The

volcanic activity of Taal appears to be controlled by dike

injections and magma supply, buffered by a hydrothermal

system that releases fluids and heat through boiling and

subsequent steaming. In early 2005, a multidisciplinary

project was launched for studying the hydrothermal

activity. To map the hydrothermal system, combined

surveys were carried out to investigate self-potential, total

magnetic field, ground temperature and carbon dioxide soil

degassing, along with satellite thermal imaging of the Main

Crater Lake. The elevated temperatures and high concen-

trations of carbon dioxide, as well as electromagnetic

anomalies, indicate large-scale hydrothermal degassing.

This process is enhanced along the tectonic features (e.g.,

crater rim and faults) of the volcano, while active fissures

opened along the E–W northern flank during the 1992–

1994 seismic activity. Heat and fluids from the hydrother-

mal system are essentially released in the northern part of

the crater, which is bounded to the South by a suspected

NW–SE fault along which seismicity seems to take place,

and dikes are thought to be intruded. During the January
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2005 surveys, a new seismic crisis started, and the felt

earthquakes prompted spontaneous evacuation of hundreds

of inhabitants living on the volcano. Repeated surveys

show changes of self-potential, total magnetic field, and

ground temperature with time, without any noticeable

spatial enlargement. These observations suggest that the

northern flank located between the crater rim and the 1992–

1994 fissures is connected with a deep thermal source in

Main crater and is reactivated during seismic crises. This

sector could be subjected to flank failure.

Keywords Self-potential . CO2 soil degassing .Magnetic .

Hydrothermal system . Volcanic hazard . Satellite

monitoring . Taal volcano

Introduction

Eruptions from subduction-zone volcanoes are often pre-

ceded by phreatic events that result from either direct or

indirect interactions between magma and well-developed

hydrothermal systems. The occurrence of such events is

related to a high degree of permeability and structural

heterogeneities in the volcano. The study of volcanic

systems and their thermal and hydrothermal disequilibrium

is therefore a key step in the assessment of volcanic

hazards.

The Taal volcanic complex in the Philippines is a 5-km-

diameter structure that has developed in the middle of a

large (about 16×27 km) prehistoric caldera filled by Taal

Lake (‘TL’, Fig. 1a and b). Taal volcano (121° E, 14° N) is

a 311-m-high stratovolcano with a lake (Main Crater Lake,

‘MCL’; 75 m deep, 1.2 km in diameter) filling the central

crater (called Main crater, ‘MC’; i.e., Ramos 2001). This

acid lake (pH ~2–3) is partially connected to Taal Lake

(‘TL’) which surrounds the volcanic complex and which is

itself rimmed by a larger prehistorical caldera. The volcano

is located close (60 km) to Metro Manila on Luzon Island

(Fig. 1a). Taal crater is similar in size to the Pinatubo 1991

crater (Ramos 2001). The volcano has been designated as

one of the 15 “Decade Volcanoes” that represent especially

high potential hazards to population centers. Since 1572,

Taal has erupted at least 33 times killing more than 1,500

inhabitants. The destructive historical activity is mostly

due to extensive contact between MCL, the near-surface

water table, an active hydrothermal system, and the

ascending magma. The volcano exhibits diverse activity

such as gas eruptions, tsunamis, pyroclastic flows, ash

surges, and mud outbursts. Electric (self-potential, ‘SP’),

magnetic (total magnetic field, ‘TMF’), ground and water

temperature (‘GT’ and ‘WT’) surveys, as well as geo-

chemical (‘CO2’ soil degassing) mapping, are considered

as the most effective methods for studying hydrothermal

systems, due to their high sensitivity to fluid transfer in

highly fractured media. In addition, such methods have

already revealed transient signals related to volcanic

unrest (Aubert and Baubron 1998; Hashimoto and Tanaka

1995; Johnston and Stacey 1969; Massenet and Pham

1985; Michel and Zlotnicki 1998; Sasai et al. 1990, 2002;

Tanaka 1993; Yukutake et al. 1990; Zlotnicki and Le Mouël

1988; Zlotnicki et al. 2003).

This paper reports combined geophysical, geochemical,

ground-based, and satellite observations on (1) the location

of heat and fluid transfers, (2) interactions between these

Fig. 1 a Satellite view of Taal

volcano within the lake Taal

caldera. BUC is Buco magnetic

reference station; b Topographic

map of Taal volcano. Black

points indicate the location of

SP measurements. Yellow

squares show the location on the

1992–1994 active fissures.

Bottom left: Detail area of P4

and P8 surveys. Bottom right:

Detail area of P1 and P2 surveys

2



transfers and the main volcanic structures; and (3) temporal

changes during the 2005–2006 period.

Historical activity and current risk

Themost destructive historical eruptions are phreatomagmatic

(1749 and 1965), plinian (1754), and phreatic (1911). Thick

tephra deposits from the 1749 and 1754 eruptions have been

recognized up to 16 km away from the volcano (Ramos 2001).

The 1965 event was a high VEI (level 4 on an eight-level

scale) eruption that affected an area of 60 km2 and killed

about 200 people in spite of the evacuation of about 11,000

inhabitants. Pyroclastic surges characterized the last

phreatomagmatic eruption in 1977, opening a new eruption

center on the southwestern edge of MC. A large-scale

eruption of Taal could trigger the evacuation of 100,000

people or more.

The time delay between two succeeding eruptions, as well

as the type of activity, can provide valuable information on

forthcoming activity (Fig. 2). Of historical eruptions, 88%

have taken place after a repose period of less than 30 years.

The last eruption occurred 30 years ago. Considering that

the 1965 eruption was particularly destructive after 54 years

of quiescence, this implies that the explosive activity might

be high.

Taal volcano is attentively monitored by the Philippine

Institute of Volcanology and Seismology (PHIVOLCS).

Since 1994, it is considered to be in a possible state of

unrest as seen from periodic seismic swarms, ground

deformation, and changes in temperature and chemistry

(http://www.phivolcs.dost.gov.ph). Alerts of level 1 on a

five-level scale are regularly issued; one of these alert

periods lasted from October 2004 to June 2005, and level 1

was again reached in December 2005.

The last strong surface activity started in 1992. During

intense periods of seismic activity in 1992 and 1994, rapid

ground deformation was observed, with an uplift of up to

21 cm in a day, while new fissures opened on the northern

outer slope, and remarkable changes occurred in MCL

water temperature and chemistry (Gabinette 1999). In

particular, the strongest heating episode at MCL occurred

in 1994–1995, when temperatures increased up to 39°C

with a ΔT of 9–10°C (Poussielgue 1998). At that time, the

thermal power dissipated by the lake surface peaked at

350 MW. This surface activity was interpreted as the result

of dike intrusion in the volcano at a depth of less than 5 km

(Bartel et al. 2003). A deflation was then observed in 1996

(Bartel 2002). Between 1998 and 2000, several new

episodes of inflation and deflation were recorded by

PHIVOLCS. A new inflation period occurred in 2000, with

a 12-cm uplift of the volcano center corresponding to

episodic intrusions of magma in a shallow reservoir (Bartel

et al. 2003). On 23 September 2004, seismic activity

increased, and a precise leveling survey in November

indicated 5 mm of inflation on the SE volcano flank.

Seismic swarms were recorded with a maximum of 20 daily

events on 13 February 2005. During this period, the most

significant earthquakes occurred on 9 January 2005, with

an intensity of III. Hundreds of inhabitants spontaneously

evacuated the Island for a few days under the supervision of

PHIVOLCS. After February 2005, the number of earth-

quakes slowly decreased. Alert level 1 was issued in

October 2004 and maintained until 30 June 2005. In

December 2005, the level of alert was again raised to 1

when new seismic swarms were recorded.

Interaction between the plumbing system

and the aquifers

Taal Lake was cut off from the South China Sea by the

extensive deposits of the 1749 eruption. The water level is

now 2 m higher than sea level, while the MCL is 2 m above

TL level (Ramos 1986). Sulphur isotopes and halogen

ratios in the lake water suggest that sea water infiltrates the

volcano and the hydrothermal system (Fig. 3; Delmelle et

al. 1998). The level of MCL can vary by up to 1 m

depending on seasonal rainfall and volcanic activity

(Poussielgue 1998). Therefore, the MCL volume (about

45×106m3) can change by up to 2.6% within a few months.

In turn, this can induce local stresses that probably affect

groundwater flow and hydrothermal activity.

In volcanoes with crater lakes, where magmatic fluids

are being injected and buffered by a large hydrothermal

system, geothermal energy is essentially released through

the main structures (faults, crater rims, cones, etc), porous

and permeable media and crater lakes (Chiodini et al.
Fig. 2 Time delay between two consecutive eruptions as a function of

the number of historical eruptions
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2005). In the case of Taal volcano, interactions between

aquifer(s) below the MCL and rising magmatic fluids result

in an active hydrothermal system expressed at the surface

by acidic waters in the MCL (pH of 2 to 3) and several

areas undergoing evident extensive heat and gas transfer

with temperatures reaching 100°C.

The first key feature of Taal volcano is the importance of

fluid–rock interactions. Most of the heat from the plumbing

system is evacuated by the MCL and via open fracture

zones. Because of this heat loss, the hydrothermal system

slowly returns to a self-sealed system through fluid–rock

interactions that lead to alteration and mineralization of the

rocks, in a similar way to Soufrière volcano on Guadeloupe

(Zlotnicki et al. 1992). Typically, this may induce a simple

scenario whereby an increase in the thermal stress field up

to a local threshold can potentially trigger a moderate

eruption. Another scenario involves fast injection of dikes

in the hydrothermal system, which can rapidly produce a

vigorous phreatic to phreatomagmatic eruption. The dy-

namics of this eruption may be controlled by the thermal

budget and by argillization of the hydrothermal system and

overlying pile.

The second key feature of the volcano is the high

permeability and porosity of the rocks. This produces

considerable ground deformation associated with seismic

swarms, leading to a pattern that is often considered as

possible precursor sign of eruptive activity (Bartel et al.

2003). However, the 1982–1984 bradyseismic crisis of

Campi Flegrei in Italy, which is also associated with a large

hydrothermal field, gave rise to a huge deformation that

was not followed by any eruption (Di Vito et al. 1999;

Gaeta et al. 1998). This feature is highly characteristic of

quiescent volcanoes exhibiting large-scale hydrothermal

systems, which makes it difficult to forecast an eruption

using seismic and deformation patterns alone (Chiodini et

al. 2001).

The above discussion stresses the need to establish a

detailed delineation of the hydrothermal system and the

connections between the refilling water and the plumbing

system. For this purpose, we performed SP, TMF, CO2, and

GT surveys combined with satellite thermal imaging of the

MCL.

Methodology

In 2004, PHIVOLCS signed an agreement with the working

group on ElectroMagnetic Study of Earthquakes and

Volcanoes (EMSEV) on behalf of the International Union

for Geophysics and Geodesy (IUGG), for developing

electromagnetic studies on Taal. The aim of this project is

to obtain a better understanding of the volcanic structure

and the hydrothermal system, and contribute to the

monitoring of the ongoing activity.

Self-potential and ground temperature profiling The self-

potential method consists of measuring the static electric

potential difference between a reference point located

outside the hydrothermal system, considered as a relative

zero potential, and a running point along a progressively

unrolled cable (i.e., Sato and Mooney 1960; Zohdy et al.

1973). The measurements are carried out using nonpolariz-

ing electrodes (see Perrier et al. 1997). Although several

phenomena contribute to creating SP anomalies, the two

main mechanisms encountered on volcanoes are due to

electrokinetic and thermoelectric effects (Corwin and

Hoover 1979; Ishido and Mizutani 1981; Nourbehecht

1963; Overbeek 1952). It is commonly assumed that

upward migrating fluids generate positive anomalies,

whereas infiltrating fluids produce negative anomalies. This

phenomenon is most often characterised by the so-called

topographic effect, which corresponds to a negative linear

trend between the elevation of measurement points and the

SP values (see review by Zlotnicki and Nishida 2003).

However, we should also consider other mechanisms for

transient effects related to fluid disruption or seismicity

(Byrdina et al. 2003; Johnston et al. 2001). The amplitude

of SP anomalies can be up to several hundreds of millivolts

Fig. 3 Simplified sketch

showing possible fluid transfers

through Taal volcanic system

(after Delmelle et al. 1998)
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over distances of 1 km (Ballestracci and Nishida 1987; Di

Maio et al. 1996; Finizola et al. 2004; Friedel et al. 2004;

Hashimoto and Tanaka, 1995; Lewicki et al. 2003a; Sasai et

al. 1997; Zlotnicki et al. 1998).

On Taal volcano, SP surveys were performed with

insulated 2-km-long copper reels, a high impedance meter

(107 Ωm) and Pb–PbCl2 nonpolarizing electrodes (Petiau

2000). Profiles were measured with a mean interval of

25 m, using local zero potential references (Fig. 1b).

Several measurements were made at survey points and

then averaged (|max–min|<5 mV). All surveys were

normalized to a unique reference potential, which is taken

as zero along the TL shoreline. The error is less than 25 mV

along closed loops of several kilometers length.

Ground temperature was simultaneously measured at the

same SP locations at about 15 cm depth with a digital

thermometer. The uncertainty on the temperature measure-

ment is estimated at 0.5°C.

Magnetic survey Changes in stress field (piezomagnetic

effect), ground temperature (thermal magnetic effect), and

ground fluid circulation (electrokinetic effect) are the most

effective mechanisms generating magnetic fields associated

with volcanic activity. In particular, a change in ground

temperature is the most common cause of volcano–magnetic

phenomena of shallow origin. The presence of shallow

hydrothermal and groundwater systems, and the ascent of

hot magma (i.e. Sasai et al. 1990), can produce changes of a

few tens of nanoTesla in the geomagnetic field, with the

result that TMF surveys provide a good indicator of

forthcoming surface activity (Tanaka 1993; Hurst et al.

2004). Magnetic measurements were performed using three

proton precession magnetometers. An Overhauser-type mag-

netometer (0.01 nT accuracy, 5 s sampling step) was used for

continuous observations at the BUC reference station located

near Buco volcano observatory (PHIVOLCS) on the

northern shore of TL (Fig. 1a). During the first survey

(Jan. 2005), the total magnetic field (TMF) was measured at

intervals of 25 m along the same profile as SP, CO2, and GT.

Another Overhauser-type magnetometer was used for the

magnetic survey, in which TMF values at each site were

averaged over three points located within 20 cm; the diurnal

geomagnetic variation was removed by simply subtracting

the differences between each site and the Buco reference

station (Harada et al. 2005).

An ordinary proton precession magnetometer (0.1 nT

accuracy) was used mainly at 21 repeat survey points,

which cover three geothermal areas (the eastern shore of

MCL, the northern slope of the volcano, called Daang

Kastila, and the western shore of the MCL (Fig. 4). A

benchmark was chosen when the horizontal gradient of

TMF was less than 5 nT/m. In this study, we used the same

magnetometers at BUC reference station as in the repeat

surveys. TMF data from the Muntinlupa magnetic obser-

vatory located south of Manila were supplied by National

Map and Resources Information Authority (NaMRIA) as

reference data for repeat surveys, although they were not

available during the first survey in January 2005.

Figure 4 shows the distribution of repeat magnetic survey

points. It also includes a portion of the profiles derived from

joint TMF and SP measurements. The line A–B is located

along the eastern shore of MCL (P1 in Fig. 1b), while C–D

follows the horse trail on the northern flank of the volcano

(P4 in Fig. 1b). Both lines cross prominent geothermal areas.

Note that the two lines are separated by steep cliffs on the

northern wall of MC.

CO2 soil degassing Degassing of magmatic/hydrothermal

species through distal areas is known to occur on dormant

to active volcanoes. Although this degassing may be visible

(fumaroles, mofettes, and hot springs) it can also be absent

(Allard et al. 1991; Baubron et al. 1991). Because of

groundwater boiling and/or dissolution of volcanic gases in

superficial aquifers, the soil gas phase is composed mainly

of poorly soluble species, typically CO2 enriched in He and

Rn and rarely in CH4. This phase is depleted in the more

soluble species (HCl and SO2). Because of convective/

advective transport, high CO2 fluxes can be released and

may contribute to 20–50% of the total flux for a given

volcano (Baubron et al. 1990; Cardellini et al. 2003; Farrar

et al. 1995). Distal leaking is spatially heterogeneous

because faults, fractures, and discontinuities act as conduits

and/or barriers with respect to the gas phase according to

Fig. 4 Distribution of repeat magnetic survey points (circles)
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their lithological, mineralogical, and mechanical properties.

Therefore, mapping soil gas heterogeneities (through flux

or concentration measurements) on a volcano is a powerful

method for visualizing the distribution of discontinuities

and the extent of fluid transfer, as well as the interactions

between fluids and the main structural features (faults,

fractures, rims, and craters).

Three main sources of carbon can contribute to the soil

CO2 flux (magmatic, sedimentary, and biogenic carbon),

and this can lead to a spatial heterogeneity in their relative

concentrations in the soil gas (Fig. 5). Sharp carbon dioxide

anomalies, sometimes with very high concentrations (up to

100% of total gases), are known to mark out fractures

closely related to hydrothermal and/or volcanic sources

(Baubron et al. 1990, 1991; Todesco et al. 2003). However,

low-level anomalies (a few %) due to enhanced biogenic

activity in volcanic or faulted areas can also mark non-

active superficial fractures (Lewicki et al. 2003b; Toutain et

al. 2002). Evidence has been reported of CO2 increase

before eruptions or dike emplacement (Hernandez et al.

2001; McGee et al. 2000), making soil CO2 monitoring a

powerful tool for detecting pre-eruptive processes. More-

over, the measurement of soil CO2 fluxes at Campi

Phelegrei (Chiodini et al. 2001) has revealed the triggering

of bradyseismic events due to the role of CO2-rich fluid

injection at the base of a shallow hydrothermal system

(Chiodini et al. 2003).

During field work on Taal, we only considered CO2

concentrations. We used metallic probes buried in the

ground at a depth of about 70 cm. Soil degassing

concentrations were simultaneously measured during SP

surveys, with a mean interval of 25 m. The soil atmosphere

was sampled with an electric suction pump at a rate of

1 l/min and injected into a LFG20 (Geogas, UK) Infra-Red

analyzer for simultaneous and online measurement of CO2,

CH4, and O2. The precisions of CH4 and CO2 measure-

ments are ±0.5, 3, and 5% for concentration ranges of 0–10,

10–50, and 50–100%, respectively. The precision of O2

measurement is ±0.4%.

In this study, CO2 measurements cover a wide range of

concentrations, from 0.02 to 100%. Isotopic analyses are

currently used to distinguish the origin of the carbon, as
13C/12C ratios show strong differences between magmatic

fluids, sedimentary carbonate, and organic matter (−6±2,

0±1, −25±5 ‰, respectively). However, recent results

suggest that significant isotopic fractionation may occur in

soils due to diffusive vs. advective contributions, thus

casting some doubt on the δ
13C parameter (Camarda et al.

2007). No isotopic analyses are available in the present

study, so we use a graphical analysis to analyze the source

of CO2 (cumulative frequency diagrams which identify

populations as straight lines). This method is frequently

used to display the asymmetric shape of skewed population

distributions (Klusman 1993).

Satellite thermography Volcanic lakes act as calorimeters

trapping most of the heat released by the magmatic–

hydrothermal system. Lake temperatures reflect the balance

between heat input from hydrothermal fluids and heat

output by radiation and evaporation from the lake surface to

the atmosphere. In this way, lake-surface temperature

represents a key parameter for detecting changes occurring

in the activity of a volcano. Surface temperatures of MCL

were determined using data supplied by advanced space-

borne thermal emission and reflection Radiometer (ASTER).

ASTER is an advanced multispectral sensor covering a wide

spectral region from visible to thermal infrared. ASTER has

14 different spectral bands: three in the visible (VNIR:

0.52–0.86 μm), six in the near-infrared (SWIR: 1.60–

2.43 μm), and five in the thermal infrared (TIR: 8.12–

11.65 μm). The TIR bands with a spatial resolution of 90 m

allow us to detect small thermal anomalies (a few degrees

Celsius) and perform thermal mapping and monitor tempo-

ral variations in the lake surface temperatures. The surface

of MCL (about 1.2 km2) is well adapted to using ASTER

with a little more than 150 individual pixels available for

temperature sampling.

Determination of the MCL surface temperatures using

ASTER data was performed following the procedure

developed by Bernard (2008). This technique is based on

the classical split-window method, which has been suc-

cessfully used with other satellites to obtain accurate sea

surface temperatures (SST). The split-window method is

based on establishing an empirical relationship between

water temperatures measured at the surface and brightness

temperatures measured in at least two TIR channels. The

effects of atmospheric vapor and other absorbing compo-

nents are removed by using a differential absorption

measurement based on two TIR channels. The principal

advantage of this approach is that it corrects the atmo-
Fig. 5 Cumulative frequency distribution of CO2 measured in Taal

soils. Populations are suggested by inflexion points
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spheric effects on a pixel by pixel basis, i.e., for the local

atmosphere and at the exact time the satellite is collecting

TIR data. With ASTER data, we calculated the difference in

brightness temperatures between bands 13 and 14 to

remove the atmospheric effects.

Observations

Ground SP, GT, and CO2 surveys Combined SP, GT, and

CO2 and TMF measurements were generally implemented

along the same profiles. In several cases, TMF measurements

were also performed on the same lines. In the following, we

present four profiles (Fig. 6 a, b, c and d); the locations are

given in Fig. 1b. P1 and P2 traverse the geothermal area in

the northern part of MC, while P4 and P8 extend across the

geothermal area on the northern volcano slope (Daang

Kastila area).

Profile P1 The profile starts on the SE inner border of MC, at

150 m a.s.l., passes inside the crater, and then follows the

northern MCL shoreline northwestwards towards the cliff

across a hydrothermalized area exhibiting solfatara, fumaroles,

hot springs, and gas bubbling in the MCL (Figs. 1b and 6a).

To the southeast, we find a geothermal area delimited by a

negative SP anomaly (150 mV, 300 m wide). This is

followed by a 700-m-wide GT anomaly along the MCL

shore, which is composed of three subset peaks (up to

100°C, 200 m wide). A 600-m-wide CO2 anomaly is

superimposed onto the GT anomaly (some missing CO2 data

are due to the sealing of probes). The main CO2 anomaly is

composed of at least two sub-anomalies, with concentrations

accounting for up to 100% of the soil gas, which are well

correlated with the GT anomalies. Across the geothermal

area, SP values decrease smoothly with short-wavelength

anomalies (50 to 100 m in width) along the shore line.

Profile P2 P2 is a closed loop situated to the east of the MCL

shore line. It follows the northern rim and returns to the

starting point 50 m east of the shoreline (Figs. 1b and 6b). A

main GT anomaly (300 m wide, up to 75°C) is located

along the inner northern rim of MC. A weaker GT anomaly

is observed at the end of the loop, in agreement with the

margin of the GT anomaly described in P1. Corresponding

low-level (a few %) CO2 anomalies are recorded. Along the

first 300 m of profile, the negative relationship between the

SP values and elevation (−1.5 mV/m) corresponds to a local

topographic effect. This linear trend is abruptly disrupted

by a sharp negative SP anomaly of 60 mV amplitude

correlated with the largest GT and CO2 anomalies. At the

end of the profile, the 100-m-wavelength SP anomaly of

50 mV corresponds to the weaker GT and CO2 anomalies.

Profile P4 The P4 line carried out on 9 January 2005 runs

nearly straight N–S from MC rim toward TL, intersecting

the E–W-trending 1992–1994 fissures (Figs. 1b and 6c).

Two well-identified anomalies (GT up to 59 and 70°C; CO2

up to 4 and 100%) are detected above the 1992–1994

fissures, the highest amplitudes of GT and CO2 cor-

responding to the northernmost active fissure. Only weak

CO2 anomalies appear north of the most active fissures.

The SP traverse is typical of active volcanic hydrothermal

systems (e.g. Zlotnicki and Nishida 2003). High SP values

are observed with a peak directly above the most active

fissures. Then, values drop drastically by 205 mV in

amplitude over a distance of 50 m before slowly increasing

along two offset segments leading up to TL. This slow

recovery of zero potential corresponds to a −1.2 mV/m

topographic effect.

Profile P8 The traverse starts from the external MC rim

400 m to the west of reference point P4 (Fig. 1b). The line

descends to the northwest, then passes eastward through the

geothermal area along the active fissures, and reaches the

MC rim in the east (Fig. 6d). Prominent anomalies in GT,

CO2, and SP occur in the same area and allow us to delimit

the extent of the geothermal field. The SP anomalous area

is expressed by scattered values on which are superimposed

250-m-wide anomalies. No clear topographic effect is

observed along the traverse.

Satellite thermal imaging of MCL Figure 7 is a processed

ASTER image (TIR band) obtained during the night of 24

January 2003. The most noticeable thermal anomaly, about

650 m in width, lies along the northern shoreline of the

MCL where we observe strong gas bubbling and solfatara.

Two hot spots are clearly observed along this thermal

anomaly. Their WTs are 35.7°C and 34.2°C, respectively,

while the average MCL temperature is 29.5°C. The

temperature difference between MCL and TL is 3.1°C.

As both lakes have almost the same elevation, TL can be

used as a reference to remove the influence of atmospheric

temperature. During non-eruptive activity, the temperature of

MCL is always a few degrees above that of TL. The thermal

anomaly (ΔT), calculated as the temperature differences

between the two lakes, remained almost constant during

2000–2006 (2.5±0.7°C). At present, the thermal power

dissipated by the lake surface is less than 50 MW.

Ground magnetic survey The geomagnetic inclination

around Taal volcano is about 14°, i.e., almost horizontal.

In such a setting, the intensity of the magnetic field or TMF

decreases above a strongly magnetized body, while it

increases above a weakly magnetized body. One possible

origin for this could be high ground temperature. In a 3-D

complex topography, the magnetic material in a lateral
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position contributes significantly to the TMF. Hence, the

local magnetic field does not always reflect the magnetiza-

tion just beneath the observation site. This is contrary to the

SP, GT, and CO2 degassing measurements, which are

indicative of the physical conditions beneath the observa-

tion point. Thus, P4 on the northward inclined slope is the

most suitable profile for comparing the TMF anomaly with

these observations. In this case, topography does not show

any sharp changes in the lateral (E–W) direction (Fig. 6c).

Figure 8a shows TMF and SP anomalies along profile

P4. The topographic effect on SP values is already removed

using the coefficient −1.2 mV/m, as given in Fig. 6c. A

positive zone exists in both TMF and SP, and this coincides

with the geothermal area generated by the 1992–1994

active fissures. The magnetic anomaly is most probably

caused by high temperatures at shallow depth due to

hydrothermal circulation. A similar feature is found along

the eastern shoreline of MCL, i.e., profile P8 (Fig. 6d).

However, the steep cliff of MC wall is close to the shore,

which should affect TMF values along P8. As the MCL

bathymetry is not known precisely, the effect of 3-D

structure on TMF could not be examined.

Figure 8b shows the horizontal distribution of TMF

values over the Daang Kastila geothermal area, which

includes the positive GT, SP, and CO2 anomalies measured

along traverses P4 and P8 (Fig. 6c,d). Irregular variations of

GT, CO2, and SP could be due to the existence of a number

of fissures. Therefore, a positive TMF anomaly can be

considered as a good indicator of the global heating process

in rocks at shallow depth.

Discussion

The current surface activity on Taal is restricted to two

well-identified areas. The main surface activity takes place

on the northern part of MCL and in the inner northern part

of MC with gas bubbling, solfatara, fumaroles, hot springs,

and steaming grounds. The second large geothermal area is

currently located on the northern MC flank near E–W

fissures that were active up to 1992–1994.

Ground temperature anomalies The highest temperatures

(up to 100°C) are measured along the northern MCL shore

line and the northernmost active 1992–1994 fissures. The

largest anomalies almost follow the same curvature as the MC

rim. Lower GTs are measured between these areas. Thermal

convection prevails along these high-temperature lineaments

associated with geological interfaces (MC rim, 1992–1994

fissures). Apart from these areas, conduction takes place at

very shallow depth, with GT decreasing with distance to the

main heat inputs (see Hochstein and Bromley 2005).

WT data of MCL indicate a two-spot anomaly along the

northern shore line that traces a segment almost parallel to

the 1992–1994 fissures and the MC rim (Fig. 7). As this

thermal anomaly does not spread far away from this lineation

and closely matches the GT anomalies measured in MC, this

segment may track an active fissure (Figs. 6a, and 9a).

CO2 soil degassing Diffuse degassing of quiescent volca-

noes is a powerful process leading to heat release. As

mentioned previously, the Campi Flegrei solfatara may

provide useful information on thermal transfers, as the site

displays similar steaming grounds as observed on Taal. The

thermal energy at Campi Flegrei is mainly (90%) transported

by H2O produced by aquifer boiling, and most of it is

dissipated through steam condensation (Chiodini et al. 2005).

This energy is much higher than that released by either

seismic or deformation processes (Chiodini et al. 2001).

Fluid and heat transfers on Taal volcano are not isotropic

but operate mainly from high-permeability areas such as

faults, fractures, and structural discontinuities. CO2 and GT

patterns in soils (Fig. 6), together with fumaroles, bubbling

mud pools and thermal springs within Taal crater, suggest

similar processes of fluid and heat transfer as well as steam

condensation, even if degassing through TL also contrib-

utes to the global heat budget.

CO2 concentrations cover a wide range, from 0.02% to

100%. Graphical analysis (cumulative frequency diagrams

Fig. 6 Comparison between topography, SP, CO2, and ground

temperature data, along four profiles. Rectangles indicate the location

of anomalies. a Profile P1; b Profile P2; c Profile P4; d Profile P8. See

Fig. 1b for location of the profiles

�

Fig. 7 ASTER thermal image recorded during the night of January

24, 2003 (at 14:16 UTC). The TIR data (band 13 and 14) were

processed with a new split-window algorithm (Bernard 2008). A

thermal anomaly is clearly visible in the Northern part of the lake

close to the shoreline where fumarolic degassing and hot springs are

located. Maximum temperatures of the two red color hot spots are,

respectively, 35.7 and 34.2°C
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which identify populations as straight lines) indicate four

populations (Fig. 5): pure air, mixed air-biogenic, biogenic,

and volcanic/hydrothermal gas. Concentrations higher than

about 4% CO2 are volcanic/hydrothermal gases. Such

concentrations are systematically associated with visible

major fractures or volcanic structures through high GT

amplitude (Fig. 6a and c) and thermal anomalies in the

range 75–100°C. Concentrations below 4% are thought to

be mainly characteristic of a biogenic source possibly

mixed with air (Fig. 6b,c and d). Such low-CO2 anomalies

are either associated with GT anomalies (Fig. 6b and d) or

not (Fig. 6c). The former are likely to be the result of low

hydrothermal fluid fluxes, whereas the latter are probably

non-active fissures characterized by biogenic CO2 release,

corresponding to superficial fissures of deep fractures being

sealed by chemical and/or mechanical processes.

The CO2 map reveals the close relationship between

CO2 degassing and the main structural features (Fig. 9b). A

main spot of volcanic/hydrothermal gas is located within

the crater on the northern shoreline of MCL, and a smaller

spot is associated with the active fissures outside the crater

on the northern flank, in agreement with the GT measure-

ments. The weak CO2 anomalies, observed a few hundreds

meters north of the active fissures (Fig. 6c), may charac-

terize fissures not yet observed at the ground surface. These

could be reactivated during increased activity.

SP anomalies Taal SP anomalies significantly differ from

those observed in active volcanic hydrothermal systems

lacking a crater lake. Sharp step-like variations of some tens

of millivolts bound the anomalous areas (Figs. 6 and 9),

and short-wavelength SP anomalies are correlated with GT

or CO2 anomalies within geothermal areas.

Typical patterns of SP anomalies on the edge of geothermal

areas can be used to infer concealed major structures. Firstly, on

the northern flank of the geothermal area, a clear −1.2 mV/m

topographic effect is intersected at the break of slope by two

offsets of several tens of millivolts extending up to TL (Fig. 6c).

The main SP offsets correspond to the northern boundary of

the geothermal area and the termination of weak CO2

anomalies (Fig. 6c). Secondly, in the northeastern part of

MC, a 100 mV negative anomaly bounds the geothermal area

to the south, and could be related to the negative anomaly

west of MC northern rim (Figs. 6a and 9). This could pick out

a NW–SE tectonic fault extending outside the volcano

through MC and TL, in accord with the location of

hypocenters for previous seismic crises and the alignment of

eruptive centers (Alcazar 1996; Bartel et al. 2003; PHIVOLCS

internal 2005 report). In this case, this fault could represent a

main groundwater channel way between MCL and TL.

The large amount of SP data leads to reliable SP

mapping in the central part of the volcano (Fig. 9c and d).

Two geothermal areas are well defined. The first area is

mostly confined to the inner northern border of MC,

running from East to North. A second area, located on the

northern flank, is expressed by a curved anomaly associated

with the main active fissures outlined by CO2 and GT

measurements (Figs. 1b, 6c, and d).

Cross-correlating the different observations suggests the

occurrence of three elongated geothermal lineaments: (1)

on the northern slope of MC, (2) between MCL shoreline

and MC rim, and (3) inside MCL close to the shore. SP,

TMF, CO2 degassing and GT are well correlated, and each

parameter provides supplementary information. To the

North, TMF data identifies a source of thermal demagne-

tization of rocks in the first hundreds of meters depth. SP

anomalies closely follow the outline of the geothermal area

and the bordering tectonic discontinuities. Local GT

anomalies pick out the most active fissures associated with

hydrothermal and degassing transfer, while CO2 data reveal

the fissures in which degassing is taking place.

We can observe several features from Figs. 6, 7, 8b, and 9:

(1) The hydrothermal activity is emphasized along curved

segments, most of them being active fissures.

(2) The source of the hydrothermal activity is located at a

depth of some hundreds of meters.

(3) The presence of superficial magma can explain the

observed surface activity.

(4) E–W and NW–SE trending discontinuities are located

to the North and the South of these geothermal areas.

Ground deformation and seismicity also occur in these same

geothermal areas. In particular, the inflation center and the

hypocenters ofmost seismic crises are located along the northern

MC rim, at a depth of a few kilometers (Bartel et al. 2003).

These observations suppose a connection between the

geothermal areas located in the main crater and along the

active fissures to the north (Figs. 9 and 10). At a few

kilometers depth, the magma supply releases magmatic

gases that generate faults. During their ascent, these gases

interact with the groundwaters. Taking into account the

curvature of the 1992–1994 fissures and the TMF, SP, CO2,

GT, and WT anomalies, the geothermal source should be

located below MC. Therefore, the E–W northern fissures of

1992–1994, which are several hundreds meters long, may

Fig. 8 a Top: TMF and de-trended SP anomalies from a −1.2-mV/m

topographic effect along the profile P4; a Bottom: topography along

the path. b Horizontal distribution of TMF anomalies on the outer

northern slope of MC (Daang Kastila). Contour interval is 50 nT. Red

circles indicate the measurement spots including the repeat survey

points with numerals. c Computed TMF anomalies along the profile

line G–H–I in Fig. 4 compared with the observations (solid squares).

Solid lines with open triangles, circles, and squares indicate the

computed TMF intensity, of which magnetization is assumed to be 3,

5, and 7 A/m, respectively

�
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form ‘décollement fissures’ that are reactivated during

seismic events (see next paragraph). These fissures may

potentially create instability of the northern part of the

volcano, which could lead to its collapse.

Magnetic anomalies As shown in Fig. 8a,b, and c, the

positive TMF anomaly could be influenced by the topogra-

phy. This is because the anomaly emerges on a relatively flat

portion of the northern slope with a steeper ridge (i.e., crater

wall) on its southern side. At such low latitude, a higher

ridge produces a positive TMF anomaly on its northern side.

This possibility was examined by 2-D modeling. Figure 4

shows the profile line G–H–I, which runs across the peak

value of positive anomalies indicated on Fig. 8a. The
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volcano is assumed to be uniformly magnetized to a depth of

250 m below the TL surface level. We applied the 2-D

modeling algorithm of Talwani and Heitzler (1964).

Figure 8c shows the comparison of the observed and

computed TMF anomalies along the line G–H–I. We assume

magnetizations of 3, 5, and 7 A/m, but find 5 A/m to be the

most appropriate value for the overall goodness of fit.

Although the computed TMF is fairly similar to the observed

anomaly pattern, it cannot fully reproduce the positive

anomaly in Fig. 8a. Further investigation is necessary using

a 3-D modeling technique and additional measurements to

assess the effect of topography on TMF anomalies.

From our modeling study, we conclude that:

(1) The positive TMF anomalies in Fig. 8a and b are

mainly produced by the weakened magnetization of

rocks due to the high ground temperature at shallow

depth, although the effect of 3D surface topography

must also be taken into account,

(2) The average magnetization of Taal volcano is 5 A/m,

which will be used for further modeling studies.

Temporal variation of SP and GT with volcanic activity

SP and GT changes associated with 2005 activity On 29

October 2004, PHIVOLCS raised an alert of 1 on a five-

level scale, after recording new volcanic earthquakes below

the volcano. The seismicity decreased at the end of the year.

A new seismic swarm started again on 9 January 2005 at

7:45 P.M. Several earthquakes of intensity III were felt by

the islanders, who partly evacuated the volcano for a few

days. Due to the small number of seismic stations, it was

only possible to locate the epicenters between 1 and 4 km

depth below the SE volcano flank. After March 2005, the

seismic activity declined, and the level of alert was reduced

to 0 at the end of June. Seismicity increased again in

November 2005, and the alert was raised to 1.

The P4 profile, oriented N–S along the outer northern

slope, was chosen for the reiteration of GT and SP

measurements. Measurements were performed on 9 and

14 January, 22 February, 11 and 14 November 2005, and on

20 February 2006 (Fig. 11a and b). GT and SP measure-

ments were both performed at the same locations, and

several SP values were recorded by measuring the electric

potential at nearby (within 1 m) closed spots. GT anomalies

and SP anomalies on the first 400 m of the profile cross the

trace of active fissures.

January 2005 measurements On the northern boundary of

the geothermal area, the SP topographic effect falls from

−1.2 to −0.8 mV/m between 9 and 14 January, whereas no

change is recorded inside the area. The shape of the GT

anomaly within the geothermal area also remains un-

changed. Because of prevailing dry and constant meteorol-

ogical conditions during the measurements, the decay in the

SP topographic effect may be attributed to a seismically

induced increase of the SP anomaly associated with an

enlargement of vapor emission outside the geothermal area.

Such an SP change may be related to the reactivation of

small active fissures on the northern flank which are not yet

observed at the ground surface. This interpretation is

strengthened by the existing low-amplitude (up to 2–3%)

CO2 anomalies (Fig. 6c).

Fig. 10 a Active faults located on the northern flank. b Schematic

interpretation of fluid and gas transfers in the northern part of the

volcanic edifice. Red areas are the geothermal areas evidenced by the

surveys. Dashed lines indicate the possible connections between

the northern fissures and the geothermal area located in the main

crater. c Geothermal area in the northern part of the main crater.

Dashed lines indicate the trace of the NW–SE fault
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February 2005 measurements On 22 February 2005, the

amplitude of the GT anomalies increases up to 94°C.

Higher values now extend southward from the northern

fissures. Temperature increases over the anomalous

zone, together with a 5-mV increase in SP, suggesting

a small rise of the global outflow. These patterns are

correlated with variations of the order of 10 nT (TMF),

which correspond to a thermal demagnetization (Fig. 8c;

Harada et al. 2005).

November 2005 measurements The November survey

again highlights an increase in the surface activity. The

SP anomalies change significantly in two sectors. Between

the crater rim and the northern fissures, we record an

increase of tens of millivolts, whereas the steep SP anomaly

decreases from 205 to 160 mV at the northern tip of the

geothermal field. Further repeat surveys will allow us to

estimate the contribution of seasonal change to this 45 mV

decay in SP. Although the general GT profile remains

unchanged along P4, local variations exist: the main GT

anomaly continues to increase (up to 100°C), whereas the

secondary GT anomaly decreases from 60 to 43°C above

the southern secondary fissure.

February 2006 measurements The SP anomalies remain

high from the MC rim to the tip of the geothermal area,

and values seem to reach a plateau along this segment.

This pattern is well-matched with the observed high-GT

anomalies.

The SP and GT repeat surveys suggest that:

(1) Heat and fluid transfers increase during 2005 in

correlation with seismicity.

(2) Hydrothermal activity is almost entirely controlled by two

main E–W fissures; the northernmost fissure being the

major one in which CO2 soil concentrations reach 100%.

(3) There is no noticeable extension of the geothermal

area, although several small anomalies (SP, CO2)

located north of the geothermal area could indicate

non-outcropping preexisting fissures.

(4) Seismic swarms may increase the soil permeability

along the main fissure, leading to increases in gas flux

and ground temperature, whereas the reduced gas flux

observed at the southern secondary fissure is probably

the result of post-swarm mechanical and/or chemical

sealing.

Fig. 11 Time evolution SP and GT along the P4 south–north survey

crossing the northern flank fissures between November 2005 and

February 2006. a SP anomalies. b ground temperature. From bottom

to top: January 9 and 14, 2005; February 24, 2005; November 11 and

14, 2005, and February 2006. a Ground temperature; b SP anomalies
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The GT and SP observations made over 2005 clearly

indicate that the north flank geothermal area is strongly

stimulated by the seismic activity throughout the year. Heat

fluxes and hydrothermal circulation are essentially located

along the major fissures that currently bound the geother-

mal area to the north. Moreover, seismic activity could also

extend the geothermal area northward.

The amplitude of the electric, temperature, and magnetic

responses is notably large with respect to the weak seismicity

in 2005. Therefore, the hydrothermal system could be largely

disturbed by sporadic seismicity in only a few days. Releases

of steam and gas, as well as eventual sudden steam explosions

with high CO2 contents, may therefore occur in the event of

large seismic swarm. At present, the four 1-Hz seismic

stations are insufficient to allow detailed studies linking EM

signals and earthquakes mechanisms. The active geothermal

area and the northernmost fissure are now monitored by a

continuous GT and SP station.

Magnetic changes associated with 2005 activity At repeat

survey point P, five readings per minute are averaged to obtain

the TMF value at the observation time. Such measurements

are carried out during 15 min. The simple difference of TMF

value between the survey point P and the reference station R

is averaged over 15 min to give F_R(P,n), which is called the

TMF difference at P relative to R at the time of nth survey.

The difference of ΔF_R between mth and nth survey is

regarded as the total intensity change during the two surveys.

Unfortunately, TMF data from Muntinlupa (MUT) were

not available owing to instrumental troubles during the whole

period of 8–14 January 2005, while data from BUC were not

obtained for one out of three survey days between 15 and 24

February 2005 (Fig. 1b). We selected MUT as the common

reference station. Here, we denote ΔF_B and F_M as the

simple difference of TMF between each point and the BUC

and MUT stations, respectively. In cases where MUT data

are not available, we can obtain ΔF_M as follows:

$F M P;nð Þ¼ ΔF B P;nð ÞþΔF BM

where

ΔF_BM Average of all the simple differences between

BUC and MUT.

This reduction method is based on the fact that diurnal

geomagnetic variations have almost the same amplitude and

phase over an area of a few tens of kilometers. One of our

research objectives in the future is to investigate the validity

of this assumption in an equatorial region such as the

Philippines, where an intense equatorial electro-jet has a

prevalent effect on geomagnetic Sq variations.

The BUC reference station sometimes undergoes artificial

disturbances owing to the movement of metallic materials

(farm implements). We carefully checked the data and

corrected them where possible. Moreover, at some repeat

survey points, concrete benchmarks were not replaced in

exactly the same position as the temporary wooden pegs,

which resulted in an apparent change between the first and the

second survey. Therefore, we have to discard the results of the

first survey at TA15, 16, and 21 because we could not

satisfactorily evaluate the reoccupation error.

Repeat survey points as shown in Fig. 4 belong to the

following three areas: (A) east shore of the MCL and the

southeastern slope outside MC, (B) Daang Kastila, the outer

northern slope of MC, and (C) west shore of the MCL and

the outer western slope of MC. Each area displays a

significant geothermal activity, particularly in (A) and (B).

Field work started on 9 January 2005, when five

benchmarks were established (points TA01 to TA05) on

the eastern shore of MCL. As stated above, some strong

earthquakes (intensity III) occurred in the evening. An

increase in fumarolic activity was noticed during the

survey, and hence the first five stations were reoccupied

on 14 January. The total intensity relative to BUC was

found to increase by 2.5 nT at three sites (T01, T02, and

T03) in area (A), which forms part of the eastern

geothermal area within MC. The observed changes in the

total intensity are sufficient to be significant because the

spatial difference of the geomagnetic diurnal variation is

negligibly small in such a local area (Buco reference station

is only 8 km away from the centre of the MCL).

Figure 12a,b, and c show the TMF changes at repeat

survey points relative to MUT during the period from

January 2005 to February 2006 in areas (A), (B), and (C),

respectively. In area (A), the total intensity increased by

several nanoTesla and remained constant at TA02 and

TA03, which are located in the geothermal area. In the

southern half of the eastern MCL and the outer southeastern

slope of MC, there were no noticeable changes in TMF.

Figure 14 shows a view of the geothermal zone on the

eastern MCL shore on (a) 8 January and (b) 25 February

2005. The vegetation was clearly withered at that time,

while the fumarole later became active within 1.5 months.

The increase in TMF at TA03 and TA02 is most probably

associated with a rise in the shallow ground temperature.

Changes in TMF are most prominent in area (B). From

January to February 2005, TMF increases by almost 10 nT,

remaining high and then recovering in November. These

magnetic signals are clearly correlated with the increase of

GT anomaly and a decrease of the topographic effect on SP

(Fig. 11a and b). However, the variation at the northernmost

point TA10 is somewhat doubtful. It is located in a very local

hollow, which might be affected by the inflow of mud due to

heavy tropical rain. As the variation at TA09 is relatively

small, the temperature rise is thought to have occurred farther

south from this site as shown in Fig. 11a. Although TA17 and

TA08 are located east and west of the fumarole zone, the
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increase in TMF and its recovery are clearly seen. It is

noteworthy that the TMF change is rather small at TA07,

which occupies a central position in the fumarolic zone.

In area (C), only TA13 is located within a fumarolic

zone. However, we find that the vertical gradient of TMF is

abnormally high at this site: the large variation at TA13

could be due to the reoccupation error of the magnetometer

sensor. From the variations at TA12, 14, and 15, we can

conclude that there was no enhancement of geothermal

activity on the western shore of the MCL during 2005. This

strongly suggests that the source of the geothermal activity

in the western MCL is isolated and independent from those

of the eastern MCL and Daang Kastila.

Let us consider the cause of TMF changes. During the

period from January to February 2005, GT is seen to rise in

the geothermal area. According to GT and SP data along the

profile P1 (Fig. 6a) and the temperature distribution obtained

by ASTER satellite imagery (Fig. 6b), we may reasonably

expect to find a high-temperature zone elongated roughly

WNW–ESE on the northeastern side of the MCL. We

assume that a horizontally embedded ellipsoid in this zone

has lost some of its magnetization. The formula for the

magnetic field produced by a uniformly magnetized triaxial

ellipsoid can be derived by differentiating the gravity

potential due to the same body (Kellogg 1929). The equation

is equivalent to the formula given by Clark et al. (1986).

Figure 13a shows the TMF changes produced by a

demagnetized ellipsoid assumed to be located just beneath

the northeastern corner of the Main crater, corresponding to

a very thin flat-shaped magnetic body. The model param-

Fig. 12 a Changes in the total intensity in the area (A), the eastern

shore of MCL and the outer south-eastern slope of MC. b Changes in

the total intensity in the area (B), the outer northern slope of MC

(Daang Kastila). c Changes in the total intensity in the area (C), the

western shore of MCL and the outer western slope of MC

Fig. 13 a TMF changes produced by a flat triaxial ellipsoid of model

(a) in Table 1. The solid line indicates the horizontal projection of the

ellipsoid to the ground surface. Solid circles with the station number

are repeat survey points. Unit in nT. The horizontal distance (in km) is

given along the frame. b TMF changes produced by an ellipsoid of

Model (b), which is the same one as Model (a) but lies at a depth of

10 m instead of 50 m. c TMF changes produced by an ellipsoid of

Model (c). Values on a northward inclined plane are plotted
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eters are given in Table 1a. The total intensity values are

computed at a height of 2.5 m above the ground surface.

This model shape accounts very well for the TMF change

of +2.5 nT observed in the eastern MCL during the period

from 9 to 14 January 2005.

As shown in Fig. 14, the rise in GT led to withering of

the grass near the shore, and it is reasonable to assume that

the zone of high ground temperatures ascended to a

shallower depth in February. Figure 13b shows TMF

changes in the case where the top surface of the same

ellipsoid lies at a depth of 10 m from the ground surface.

This explains the TMF changes at TA03 and TA02 between

the surveys of January and February 2005. As the average

magnetization of Taal volcano is estimated as 5 A/m, a

demagnetization of 1% is sufficient to produce the observed

TMF changes. Such a demagnetization would be attained

by a temperature rise of a few or several degrees, although

we require thermal–magnetic experiments on rock samples

from Taal volcano. However, we do not detect the negative

anomalies that would be expected outside the northern and

southern edges of such an ellipsoid. In area (A), while no

repeat survey points could be placed to the north because of

the steep crater wall, TA04 and TA05 occupy positions that

are used to identify the southern border of the source.

Figure 13b shows that TA04 is close to the southern

boundary of the subsurface heated area. As TA05 is located

at a higher elevation, the expected TMF change is much

less than the value shown in Fig. 13 b.

Similarly, in area (B), the observations could be

interpreted by a slightly demagnetized ellipsoid almost in

the E–W orientation as shown in Fig. 13c, using the model

parameters given in Table 1(c). As the survey points are

located on a northward facing slope with an inclination

4.8°, TMF values are computed at a height of 2.5 m above

this inclined surface. This can be performed by simply

assuming the geomagnetic dip as 9.2°. Figure 13c gives a

possible source for the remarkable TMF changes in Daang

Kastila from January to February 2005. The source

ellipsoid is bounded between TA09 and TA06 in a N–S

direction, while it extends in an E–W direction outside

TA08 and TA17. This suggests that the subsurface high-

temperature zone expanded during the early 2005 activity.

We find no negative anomaly zone on the northern and

southern sides of the survey area. To the south, the steep

cliff of MC prevents the installation of a survey point. More

points will later be established farther north. Most probably,

the thermal demagnetization would have taken place

nonuniformly rather than in such a simple-shaped body as

an ellipsoid. However, we should stress that a temperature

rise of only a few degrees Celsius at a depth of 15 m below

the ground surface can explain the general trend of TMF

changes in this area. This does not conflict with the fact that

we observed no noticeable withering of vegetation during

the activity of January to March 2005.

Concluding remarks

Since almost a decade, Taal volcano has shown signs of a

forthcoming eruption. During the 1992–1994 seismic

crises, fissures opened on the northern flank of the volcano.

Recurrent seismic swarms are regularly recorded associated

with ground deformation. Since 1994, weak vapor emission

has occurred in the area, and the geothermal field has

Fig. 14 a Northeastern part of

main crater on January, 8, 2005.

b Northeastern part of main

crater on February, 22, 2005.

Note withered vegetation in

February 2005

Table 1 Model parameters for uniformly demagnetized ellipsoids

Parameters Model (a) Model (b) Model (c)

Major axis length 400 m 500 m 350 m

Minor axis length 300 m 300 m 250 m

Vertical thickness 50 m 50 m 100 m

Depth of the top surface 50 m 10 m 15 m

Orientation of major axis N 115°E N 115°E N80°E

Magnetization −0.5 A/m −0.5 A/m −0.5 A/m

Geomagnetic inclination 14° 14° 9.2°

Geomagnetic declination 0° 0° 0°
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expanded. Integrated studies started on the volcano in early

2005. Combined electromagnetic, geochemical, and thermal

imaging surveys were performed to improve our understand-

ing of the extent, evolution, and reactivity of the hydrother-

mal system, as well as assess the thermal state of the

volcano. These parameters appear to have controlled the

strength of most of the Taal eruptions.

Combined SP, GT, WT, CO2, and TMF surveys indicate

that the northern part of the volcano is undergoing strong

thermal transfers and degassing. The activity takes place

along E–W fissures that could be linked to the root of the

northern border of MC at a depth of some hundreds of

meters and also connected to a thermal source near the

MCL shore line. This thermal source location could be the

initial spot of the next eruptive activity. In such a case,

strong activity could induce a collapse of a part of the

northern MC rim into the MCL, due to mechanical

weakening by the active 1992–1994 fissures. To the south,

this system appears to be bounded by a NW–SE fault

suspected from the NW–SE alignment of negative SP and

WT anomalies in the MC. Seismic activity and dike

injection may be taking place along this alignment.

Changes in SP, TMF, and GT are measured by means of

repeat profiles, suggesting that potentially hazardous

phreatic and gas eruptions may be associated with future

seismic unrest in these geothermal areas.
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