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Abstract

One of the seven potentially active andesite stratovolcanoes in southem Peru, Misti (5822 m), located 17 km northeast and
3.5 km above Arequipa, represents a major threat to the population ( ~ 900,000 inhabitants). Our recent geophysical and
geochemical research comprises an extensive self-potential (SP) data set, an audio—magnetotelluric (AMT) profile across the
volcano and CO, concentrations in the soil along a radial profile. The SP survey is the first of its kind in providing a complete
mapping of a large andesitic stratovolcano 20 km in diameter. The SP mapping enables us to analyze the SP signature associated
with a subduction-related active volcano.

The general SP pattern of Misti is similar to that of most volcanoes with a hydrogeologic zone in the lower flanks and a
hydrothermal zone in the upper central area. A quasi-systematic relationship exists between SP and elevation. Zones with
constant SP/altitude gradients (Ce) are observed in both hydrogeologic (negative Ce) and hydrothermal (positive Ce) zones.
Transition zones between the different Ce zones, which form a concentric pattemn around the summit, have been interpreted in
terms of lateral heterogeneities in the lithology. The highest amplitudes of SP anomalies seem to coincide with highly resistive
zones. The hydrothermal system 6 km in diameter, which extends over an area much larger than the summit caldera, may be
constrained by an older, concealed collapse caldera. A sealed zone has apparently developed through alteration in the
hydrothermal system, blocking the migration of CO, upward. Significant CO, emanations are thus observed on the lower flanks
but are absent above the hydrothermal zone.

1. Introduction and Kauahikaua, 1987), Piton de la Fournaise (Lénat,
1987; Malengreau et al., 1994, Michel and Zlotnicki,

Self-potential (SP) surveys carried out on shield 1998), Karthala (Lénat et al., 1998), or on stratovol-
volcanoes, such as Kilauea (Zablocki, 1976; Jackson canoes, such as Vesuvius (Di Maio et al., 1998) or

Merapi, Lamongan (Aubert and Dana, 1994), show
p g
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some polarization mechanisms occurring at depth.
Two kinds of mechanisms are assumed to create the
anomalies on active volcanoes: electrokinetic and
thermoelectric couplings (Corwin and Hoover,
1979). Electrokinetic coupling (or streaming poten-
tial) results from a fluid pressure gradient whereas
thermoelectric coupling results from a temperature
gradient. Theoretical considerations show that elec-
trokinetic potentials, significantly larger than thermo-
electric potentials (Corwin and Hoover, 1979), are
considered as the major source of SP signals on
volcanoes. Recent works have greatly improved our
knowledge of the electrokinetic mechanisms. In nat-
ural rocks, electric layers with different electrical
charge densities form at the water/mineral interface
(Avena and De Pauli, 1996; Lorne et al., 1999a,b;
Pengra et al., 1999; Revil and Leroy, 2001). The outer
layer, called the diffuse layer, is generally positively
charged (with a few exceptions noted by Guichet and
Zuddas, 2003). The flow of the fluid drags positive
charges of the electrical diffuse layer, creating a
macroscopic current density and an electric field
called the streaming potential. The current is therefore
generally positive in the flow direction. This has been
documented by laboratory experiments (e.g., Ishido
and Mizutani, 1981; Jouniaux et al., 2000, for silica
and volcanic rocks), theoretical works (Pride, 1994;
Revil et al., 1999a.b; Lorne et al., 1999a.b; Revil and
Leroy, 2001), and field data (e.g., Trique et al., 1999).
As a consequence, the electrokinetic effect associated
with the downflow of water in purely hydrogeological
environments will result in negative SP anomalies at
the surface, whereas the uprising of steam/liquid water
in hydrothermal systems will generally result in pos-
itive anomalies. SP profiles extending from the sum-
mit to the lower flanks of active volcanoes (Sasai et
al., 1997; Di Maio et al., 1998; Aubert et al., 2000;
Finizola, 2002) show generally two major zones: a
zone where SP is dominated by hydrothermal circu-
lation, generally in the upper part of the edifice, and a
zone dominated by hydrogeological circulations, gen-
erally in the lower flanks.

Our work is based on extensive SP mapping of the
large Misti stratovolcano, 20 km in diameter. The
survey consists of 10 radial profiles extending from
the summit to the lower flanks. In addition, 32 audio—
magnetotelluric (AMT) soundings provided a resistiv-
ity cross-section of the volcano along two SP profiles.

Diffuse CO; in the soil was also measured along one
SP profile. The large-scale SP signal pattern shows a
typical partition in hydrogeological and hydrothermal
zones. Both zones display widespread relationships
between SP and elevation. The next section discusses
the meaning of these SP/elevation relationships and
shows how this parameter can be used to map the
large-scale heterogeneity of the edifice.

2. Relationships between SP and elevation

A lateral SP variation at the surface can be caused
by different phenomena: (1) a change in the distance
to the source; (2) a variation in the source; or (3)
heterogeneities in resistivity in the medium between
the source and the surface.

(1) Simple changes in the distance to the source
are well known in hydrogeological zone, and nega-
tive linear relationships between SP and elevation
have been measured in many volcanic areas. At
Kilauea volcano, Jackson and Kauahikaua (1987)
have defined a correlation coefficient “Ce”, which
is the value of the SP gradient with elevation. It is
calculated on portions of a profile where a linear
relationship is observed. This negative SP/elevation
relationship have been correlated with the piezometric
head or with the thickness of the unsaturated zone,
which tends to increase proportionally with elevation.
This was confirmed by observations at boreholes and
by electrical or electromagnetic soundings (Jackson
and Kauahikaua, 1987; Aubert et al., 1990; Boubek-
raoui et al., 1998). Although the physical models of
SP used to interpret these observations differs (per-
colation of vadose water to the water table for
Zablocki, 1978, and Jackson and Kauahikaua, 1987,
or flow of the water in the saturated zone for Four-
nier, 1983; Revil et al., 2003), they provide the same
geological model for explaining a constant Ce in a
hydrogeological zone: a water table whose depth
increases regularly with elevation in a homogeneous
medium. For example, on shield volcanoes built up
by monotonous sequences of scoriae and lava flows,
constant linear SP/elevation relationships are ob-
served along distances up to several kilometers,
e.g., on Kilauea (Jackson and Kauahikaua, 1987)
and on Piton de la Fournaise (Lénat, 1987). Similar
linear but positive relationships can also be observed



in hydrothermal zones, but to our knowledge, they
have never been analyzed in detail.

(2) SP variations can also be induced by changes in
SP source. The streaming potential (AV) is governed
by the Helmholtz—Smoluchowski equation:

Ay = 2

nos
where ¢ is the dielectric constant of the fluid, { is the
zeta potential (the electrical potential at the solid—
liquid interface), # is the viscosity of the fluid, oy is the
electric conductivity of the fluid, and AP is the
pressure difference. This equation is valid in saturated
rocks where the fluid has a very high conductivity as
opposed to that of the rock matrix and where surface
conductivity (i.e., at the solid—-liquid interface) is
negligible. However, in rocks containing clays and
zeolites, the surface conductivity may be high and
must be taken into account (Revil et al.,, 2002a,b).
The net effect is a AV decrease. Streaming potentials
are also generated in partially saturated rocks and the
Helmholtz— Smoluchowski equation has to be modi-
fied accordingly (Revil et al., 1999b; Guichet et al.,
2003). The source parameters can be sorted between
those concerning the fluids (&, #, o), the zeta potential,
and the pressure. In a purely hydrogeological zone, the
fluid is ground water, whose characteristics result
mostly from water—rock interaction when rainwater
circulates in the ground. The properties of the ground
water should be influenced by the nature of the rocks
and will not change significantly at the kilometer scale,
except in the case of large lateral variations in lithol-
ogy. Inside hydrothermal systems, more drastic
changes are likely to occur in the properties of the
fluids due to the contamination of the ground water by
hot mineralized fluids. Theoretical and experimental
works show that the zeta potential depends on the
mineralogy (Revil et al., 1999a), the pH of the fluid
(Lorne et al., 1999a,b), the salinity of the fluid (Pride
and Morgan, 1991), and the temperature of the medium
(Ishido and Mizutani, 1981). In the hydrogeological
zone, variations of the zeta potential can be expected
only if the mineralogy of the formations changes,
whereas in the hydrothermal zone, it will vary accord-
ing to hydrothermal conditions. As for the pressure,
variations in the hydrogeological zone will be related
to changes in the piezometric level with possibly large
variations at the transition between a basal water table

and a perched aquifer. In the hydrothermal zone,
pressure can vary with parameters like the strength of
convective cells, changes in permeability, etc.

(3) Finally, the distribution of electrical conductiv-
ity determines the far-field electric fields resulting from
the electrokinetic phenomena. Low resistivities reduce
the amplitude of the anomalies and resistivity hetero-
geneities distort the electric fields. Thus, the shape and
the amplitude of anomalies measured at the surface are
influenced by the distribution of the resistivities in the
subsurface and at depth. The authors of several SP
investigations carried out on Usu and Hokkaido
Komaga-take volcanoes (Nishida and Tomiya, 1987,
Matsushima et al., 1990) propose to relate drastic SP
variations to lateral resistivity changes.

In interpreting SP data, we have to answer a series
of questions raised by observations on most volca-
noes, including Misti, which concern the relationships
between SP and elevation both in hydrogeologic and
hydrothermal zones:

(1) Why does a relationship between SP and elevation
exist in many areas?

(2) Why does this relationship changes in distinct
zones of a volcano?

As described above, changes of various parame-
ters may account for the spatial variations of SP.
However, a spatial change in Ce value represents a
special case. In the hydrogeological zone, keeping a
constant Ce requires a stable geological-hydrogeo-
logical pattern over a significantly large area. A
change in the value of Ce between different areas
must then be attributed to the variation of one or
several parameters responsible for the SP signal
recorded at the surface. On volcanoes, heterogeneities
in resistivity are common, as shown by many electric
and electromagnetic surveys. We therefore suspect
that lateral changes in resistivity are one of the most
frequent causes, sources for Ce variations. In addi-
tion, changes in resistivities often correspond to
lithology changes, which can also affect the compo-
sition of fluids and of minerals, as well as the
hydraulic gradient of the water table.

Although it is not possible in most of the cases to
infer the origin of the observed Ce variations, map-
ping these variations allows us to emphasize hetero-
geneities within the edifices.



3. Geological setting

Misti, an active stratovolcano of the Central Volca-
nic Zone of the Andean cordillera (CVZ in Fig. 1A), is
located in southern Peru, 17 km NE of Arequipa,
Peru’s second largest city. Misti is one of the seven
potentially active volcanoes of southern Peru which
erupted since the Spanish conquest (Bullard, 1962; De

Nevadogy
Ampato

46265 m) ¢

Silva and Francis, 1990). Four of them, Misti, Ubinas,
Sabancaya, and Tutupaca are still fumarolic. Misti,
5822 m asl rises 3.5 km above the city of Arequipa,
posing a major threat to the population ( ~ 900,000
inhabitants).

Misti lies within a complex tectonic setting. It is
surrounded by the Altiplano, the tectonic depression
of Arequipa and by the dormant Chachani volcano

, Nogcaranr §
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Fig. 1. (A) Location of Misti volcano in the Central Volcanic Zone (CVZ) of the Andes (the North Andean, NVZ, and the South Andean
Volcanic Zone, SVZ, are also shown). (B) Landsat image showing the studied area and two active faults, which offset Holocene tephra across
the Misti edifice.
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Fig. 2. SP map of Misti volcano superimposed on a shaded relief map showing volcano—structural features (DEM improved by SAR-
interferometry, courtesy of Jean-Luc Froger).




and the extinct Pichupichu volcano (Fig. 1B). These
three volcanoes are aligned on a WNW-ESE
trending normal fault (N127 in Figs. 1B and 2).
This fault offsets Holocene tephra on the Chachani
flanks and, probably, the western flank of Misti
volcano where it may have contributed to a rock-
slide scar (Thouret et al., 2001; Fig. 2). Another
similar N153-trending normal fault offsets Holocene
deposits on the flank of Chachani volcano (Figs.
IB and 2). These two normal faults show a SW
dipping and a moderate left-lateral strike—slip com-
ponent (Thouret et al., 2001).

The growth of Misti volcano has been divided in
four stages by Thouret et al. (2001). Misti is a
composite edifice comprising an eroded stratovol-
cano termed Misti 1, partially overlapped by two
stratocones termed Misti 2 and 3, and a summit
cone, Misti 4. Misti 1 (833 to 112 kyr) consists
essentially of lava flows and debris avalanche
deposits. Misti 2 (112 to 40 kyr) is characterized
by lava flows and dome-—collapse deposits. At the
end of stage 2, ca. 50 to 40 kyr ago, the eruption
of nonwelded ignimbrites of 3—5 km® in volume is
probably associated with the formation of a 6 X 5
km incremental caldera. Misti 3 stage (40 to 11
kyr) is mainly built up of lava flows, block-and-
ash, and ash-flow deposits. Misti 3 also ended with
the formation of a 2 x 1.5 km summit caldera to
which pyroclastic flows and falls deposits were
linked. From 11 kyr to present, Misti 4 stage
corresponds to the growth of the summit cinder
cone and to the formation of two summit craters.
Pyroclastic flow, fall, and debris avalanche deposits
are associated with this eruptive stage (Thouret et
al., 2001).

The larger summit crater, 950 m wide, could
have formed during the 2300-2050 yr BP eruption
of pumice fall and flows. The inner crater, 550 m
across and 200 m deep, cut historical domes. It
contains a 130-m-wide and 15-m-high andesitic
plug. The present-day fumarolic activity is concen-
trated in three areas: (1) inside the nested crater, on
the northern third of the lava dome, where diffuse
degassing takes place and a maximum temperature
of 221 °C was measured in December 1997, (2) in
the northern and east—northern walls of the same
crater with scarce fumaroles, and (3) along the
uppermost southeast flank of the edifice, where

several low temperature fumaroles were measured
at 50 to 80 °C in September 1998 (Fig. 2).

4. Data acquisition and processing
4.1. SP data

During field campaigns in 1997 and 1998, a
total of 167 km of SP profiles (1676 measurements,
with 100 m spacing) were carried out. Data were
collected along 10 radial profiles extending from
the summit (5822 m asl) to the lower flanks of the
edifice (~ 3000 m asl; Fig. 2). Two concentric
profiles, located in the summit area and at the base
of the lower flanks of the edifice, were carried out
to ensure the closure of the radial profiles. A
closure correction (below 20 mV for three profiles,
50 mV for five profiles, and as much as 100 mV
for two profiles) was calculated and distributed
linearly on the profiles.

A monitoring profile, based on the SP map, crosses
the highest negative anomaly of the survey and
comprises 52 stations (yellow dots in Fig. 2) along
the profile 2. Each station is pinpointed in the field in
order to allow repeated observation of the measure-
ments at the same location. The monitoring profile
was established in August 1998, after an exceptionally
dry period in southern Peru associated to the 1997—
1998 El Nifio event. Eight and thirty-eight months
later, on April 1999 and October 2001 respectively,
the profile was remeasured after two raining seasons
(December to February).

The SP equipment consists of a high-impedance
voltmeter, a pair of Cu/CuSO4 nonpolarizing electro-
des, and an insulated Cu cable 300 m long. During the
field work, the electrical contact between the elec-
trode, and the soil was tested before every SP mea-
surement by measuring the resistance of the circuit.
SP stations were georeferenced using a portable GPS
navigation receiver.

Because the SP data coverage of Misti volcano is
highly heterogeneous, with a high density of data
along the profiles and large areas devoid of SP data,
SP interpolation was made in several steps in order
to produce an SP image of the entire volcano (Fig.
2). Firstly, the potential of the Chili River (lower end
of profile 10) was taken as the 0 mV reference; a



value of 0 mV was therefore attributed to the areas
covered by the river. Secondly, an SP map of the
entire area was constructed using a wide mesh (500
m, i.e., five times larger than the sampling rate along
the profiles) for interpolation. Thirdly, a 100100 m
mesh SP map was constructed using the data along
the profiles, 0 mV values for the areas covered by
the Chili river, and the grid values of the large mesh
(500 m) SP map.

This procedure maintains the high frequency in-
formation along the profiles and provides a smooth
interpolation between the profiles.

4.2. Gas sampling

Soil gases were also sampled in April 1999
concurrently with SP measurements along the SP
monitoring profile (Fig. 2). The soil gases were
pumped through a 2-mm-diameter copper tube

inserted to a depth of 0.5 m and then injected in
glass tubes to be analyzed by gas chromatography
in the laboratory. The analytical error range in the
CO;, concentration is +5% of the value.

4.3. AMT data

Thirty-two audio—magnetotelluric (AMT) sound-
ings, measured along SP profiles 2 and 7 (Fig. 2),
provide a SW-NE cross-section of Misti (Fig. 3). An
abnormally thick snow cover at the time of the
measurements (April-Mai 1999) hampered sound-
ings in the summit area.

In the AMT method, natural electromagnetic fields
are used to investigate the resistivity structure of the
Earth (Vozoff, 1991). The amplitude, phase, and di-
rectional relationships between electric and magnetic
fields on the surface depend on the distribution of the
electrical resistivity in the subsurface. We used a
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Fig. 3. Comparison between resistivity cross-section obtained by AMT soundings and corresponding SP profiles along a NE—SW transect
across Misti edifice. Transect located on Fig. 2.



Stratagem EH4 (Geometrics) equipment allowing to
record data in the 92 kHz— 10 Hz frequency range. The
Stratagem system records orthogonal electric and
magnetic horizontal fields which are processed to
provide tensor impedance measurements. When con-
sidering tensor measurements, we identify the trans-
verse electric (TE) and transverse magnetic (TM)
orthogonal components (e.g., Dobrin and Savit,
1988). For the TE mode, the electric field is parallel
to the direction of the inferred 2D underlying struc-
tures. Assuming that the main structures of the Misti
cone are concentric to the summit, we associate TE
mode with the tangential electric field. The data were
processed using the WinGLink® package from Geo-
system. The resistivity cross-section presented on Fig.
3 results from a 2D smooth inversion. The WinG-
Link® routine uses a finite difference inversion code
and inverts for a user-defined 2D mesh of resistivity
blocks, extending laterally and downwards beyond the
central detailed zone. The topography was included in
the inversion, and TE and TM apparent resistivities
and phases were inverted simultaneously.

5. Data analysis

Our extensive SP coverage of Misti volcano offers
the unique opportunity to study SP signals at the

scale of a large volcanic edifice about 20 km across
and 2800 m in height.

5.1. Main features of the SP map

SP profiles on Misti, as on the flanks of active
volcanoes display an SP minimum corresponding to
the transition between hydrogeologic and hydrother-
mal systems (Fig. 2). The prominent minimum ob-
served halfway up the slope of the edifice (at 4400 m
asl on average) points to the transition between the
hydrogeologic SP signature of the lower flanks and the
hydrothermal SP signature of the upper part of the
edifice. The minimum contour outlines a roughly
rectangular area, about 6 X 5 km in size, approximate-
ly centered on the summit. The amplitude of the
minimum varies to a large extent on the 10 radial
profiles, from about — 3800 mV on profile 2 to about
— 700 mV on profile 8 and 9 (Figs. 2 and 4).

Although the overall SP pattern of Misti does
not show significant differences from SP pattemns
on similar volcanoes, it gives rise to specific ques-
tions. For example, what is the origin of the
atypically high negative anomaly on profile 2?
Why does the amplitude of the minima vary as
much as sixfold between the 10 radial profiles,
while the general shape of the edifice is that of a
regular cone?
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Fig. 4. Plot of the 10 radial SP profiles as function of elevation, illustrating large differences in amplitude between the profiles. The descending
part of the curves corresponds to the hydrogeologic zone, whereas the ascending part reflects the (relatively) positive anomaly associated to the
hydrothermal zone. Note that the highest amplitudes in the hydrothermal zone tend to equal that of the reference potential, taken on the Rio Chili

at the base of the volcano.



5.2. Detailed analysis of SP profiles

Fig. 4 displays SP values versus altitude for the 10
radial profiles. Large amplitude differences between
the profiles as well as remarkable pattems can be
noted:

¢ The middle part of the profiles have a “V”* shape
with an overall symmetry between the right and left
branches.

At low elevation (below ~ 3200-4200 m asl
according to the profile), the slope (Ce) of the
curves is very low.

At highest elevation (above ~ 4800-5200 m asl
depending on the profiles), the slopes of the curves
are less regular and the relationship with the
elevation sometimes disappears.

¢ On the descending as well as on the ascending
branches of the “V” part of the curves, distinct
segments are characterized by different Ce values
(e.g., on radial 2 detailed in Fig. 5).
Incidentally, the signal/noise ratio of the SP data on
the profiles is fair (except for the lowest part of the
edifice).

By examining SP data on Misti volcano, segments
of constant SP/elevation gradient (Ce) can be easily
identified on the profiles in the hydrogeological zone as
well as in the hydrothermal zone.

Because Ce can be linked to the properties of the
underlying rocks (see Relationships between SP and
elevation), we have undertaken a systematic analysis of
the Ce values on all the profiles. This study aims at
constructing a map of Ce values which helps us to
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interpret the SP map in terms of internal structures of
the volcano.

5.2.1. Ce map (Fig. 6)

At the base of the edifice, Ce absolute values are
lower than 1 mV m~ '. Between the base of the cone
and the SP minimum at midslope, the values are
about —2.5 mV m™~ ', except in some areas where
much higher values (—6 mV m~ ') are obtained.
One large zone of very low Ce is located on the SW
flank and two smaller, possibly connected patches
are located on the NE and E flanks along profiles 6
and 7. Other areas of low Ce exist at the base of the
edifice toward the southeast between profiles 5 and
6, and locally at the beginning of profile 7.

The transition between the negative Ce of the
hydrogeologic zone and the positive Ce of the hydro-
thermal zone may be either very sharp or a few
hundred of meters across. This transition occurs at
about 4400-4500 m asl, except on the W and SW
flanks where it takes place around 4200 m asl.

In the hydrothermal zone, high gradients are ob-
served on the SW flank and very high gradients on the
west flank, along profile 1. In the other areas, Ce
values vary from moderate (between 1 and 3 mV
m™~ ") to very low values, and even locally to negative
values. In addition, high Ce are observed at the base
of the edifice, to the E between profiles 5 and 6, and to
the NE between profiles 7 and 8.

The Ce map is a complementary tool to analyze SP
patterns at the scale of a volcano. If the Ce variations
are related to possible changes of the parameters that
influence the electrical field generation and propaga-
tion, then the Ce map helps to recognize lithologic
heterogeneities within the edifice.

5.2.2. Ce zoning (Fig. 7)

The example of profile 2 on Fig. 5 allows us to
illustrate how the Ce zoning has been defined on the
profiles. From the base of the edifice to the SP mini-
mum (at about 4200 m asl on this profile), three breaks
in slope separate four segments: Hz1, Hz2, Hz3, and Tz
(Hz and Tz stand for “Hydrogeological zone™ and
“Transitional zone” respectively). Above the Tz zone,
we enter in the hydrothermal zone, where a succession
of segments of constant positive Ce is observed: LCz1,
LCz2, and LCz3 (LCz stands for “Lower Convective
zone™). LCz2 corresponds to the highest Ce values,

characterizing the SW quarter of the edifice (Fig. 6). At
higher elevation, above 5200 m asl, the Ce decreases.
We have termed this zone UCz (“Upper Convective
zone™). The arrows in the UCz marks the boundary of
the summit caldera (Thouret et al., 2001). On almost all
the profiles, this limit corresponds to a significant SP
minimum (between 100 and 200 mV in amplitude).
Based on a similar analysis carried out on all the
profiles, the resulting zoning is shown in map on Fig. 7.

5.3. Resistivity cross-section

Fig. 3 shows the computed 2D AMT resistivity
profile and the SP profile along the same path.
Because the 2D inversion tends to provide a smooth
distribution of resistivities, the presence of sharper
resistivity contrasts cannot be ruled out. However, the
main resistivity patterns of the profile are well con-
strained and these results yield to the resistivity
distribution inside the edifice. The shallow layers
show high resistivities, characteristic of unsaturated
volcanic formations, and the deeper layers show low
resistivities which are attributed to water saturation
and (or) to hydrothermal alteration. We observe sig-
nificant lateral variations in the resistivity section
along the profile. The first-order feature on Fig. 3 is
the apparent association between the steep gradient of
SP anomalies and thick sequences of highly resistive
formations. Similar observations were made on Usu
and Hokkaido Komaga-take volcanoes (Nishida and
Tomiya, 1987; Matsushima et al., 1990) and inter-
preted as lateral variations in electric resistivity re-
sponsible for the distortion of the SP field. AMT
soundings are lacking in the summit area where the
presence of shallow conductive layers would be
critical to confirm the existence of hydrothermally
altered formations in the SP hydrothermal zone.
However, where the SP anomalies reverse and be-
come positive, the AMT resistivity section suggests a
significant and sharp decrease in thickness of the
highly resistive layers.

5.4. SP monitoring profile and soil gas measurements

The pattern of SP variations in time can provide
insights into the electrokinetic phenomena within the
hydrogeologic and hydrothermal zones. Similarly,
measurements of gas emanations can help to charac-
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Fig. 8. SP and CO; soil gas measurements along the 52 monitoring stations located on Misti along the profile 2 (see Fig. 2).

terize the geometry of fluid flow and to interpret the SP
observations. For those reasons, we have measured
CO;, concentrations in the soil along an SP monitoring
profile.

The monitoring SP profile comprises 52 stations
distributed along profile 2 (Fig. 2). It was installed in

August 1998 and remeasured in April 1999 and
October 2001. The stations are marked by benchmarks
to ensure that the measurements are made at the same
locations. In order to compare the amplitude changes
between the hydrothermal and the hydrogeologic sys-
tem, the SP minimum measured in August 1998 is



taken here as a common reference (Fig. 8). However,
because SP is intrinsically a relative measurement, the
variations should be regarded as relative unless a stable
reference is available (sea, water table). The variations
were very small between April 1999 and October 2001
but increased significantly between August 1998 and
April 1999. The three curves show almost no change in
the hydrothermal system and in the transition zone. In
addition to showing a stable SP in this area, this
observation indicates that the measurements can be
repeated with an excellent accuracy (the difference
between one measurement and the average of the three
years is <40 mV). Changes are seen in the hydro-
geologic zone but the amplitude of the changes are
very different according to the Ce values. In the zone
called Hz3, the changes are small and negative be-
tween August 1998 and April 1999, but in the zone
Hz2, the changes are significantly higher and positive.
The amplitude of the SP variations is clearly related to
the Ce zoning. The Hz2 zone Ce changed from —5.4

Hydrogeologic zone

Y

Hydrothermal system

to —4.5 mV m~ ' between August 1998 and April
1999. However, without a stable reference, we do
not know if the SP has increased between 600 to 800
mV in Hz2 zones or if the changes occur in other
zones.

The CO, measurements were carried out in April
1999. Fig. 8 shows the comparison between the SP and
CO, signals. Strikingly, the CO, signal is significantly
higher than atmosphere concentrations on the lower
flank in the hydrogeologic zone, whereas the CO,
emanations vanish above the hydrothermal zone. Sim-
ilar results were obtained on Stromboli volcano (Fin-
izola, 2002). The transition between the two zones is
rapid on both volcanoes and suggests a relationship
between the lack of CO, emanations and the presence
of a hydrothermal system. Sealing processes in the
hydrothermal system can create impermeable layers
that block the upward migration of gases. At the
summit, however, permeable conduits exist near the
craters, enabling the escape of gases. Samples collected
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at the five fumaroles on the dome and eastward of the
crater (Fig. 2) yield much higher CO, concentrations
than on the lower flanks (several percents of CO5).

The elongated fumarole field at the summit paral-
lels the normal WNW-ESE trending normal fault
(N127 in Fig. 2). Rockslides occur in a trough which
parallels this fault on the west—northern flank
(Thouret et al., 2001) where collapses are interpreted
as resulting from the reactivation of this regional fault
(Merle et al., 2001).

6. Interpretation

For the first time, a complete SP mapping of a large
andesitic stratovolcano is available. This exceptional
data set can be used to characterize the main SP
features at the scale of a large edifice. Using the
additional information from AMT and CO, data, a
new picture of the structure of the edifice is proposed.
We have to take into account and to explain the
following observations:

* Ce values (negative in the hydrogeologic zone and
positive in the hydrothermal zone) vary to a large
extent in the survey areas. These variations are not
progressive but are marked by generally sharp and
large Ce variations. These characteristics suggest
the role, influence of lithologic discontinuities.

¢ Clearly defined positive Ce in areas of the
hydrothermal zone suggests some kind of relation-
ship between the hydrothermal system and the
elevation.

* Some areas on the cone (Hz3) are characterized by
particularly high Ce values (generally >4 mV m~ '
in absolute value). They are associated with layers
showing high electrical resistivity.

¢ The hydrothermal and the hydrogeologic zones are
composed of roughly concentric zones of constant
Ce values.

¢ CO, emanations along the SW radial profile
suggest that the hydrothermal zone is partially
sealed by hydrothermal alteration processes.

6.1. Relationships between Ce limits and lithology

The difficulty in interpreting the Ce zones on Misti
stems from the fact that the distinct in situ parameters

which contribute to generate the SP at the surface are
unknown. Therefore, we do not know whether the well-
defined Ce values characterize the medium at depth or
reflect only the properties of the superficial terrains.

The Ce boundaries can be compared with the
resistivity section and, on the lower flanks, compared
with surface geology. The AMT resistivity section
(Fig. 3) suggests that some Ce variations are associ-
ated with the two main resistive bodies at the base of
the cone along the AMT profile (Fig. 9). However, the
resistivity data are not dense and detailed enough to
allow us to establish unambiguous correlations be-
tween the resistivity of the terrains and the lower
amplitude Ce changes.

In the hydrogeologic zone, one of the main ques-
tions lies in the sharp limit between hydrogeologic
zones 1 and 2 (Hzl and Hz2). A detailed contour
analysis of this limit on Fig. 7 shows a coincidence
with the front of stubby lava lows and block lava
flows from the Misti 2 stage. Therefore, the Hz1-Hz2
limit may be related to a change in surface geology.
Similarly, the Hz3 limit may correspond to the fronts
of thick Misti 3 block—lava flows. Therefore, the
Hzl1-Hz2 and Hz2-Hz3 transitions are apparently
related to geologic boundaries and suggest a general
relationship between Ce boundaries and geologic
boundaries.

In the hydrothermal system, similar Ce transitions
correspond to the successive LCz1, LCz2, LCz3, and
UCz zones. Considering the large extent of the
hydrothermal system (5—6 km in diameter), and the
sharpness of the changes in Ce which usually occur
over a short distance (less than 100 m), the presence
of shallow heterogeneities would explain the Ce
transitions.

Interestingly, after several raining seasons with
drastic differences in water supply, such as the dry
19971998 as opposed to the normal 1998-1999 and
2000-2001 ones, the changes in the SP signal (Fig. 8)
are not homogeneous along the profile but are seg-
mented in coincidence with Ce transitions. These
results emphasize the importance of the Ce parameter.
Different shallow lithologies can induce distinct water
infiltration, thus promoting differential SP response.

This interpretation of Ce changes in term of lateral
lithologic transitions can help to interpret previous
and future SP works on active volcanoes. It is,
however, important to note that this SP analysis on



Misti volcano was helped by (1) an SP signal with a
clear signal/noise ratio, and (2) obvious shallow
lithologic discontinuities allowing to draw a relation-
ship with Ce transitions.

6.2. Craters and calderas

SP surveys carried out on volcanoes, such as Pico
del Teide (Aubert and Kieffer, 1984), Mount Pelée
(Zlotnicki et al., 1998), or Stromboli (Finizola, 2002),
suggest that caldera faults preferentially drain water
infiltration, reflected by sharp negative SP anomalies,
generally of few hundreds of millivolt in amplitude.
On the other hand, caldera or crater walls, e.g., at
Karthala (Lénat et al., 1998) or Stromboli (Finizola,
2002), can also block the lateral extent of hydrother-
mal systems.

At Misti, two calderas (Fig. 9) are suggested by
geologic studies (Thouret et al., 2001). The summit
caldera, formed at about 1411 kyr, is based on
geological evidence. An older (40—50 kyr) and larger
collapse caldera is suspected on the base of morpho-
logical change in the slope of the cone, faults ob-
served on the north flank, and on ignimbrites resulting
from caldera forming eruptions (on the SW, S, and SE
flanks of Misti).

The coincidence on most profiles between the
summit caldera boundary (represented on profile 2
by an arrow on Fig. 5) and a more or less marked
short wavelength SP anomaly suggests that SP signal
indicates an effect of the caldera boundary (Fig. 7).
However, the SP-defined hydrothermal zone clearly
exceeds these limits. The outer limit of the SP
hydrothermal zone is reflected by the Transitional
zone (Tz), when present, or by the Hz3 (or Hz2)-
LCzl limit. The extent of the hydrothermal zone
coincides with the inferred location of the 40-50-
ka-old caldera. These observations suggest that this
suspected structural boundary can block the lateral
extent of the present-day hydrothermal system of
Misti.

6.3. Existence of well-defined positive Ce in the

hydrothermal zone

A constant positive gradient of SP with elevation
occurs in some areas of the geothermal zone. While
the negative Ce in hydrogeological zones have been

satisfactorily explained, positive Ce have not. As the
fluid flow is assumed to be upward, a linear correla-
tion between SP and altitude is difficult to explain.
One possible explanation is that the depth of the SP
sources decreases linearly with the elevation. In other
words, the hydrothermal system becomes shallower as
we approach the summit and the decrease in depth
would be, for some reason, linearly linked to the
variations in elevation. This hypothesis is qualitatively
concordant with the results displayed by the resistivity
cross-section (Fig. 3).

6.4. The general structure of Misti

From an SP point of view, Misti volcano exhibits a
typical pattern with a hydrogeologic zone on its lower
flanks and a hydrothermal zone in its central area.
However, the SP signal reveals large-scale heteroge-
neities in the cone. They are evidenced by the distri-
bution of the Ce values. The Ce zones form a
concentric pattern around the summit. The transition
between the Ce zones is thought to be created by
lateral variations of resistivities showing the contact
between distinct formations within the edifice. The
highest amplitudes of the SP anomalies seem to
coincide with highly resistive zones. The hydrothermal
zone has a significantly larger extent than the present
and recent summit active area. This suggests a broad
and long-lived hydrothermal system, possibly devel-
oped in an old collapse structure. The CO, measure-
ments indicate that CO, emanations are virtually
absent above the hydrothermal zone (except in and
close to the summit crater) whereas they show signif-
icant values on the lower flanks. Such a pattern has
been observed on other volcanoes (Williams-Jones et
al., 2000) and is interpreted by the sealing of the
medium by the hydrothermal circulation. The limit
of the inferred sealed zone coincides with that of the
extent of the hydrothermal system defined by SP data.

7. Conclusions

Our geophysical and geochemical work on Misti
volcano is based on new data: a large SP data set, an
AMT profile across the volcano, and CO, concentra-
tions in the soil along a radial profile and at the summit
fumaroles. The SP survey is the first in providing a



complete map of a large andesitic stratovolcano. We
have therefore carried out an extensive study of the SP
signatures associated to this type of active volcano.
Some results of this survey can serve as a guide to
further geological and geophysical investigations on
Misti and on other composite cones as well.

Clear relationships between the SP and the eleva-
tion have been observed in both the hydrogeologic
and hydrothermal zones. Their detailed analysis pro-
vided information on the lateral heterogeneities of the
edifices. This work demonstrates that the analysis of
the Ce is a useful tool for interpreting an SP map.

The two major results are the existence of both
negative and positive linear SP/altitude gradients (Ce)
and of zones of different values of Ce.

A sealed zone has apparently developed through
alteration in the hydrothermal system, blocking the
upward migration of CO,. Similar observations was
made on other stratovolcanoes (Williams-Jones et al.,
2000; Finizola, 2002). We suspect that the sealing of
hydrothermal system is widespread on volcanoes
where long-lived hydrothermal systems exist.
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